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Foreword
Building an institute in Europe’s newest city of science

Catalonia has produced many excellent scientists, but whereas it has
held onto its artists and musicians, it has kept too few of its scientists.
That is now changing quickly thanks to a dedicated effort on the part
of the Catalan Government. Barcelona is becoming an international
centre for science, and IRB Barcelona is a central figure in this process.
Our vision is to make a vital contribution to the biomedical revolution
that is now sweeping the world, one which promises to eradicate major
diseases that have been beyond the reach of current medicine.

IRB Barcelona was founded by the Ministry of Innovation, Universities

and Business and the Ministry of Health of the Government of
Catalonia, the University of Barcelona and the Barcelona Science Park

a mere two years ago, but we already comprise more than 350
research, technical and administrative staff. We will continue to grow

over the next two or three years, adding new groups, .. .
platforms, and expertise that will widen our focus and Our vision is
bring in new disciplines. Yet even at the current size t0 make a vital
we a.re gettmg things d(‘)ne.‘ This (.:an be. seen. from the Contribution
publications of our scientists, listed in this report, . .
which have been achieved in the short time since the tO the biomedical

groups moved in. revolution that is

The diseases that are now the major causes of death now Sweep]ng the
in the developed world arise from flaws in our own world

cells. Finding cures will require a deep understanding

of their causes and input from genetics, cell and developmental biolo-

gy, chemistry, physics, computation, and many other fields. Today these

fields are coming together rapidly to approach medical questions in

new ways. IRB Barcelona gathers them under one roof with a common

aim: to learn to translate findings from basic research into medical

applications.

Science at the IRB Barcelona is organised into five highly collaborative
programmes, each with a core focus:



Structural and Computational Biology focuses on the structure of sin-
gle molecules and their interactions, using methods from physics and
computational science: X-rays, NMR, electron microscopy, macromole-
cular biophysics, bioinformatics and molecular modelling.

Chemistry and Molecular Pharmacology programme specialises in the
design and synthesis of small molecules and macromolecules that can
be used to proteins and other biological molecules.

Cell and Developmental Biology studies how information in the
genome is used to create structures within the cell, to guide the for-
mation and regeneration of tissues, and to create a whole organism.
High-throughput methods are used to watch the global activity of genes
and proteins in healthy and diseased organisms.

Molecular Medicine probes the molecular bases of metabolic and
genetic diseases, searches for diagnostic or therapeutic targets, and
studies the behaviour of the entire genome and proteome during dis-
eases.

Oncology studies diverse aspects of how tumours
arise and develop, the relationship between stem
cells and cancer, and the identification of cellular
programmes that cause particular types of
tumours to spread and metastasise in specific
parts of the body. This research line is directed by
Joan Massagué and is operated in coordination
with the Cancer Biology and Genetics programme
that he chairs at the Memorial Sloan-Kettering

IRB Barcelona gathers
different fields under
one roof with a common
aim: to learn to
translate findings from
basic research into
medical applications

Center, in New York.

We are committed to doing our work at an extremely high level and
have put into place a management and advisory structure to help us
achieve this. Our scientific work will be regularly assessed by an
External Advisory Board which comprises 15 leading international
researchers in biomedicine. Its main task is to provide guidance in shap-
ing our research and related activities.

Research is most likely to achieve excellence with superb technical sup-
port and a fertile environment. We are in the process of setting up new
service units to provide our researchers with state-of-the-art facilities.
IRB Barcelona is ideally situated in the Barcelona Science Park complex,
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where it can draw on an already considerable palette of service units
established and operated by the Barcelona Science Park and by the
Scientific and Technical Services of the University of Barcelona.

Training is one of the core missions of IRB Barcelona, and its largest
plank is a dedicated PhD programme. Students at IRB Barcelona have an
excellent opportunity to meet leading researchers in their respective
fields through the Barcelona BioMed Seminar Series. We are also keep-
ing abreast of developments in the field through a series of meetings
called the Barcelona BioMed Conferences, organised in collaboration
with the BBVA Foundation. They provide a new, creative platform
where leading researchers can meet and discuss the most recent break-
throughs in several fields of the biomedical sciences. A constant flow of
international visitors provides another crucial link to the world, both
for the expertise they bring and the rich cultural experiences that arise
from their stay. IRB Barcelona hosts visitors at all stages of their scien-
tific careers.

Institutes need to discuss their research with the public and help pre-
pare people for those changes. IRB Barcelona is actively explaining our
work through the mass media at a level that people can understand,
through education activities, and through the Barcelona BioMed
Forums. These events are aimed at increasing public awareness and
encouraging a better understanding of progress in the biomedical sci-
ences.

Our aims are ambitious, and success will depend on both internal and
external factors. We are building an institute for the future, and we are
doing so at a very special time in science. Adapting to this changing
environment will continue to require creativity and administrative flex-
ibility. We have been able to draw on
excellent support from the Board of
Trustees and a high level of motivation
from the staff. | thank all of you for your
efforts in making the launch of this
institute a great success.

Joan J Guinovart
Director, IRB Barcelona










Chromatin structure

and function

PhD Students
Lorena Aguilar
Marta Batlle
Elisabet Costa
Joan Font

Marta LLoret
Silvia Pérez
Olivera Vujatovic

Principal Investigator
Ferran Azorin (CSIC)

Senior Associate Researcher
M2 Lluisa Espinas (CSIC)

Associate Researchers
Elena Casacuberta (ICREA Jr)
Dori Huertas (CSIC)
Alejandro Vaquero (ICREA Jr)

Postdoctoral Fellows
Clemeént Carre
Francesc-Xavier Marsellach
Olga Moreno

Antonio Rodriguez

Monica Torras

Research Assistants
Carles Bonet

Esther Fuentes
Gemma Molla

Alicia Vera

Ferran Azorin

Visitors
Tom Tullius (USA)
Miroslav Pohl (Croatia)

The contribution of chromatin to the regulation of genomic functions is well established. Our knowledge about
the regulation of chromatin functions has benefitted from the identification of components, and mechanisms,
that modify the structural and functional properties of chromatin: chromatin assembly and remodeling com-
plexes; histone modifications (ie, acetylation, methylation, phosphorylation, ubiquitination) and their corre-
sponding enzymes; structural non-histone proteins (ie, HP1; Polycomb, PC) that recognise specific histone mod-
ifications and contribute to the structural properties of distinct chromatin domains; histone variants which
localise to specific chromosomal locations (ie, CENP-A, H3.3, H2A.Z, macroH2A), etc. Our research focuses on
the study of the molecular basis of chromatin function and its regulation.

Changes in chromatin structure are at the basis of many regulatory processes and, in particular, gene silencing
frequently occurs at the chromatin level, being associated with the acquisition of a specific structural organi-
sation (silent chromatin). Silent chromatin includes distinct chromatin domains: heterochromatin, both consti-
tutive (ie, centromeric and telomeric) and facultative (ie, inactive X of mammals), as well as specific euchro-
matic loci that become silenced during cell differentiation and development (ie, mating type locus in yeasts,
homeotic genes). In recent years, the basic mechanisms involved in the formation of silent chromatin have
begun to be unraveled. Centromeric silencing, mediated by HP1, and silencing of the homeotic genes, which
depends on PC-proteins, are among the best-characterised examples. In both cases, silencing involves the
action of a histone methyltransferase enzyme (HMT) (Su(var)3-9 for HP1 and Enhancer of zeste (E(Z)) for PC),
which introduces a specific histone modification (H3K9me,; for Su(var)3-9 and H3K27me,; for E(Z)) that, in
turn, is recognised by the chromodomains of HP1 and PC, respectively. These generic interactions are crucial
for the formation and maintenance of silent chromatin. In addition, the RNAi pathway appears to play an essen-
tial role in the initial steps of establishment of silencing. Our research focuses on the factors and mechanisms
involved in the formation and maintenance of silent chromatin, and their functional contribution to: (i) the reg-
ulation of centromeric and telomeric function, and (ii) the regulation of homeotic gene expression.

Centromere identity and function

Rather than being associated with specific DNA
sequences, centromeric function is determined by a
specialised structural organisation, the centromeric
chromatin, which results from the cooperation of two
specific chromatin structures: (i) centric chromatin,
characterised by the presence of a centric specific
histone H3 variant (CENP-A), and (ii) centromeric
heterochromatin, characterised by a specific pattern
of histone modifications (H3K9me, ), recognised by
heterochromatin associated proteins (HP1). (See
Figure 1.)

CENP-A deposition determines centromere identity
Centromere identity is determined by the deposition
of the centromere-specific histone H3 variant, CENP-
A, which replaces canonical H3.1 in all eukaryotic
centromeres. CENP-A is found exclusively at cen-
tromeres, recruits kinetochore components and is
required for centromere function. How is cen-
tromere-specific deposition of CENP-A achieved? We
are currently addressing this question in Drosophila
(Moreno-Moreno et al, 2006). Contrary to canonical
nucleosomes, deposition of CENP-A-containing nucle-
osomes at centromeres is not linked to DNA replica-
tion. Deposition of CENP-A nucleosomes is, however,
a promiscuous process as it can also occur during DNA
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replication leading to its mislocalisation throughout
chromatin. Expression of CENP-A must, therefore, be
tightly regulated during cell cycle progression to pre-
vent replication-dependent deposition at non-cen-
tromeric sites during S-phase. In fact, mammalian
CENP-A is only expressed during G2-phase. However,
expression of the Drosophila homologue of CENP-A
(CID) takes place early during S-phase. Therefore,
additional mechanisms must exist to either avoid
deposition of CENP-A containing nucleosomes at non-
centromeric sites during DNA replication and/or to
remove them afterwards. Our work shows that pro-
teasome-mediated degradation restricts localisation
of CID to centromeres by eliminating mislocalised CID
as well as by regulating available CID levels.
Regulating available CID levels is essential to ensure
centromeric deposition of CID. Proteasome mutants
show increased expression and mislocalisation of CID.
(See Figure 2.) Consistent with a role on kinetochore
assembly, mislocalisation of CID-nucleosomes induces
cell cycle arrest. Actually, binding of CID at ectopic
sites recruits kinetochore components, an effect
depends on the N-terminal domain of CID.
Proteasome-mediated degradation appears to be an
evolutionarily conserved mechanism that regulates
available CENP-A levels to favor its preferential dep-
osition at centromeres as, also in the yeast
Saccharomyces cerevisiae, the levels of CENP-A
(Cse4dp) are regulated by the proteasome and prote-
olysis-resistant mutants mislocalise throughout chro-
matin. Proteasome-mediated degradation of CENP-A
was also reported in human cells infected with her-
pes simplex virus type 1 (HSV-1). How is CENP-A pro-
teolysis regulated? In this respect, we have identified
in a yeast two-hybrids screen the interaction of CID
with partner of paired (Ppa), an F-box containing pro-
tein that interacts with Skp1, an evolutionarily con-
served component of the SCF ubiquitin ligase complex.

Heterochromatin structure and function:

the contribution of vigilin

Vigilin is a highly evolutionarily conserved protein,
from yeasts to humans, which is characterised by the
presence of multiple KH-domains. The KH-domain is a
single-stranded nucleic-acids binding motif that, first
identified in the RNA binding protein hnRNPK, has
been found in a number of proteins binding single-
stranded nucleic-acids. Vigilin participates in differ-
ent aspects of RNA metabolism, and binds soluble and
membrane-bound polyribosomes. In addition, vigilin
contributes to heterochromatin structure and func-
tion. In Drosophila, vigilin (DDP1), contributes to the
structure and function of centromeric heterochro-
matin (Huertas et al, 2004). Centromeric silencing,
H3K9 methylation and HP1 deposition are affected in
DDP1 mutants. Furthermore, DDP1 mutants show
defects on chromosome condensation and segrega-

tion. Also S. cerevisiae, vigilin (Scp160p) is involved
in the control of cell ploidy and contributes to hete-
rochromatin-induced silencing (Cortés et al, 1999;
Marsellach et al, 2006). A iscp160 deletion relieves
silencing both at telomeres and at the mating-type
locus, but not ribosomal silencing. Loss of telomeric
silencing is associated to a decreased Sir3p deposition
but is independent of binding of Scp160p to ribo-
somes. What is the mechanism underlying the contri-
bution of vigilin to heterochromatin structure and
function? Heterochromatin clusters at the nuclear
envelope and binding to the nuclear envelope helps
to establish heterochromatin-induced silencing.
Vigilin appears to play a role in the interaction of het-
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erochromatin with the nuclear envelope. In yeasts
(S. cerevisiae and S. pombe), Drosophila and verte-
brates (chicken and humans) vigilin shows a perinu-
clear localisation and, in human cells, vigilin inter-
acts with Ku70/86, an heterochromatin-associated
factor involved in anchoring heterochromatin to the
nuclear envelope. Moreover, in S. cerevisiae, cluster-
ing of telomeric heterochromatin at the nuclear
envelope is perturbed in iscp160 cells (see Figure 3).

HP1 isoforms

HP1 plays and essential role in the formation and
maintenance of centromeric heterochromatin. Three
HP1 isoforms exist in Drosophila (HP1a, HP1b and
HP1c), which share highly conserved chromo- and
chromo-shadow domains. The chromodomain is
involved in specific recognition of H3K9me2,3 and the
chromo-shadow domain mediates protein-protein
interactions. Despite their similarities, the three HP1
isoforms show different patterns of localisation (Font
et al, in preparation). In polytene chromosomes,
HP1a is mostly located at centromeric heterochro-
matin. This localisation depends on Su(var)3-9 and,
therefore, on H3K9 methylation. HP1a also localises
to some euchromatic regions but, at these locations,
it does not always co-localise with H3K9me2,3, nor it
induces silencing. In addition, euchromatic deposi-
tion of HP1a does not depend on Su(var)3-9. On the
other hand, HP1c shows a strictly euchromatic local-
isation that does not depend either on Su(var)3-9 but,
though partially, co-localises with H3K9me3. Finally,
HP1b shows a mixed localisation pattern being pres-
ent both at centromeric heterochromatin and at dis-
tinct euchromatic sites (See Figure 4). Also in mam-
mals, there are three HP1 isoforms which show a sim-
ilar behaviour. These observations indicate that chro-
mosomal deposition of HP1 is not exclusively deter-
mined by the state and type of histone methylation.
Interactions with elements involved in chromatin
assembly, DNA replication and transcription are like-
ly to play an essential role in bringing HP1 isoforms to
chromatin. What is, then, the role played by histone
methylation? HP1 isoforms can interact with
unmethylated histones, as well as with DNA and RNA,
but they preferentially bind nucleosomes containing
H3K9me2,3 (Font et al, in preparation), indicating
that recognition of H3K9me2,3 stabilises binding of
HP1 to chromatin. From these observations, a model
emerges where HP1 is brought to chromatin by fac-
tors involved in various chromatin transactions and,
then, lock-in at these sites by histone methylation
and H3K9me2,3 recognition. Actually, complexes
involved in HP1 deposition might themselves carry
HMT activities.

Telomere structure and function

Telomeres are complex nucleo-protein structures
that play important roles in tumourogenesis, senes-
cence, genome instability and cell cycle progression.
Telomeres protect chromosomes from the terminal
erosion that takes place every cell division and, in
addition, they constitute a reservoir of proteins
known to participate in multiple cellular processes
such as DNA repair and recombination. Drosophila
telomeres are of an unusual class. In most eukary-
otes, telomeres are composed of short repetitive
guanine rich sequences and they are replicated by an



specialised ribo-nucleoprotein enzyme, the telom-
erase. On the other hand, though functionally equiv-
alent to classical telomeres, Drosophila telomeres
are made of successive transpositions of three retro-
transposons, HeT-A, TART and TAHRE, which trans-
pose exclusively to the end of chromosomes (See
Figure 5.) This is specially interesting because retro-
transposons have been classically considered delete-
rious, or at least parasitic, genomic elements.
Drosophila telomeres constitute a good example of
how retrotransposons have changed their parasitic
nature into an indispensable cellular role.

Telomere targeting

Which are the mechanisms that target the telomeric
retrotransposons exclusively to telomeres? The Gag
protein of HeT-A plays a central role. Because of their
essential role, it was assumed that telomeric retro-
transposons would be highly evolutionary conserved
among all Drosophila species. Unexpectedly, we
found that, while maintaining their unique genomic
organisation, telomeric retrotransposons show signif-
icant divergence with the exception of a few highly
conserved motifs (Casacuberta and Pardue, 2003a
and 2003b). However, in species as distant as
D. melanogaster and D. virilis, the HeT-A element
conserves most of its unusual characteristics while
maintaining only a 21 % of amino acid identity. Most
important, both in D. virilis and D. melanogaster,
HeT-A Gag localises to telomeres in interphase cells
and, in D. melanogaster, it is required for telomere
targeting of the other telomeric retrotransposons.
Moreover, the HeT-A Gag protein of D. virilis also
localises to telomeres when expressed in D.
melanogaster cells and, vice versa, the HeT-A Gag
protein of D. melanogaster localises to telomeres in
D. virilis (Casacuberta et al, 2007. (See Figure 6.)
These observations indicate that both the protein and
the cellular determinants to correctly drive HeT-A
Gag to telomeres have been conserved throughout 60
MY of evolution.

Which other cellular components might be important
for telomere targeting of telomeric retrotransposons?
Ten different proteins that are necessary for telom-
ere protection have been identified in Drosophila.
From these, all except one have homologues in
human telomeres indicating that, despite its unique
organisation, Drosophila telomeres conserved most
proteins involved in telomere protection or telomere
length homeostasis. Whether they play a role on
telomere targeting is being analysed. Moreover, find-
ing which are the telomere components that have
adapted to the retrotransposon mechanism will help
to understand how HeT-A, TART and TAHRE adapted
to its cellular role and which changes were necessary
to successfully achieve the unusual symbiotic collab-
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Figure 6. The Gag protein of the telomeric retrotransposon HeT-A localises to
telomeres both in distant Drosophila species such as D. melanogaster and D. virilis.



oration between telomeric retrotransposons and the
Drosophila genome.

Structural and functional properties of Drosophila

telomeric heterochromatin

As is the rest of eukaryotes, Drosophila telomeres are
heterochromatic and, therefore, genetically silent.
However, in Drosophila, telomere maintenance relies
on the expression of genes located at the actual
telomeres. How is their expression regulated?
Because of their retrotransposon nature, expression
of the telomeric retrotransposons is regulated by the
RNAi machinery (reviewed in Casacuberta and
Pardue, 2006). Mutations in two different genes of
the RNAi pathway, spn-E and aub, regulate the
expression of HeT-A and TART in germ cells. Also in
organisms with classical telomeres, such as S. pombe
and Tetrahymena, mutations in the RNAi machinery
disrupt telomeric silencing. On the other hand, in
Drosophila, we have found that mutations in the Jil-
1 kinase enhance telomeric silencing. Jil-1 phospho-
rylates Ser10 at the histone H3 tail, a modification
that antagonises methylation of H3K9 and, therefore,
HP1 binding and silencing. Does Jil-1 help to maintain
expression of the telomeric retrotransposons? How is
it recruited to telomeres? Jil-1 is known to interact
with regulators of chromatin structure, such as 74
and chromator. Do they play any role in the regula-
tion of gene expression at Drosophila telomeres? We
are investigating these questions.

Regulation of homeotic gene expression
In Drosophila, the homeotic genes are organised in
two clusters, the antenapedia and bithorax complex-
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es. The bithorax complex (BX-C) contains three
homeotic genes, Ultrabithorax (ubx), Abdominal-A
(Abd-A) and Abdominal-B (Abd-B), which are respon-
sible for specifying the identity of the posterior
parasegments of the fly. The expression of these
genes is regulated by a complex cis-regulatory region
covering 300 kb of DNA divided into nine
segment/parasegment-specific subregions in which
each domain controls the expression of a single
homeotic gene in a particular parasegment. Early in
development, gap and pair-rule genes initiate
parasegment-specific patterns of homeotic gene
expression which, later in development, are main-
tained by two ubiquitously expressed groups of pro-
teins, the polycomb group (PcG) and the trithorax
group (TrxG), responsible for maintenance of the
silenced and activated states respectively. BX-C is
organised in various domains, which contain positive
and negative regulatory elements, not only to direct
the establishment of the expression pattern (IAB ini-
tiator elements) but also to maintain it throughout
development (PRE regulatory elements). There are
also specialised boundary elements that delimit the
different regulatory domains. (See Figure 7).

The contribution of chromatin structure and
nuclear organisation

Chromatin has an essential contribution to the regu-
lation of homeotic gene expression. Regulatory ele-
ments involved either in initiation or maintenance
are characterised by a similar pattern of histone
modifications but they show a different accessibility
to nucleases (Pérez-Lluch et al, submitted). At BX-C,
IABs are accessible to nucleases only during early
embryo development but, on the contrary, PREs are
sensitive to nucleases at all stages of embryo devel-
opment and independently of the silencing activity of
the PRE suggesting that these regulatory regions are
depleted of nucleosomes in both the ON and OFF
transcriptional states. Chromatin-mediated interac-
tions, and nuclear organisation, play an important
role in the regulation of homeotic gene expression.
We have identified a new PRE in the iab-6 cis-regula-
tory domain of BX-C and we have shown that it inter-
acts with the Abd-B promoter in cells that do not
express the gene (Pérez-Lluch et al, submitted).
Moreover, 3C analyses showed that different PREs,
which regulate the expression of the different
homeotic genes of BX-C, are in close proximity to
each other within the nucleus indicating the forma-
tion of chromatin loops. These loops would be sta-
bilised by chromatin-chromatin interactions between
the regulatory elements implicated in maintenance
of the silenced state. These results suggest a role of
three-dimensional chromatin folding in the mecha-
nism through which PRE-tethered PcG protein com-
plexes act over long distances.



GAGA and dSAP18 contribute to Fab-7 function

One of the best-characterised cis-regulatory ele-
ments of BX-C is the Fab-7 element. Fab-7 partici-
pates in the regulation of the expression of the
homeotic gene Abd-B and contains two different
functional elements, a PRE and a boundary region.
Fab-7 function requires the contribution of GAGA, a
trxG protein previously identified as a transcriptional
activator of the homeotic genes (Canudas et al,
2005). On the other hand, GAGA interacts with
dSAP18, a component of the Sin3/HDAC co-repressor
complex (Espinas et al, 2000), and this interaction
also contributes to the regulation of Fab-7 function
(Canudas et al, 2005). dSAP18 appears to have a
more general contribution to the regulation of gene
expression in Drosophila. Using Drosophila expression
microarrays, changes in gene expression in null
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dsap18 mutant embryos were determined. These
analyses show that most of the genes exhibiting
altered expression in the mutant background are
related to insect immunity. Our preliminary data
points to an implication of dSAP18 in the regulation
of genes controlled by the Toll pathway (Costa et al,
in preparation). Moreover, dSAP18 associates to both
chromosomes and the nuclear matrix, and forms a
complex with the Drosophila homologue of pinin, a
protein factor involved in mRNA splicing (Costa et al,
2006), suggesting a role for dSAP18 in linking RNA
processing and chromatin regulation events. On the
other hand, GAGA is a general transcriptional regula-
tor that plays multiple functions in Drosophila, which
are likely regulated through post-translational modi-
fications (Bonet et al, 2005).
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morphogenesis

Jordi Casanova

The development of multicellular organisms requires changes in cell populations in terms of their proliferation,
differentiation, morphology and migration. These synchronised changes are controlled by the genes that spec-
ify cell fate and by the capacity of cells to respond to extracellular cues. This is achieved by means of signalling
mechanisms that elicit cellular responses that ultimately are responsible for the morphogenetic events that
occur during development. Two key steps in these events are the mechanisms that regulate the appropriate
spatial and temporal activation of the signalling pathways and the mechanisms that link these pathways with
the cell effectors in order to elicit cell responses in terms of gene activity or cell morphology. Our research
efforts focus on the study of these phenomena in the context of the whole organism. The basic similarity
between developmental processes in different species justifies the choice of an organism as a model system,
in our case Drosophila melanogaster. In particular, we analyse the above mechanisms in two model systems in
this fly, the Torso receptor signalling pathway and the tracheal system morphogenesis.

The torso-like gene as a transducer of ovarian
positional information for the activation of the
Torso receptor in the embryo

To address the control of activation of signalling
pathway activation, we analyse how the positional
information from one tissue can be used to differen-
tially activate a signalling pathway in another group
of cells. In particular, we study the role of the gene
torso-like (tsl) as a transducer of the positional infor-
mation from the ovary to the embryo. As a conse-
quence of tsl activity, the Torso RTK receptor is acti-
vated only in embryonic regions that correspond to
the areas of the oocyte that had previously been in
apposition to the follicle cells expressing the tsl
gene. (See Figure 1).

We have functionally dissected the tsl promoter by
means of the analysis of fusions of various fragments
of the promoter with the lacZ gene in transgenic
flies. We have identified distinct enhancers responsi-
ble for the expression of the gene in several popula-
tions of follicle cells in the ovary. We are currently
using these constructions and their regulation in a
number of mutant backgrounds to identify the puta-
tive elements that regulate their expression. We have
also taken advantage of these enhancers to generate
GALA4 lines to examine the functional significance of
tsl expression in groups of cells, either by crossing
them with a UAS-ts( line and checking whether they
can rescue tsl mutants or by crossing them with a
UAS-ts[RNAi line to verify whether they generate tsl
phenotypes.

Analysis of Capicua as a regulator of gene
transcripction by the Torso RTK pathway

Regarding signalling effectors, we study the regula-
tion of the activity of the transcriptional repressor
Capicua by the Torso pathway as a link between sig-
nalling and gene activity. Specification of the termi-
nal regions of the Drosophila embryo depends on the
Torso RTK pathway, which triggers expression of the
zygotic genes tailless (tll) and huckebein (hkb) at the
embryonic poles. However, it has been shown that
the Torso signalling pathway does not directly acti-
vate expression of these zygotic genes; rather, it
induces their expression by inactivating, at the
embryonic poles, a uniformly distributed repressor
activity that involves the Groucho (Gro) co-repressor.

Figure 1. tsl expression in the eggchamber as visualised by a tsl-lacZ construct.
Expression can be detected in the border cells (bc), the posterior follicle cells (pfc) and

in the centripetal cells (cc).
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Another component of this co-repressor complex is
the product of capicua (cic), which encodes a puta-
tive transcription factor with a DNA-binding domain
of the HMG box class and appears to be the target
inhibited by the Tor signal. In particular, it has been
shown that Torso signalling regulates the accumula-
tion of the Capicua transcriptional repressor: as a
consequence of Torso signalling Capicua is down-reg-
ulated specifically at the poles of blastoderm stage
embryos. Cic activity is not restricted to embryonic
terminal patterning as this protein also mediates fol-

Figure 2. (A) At the onset of invagination at early stage 11 a small group of cells has
reduced their apical perimeter, and the epithelium begins to bend. (B) As invagination
proceeds, cells of the dorsal side of the placode have rotated completely around their
axis and are found inside the embryo while ventral cells gradually slide beneath, both
movements leading to the formation of a finger-like structure. (C) Accumulation of
Myosin Il is detected at the onset of invagination in the cells initiating apical
constriction (white line with an asterisk), as visualised by a GFP-tagged form of Myosin
Il light chain. In A and B anti-Neurotactin labels the basolateral and basal sides of all
epithelial cells (in green), while PKC labels their apical side (in blue). In the three
panels tracheal cells were labelled using an anti-trachealess antibody (in red).

licle cell determination and wing vein patterning,
thereby acting as a repressor that is down-regulated
by the EGFR signalling pathway. Similarly to Gro, Cic
has also been conserved in many organisms during
evolution, indicating that these two proteins could be
part of a conserved repressor complex that is down-
regulated by the Ras/Raf molecular cassette in sever-
al cellular contexts. By extending the current model,
we have shown that activation of the Torso pathway
triggers tailless expression without eliminating
Capicua. While activation of the Tor pathway at the
embryonic poles down-regulates Cic, Tor signalling
appears to be necessary but not sufficient to elimi-
nate Cic protein, as it can do so only at the embryon-
ic poles. In addition, impairment of Cic repressor
function is not an absolute requirement for ¢tll
expression, as this gene is expressed in situations
where the Cic repressor is still functional. In this
regard, tll expression appears to be the result of a
balance between repressor and activator factors and
Cic repression might be overcome provided that acti-
vation is enhanced. Finally, our analysis has unveiled
differences between the terminal and the central
embryonic regions that are independent of Torso sig-
nalling, hitherto thought to be the only system
responsible for conferring terminal specificities.

Signalling and cytoskeleton organisation in
tracheal morphogenesis

To address the link between signalling and cytoskele-
ton, we have studied the mechanisms involved in tra-
cheal morphogenesis. To this end, we have begun a
detailed description of tracheal morphogenesis at the
cellular level in order to analyse the contribution of
the different cytoskeleton elements and cell
organelles to this process and to identify the changes
in these elements that are controlled by signalling
pathways and the mechanisms involved in this control.

Tracheal invagination

We have begun to approach this question by studying
how a group of cells from an epithelial sheet initiate
invagination to ultimately form the Drosophila tra-
cheal tubes. The tracheal system of this fly is a com-
plex tubular network that conducts oxygen from
exterior to internal tissues. It arises from the tra-
cheal placodes, clusters of ectodermal cells that
appear at each side of 10 embryonic segments, from
the 2nd thoracic segment to the 8th abdominal seg-
ment. Tracheal cells are specified by the activity of a
set of genes whose expression in these cells is con-
trolled by the genes that specify positional cues along
the embryonic body axes. Cells of each cluster invagi-
nate and migrate in stereotyped and different direc-
tions to form each of the primary tracheal branches.
The general conclusion from many studies is that the
direction of migration of the tracheal cells relies on



a set of positional signals provided by nearby cells. In
addition, the establishment of interactions between
tracheal cells and their substrates is a crucial step in
tracheal cell migration, a process ultimately deter-
mined by molecules expressed at their surface. (See
Figure 2.)

We have found that tracheal invagination begins by
apical constriction in a small group of cells that begin
internalisation. This is followed by distinct rearrange-
ments of adjacent cells in the dorsal and ventral part
of the placode. We have analysed how this process is
regulated by the activity of the trachealess (trh)
transcription factor and EGF Receptor (EGFR) sig-
nalling. Our results point to a two-step model by
which trh induces and organises tracheal invagina-
tion. First, trh activity appears to outline an invagi-
nation field, a region of cells that acquire the capac-
ity to invaginate. A second outcome of trh is accom-
plished by the triggering of EGFR signalling, which
leads to the spatial and temporal organisation of tra-
cheal invagination. It is the activity of the EGFR path-
way that converts the tracheal cell potential to
invaginate into the organised process that results in a
“three-layer organisation” and initiation of tube for-
mation. We have also found that the spalt (sal) tran-
scription factor downregulates EGFR signalling in the
dorsal side of the tracheal placode, and that this
modulation of EGFR signalling is required for the
organised invagination of tracheal cells. We have
determined that tracheal invagination is associated
with a distinct recruitment of Myosin Il to the apical
surface in the cells of the invaginating edge and that
Myosin Il is required for the proper invagination of
tracheal cells. We have identified crossveinless-c
(cv-c), a gene coding for a RhoGTPase Activating
Protein (RhoGAP), as a key intermediate in this
process. Taken together, our results unveil a develop-
mental pathway, linking genes specifying cell fate
and signalling pathways with cytoskeleton modifica-
tions that underlie early remodelling of tracheal cell
shape. (See Figure 3.)

Chitin and glycans in tracheal morphogenesis

By genetic screening, we have identified new alleles
involved in trachael development, which belong to
the same complementation group as the previously
identified cystic (cyst) and mummy (mmy) mutations.
More precisely, cyst was originally singled out as a
gene required for the regulation of tracheal tube
diameter. In collaboration with Guy Tear’s lab, we
have shown that all these are mutants of a gene
encoding the UDP-N-acetylglucosamine diphosphory-
lase, an enzyme responsible for the production of
UDP-N-acetylglucosamine, which is essential for
chitin synthesis, membrane biosynthesis, protein N-
and O-glycosylation, and GPI anchor biosynthesis. We
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have characterised the cyst/mmy tracheal phenotype
and after histological examination we concluded that
mmy mutant embryos lack chitin-containing struc-
tures, such as the procuticle at the epidermis and the
taenidial folds in the tracheal lumen. While most of
the tracheal morphogenetic defects in these mutants
can be attributed to the lack of chitin, when com-
pared to krotzkopf verkehrt (kkv) chitin-synthase
mutants, mmy mutants show a stronger phenotype
indicating that some of the mmy phenotypes are
chitin-independent. An additional lack of GlcNAc-
containing proteins at the cell surface or within the
extracellular matrix could further affect luminal sta-
bility in mmy embryos. Furthermore, tracheal
defects in mmy phenotypes could partly arise as a
result of the impairment of a signalling process medi-
ated by GlcNAc-containing proteins, as GIlcNAc is a
major component of glucosaminoglycan chains
attached to heparan sulphate proteoglycans (HSPGs),
which play a major role in multiple signalling path-
ways. (See Figure 4.)

A remarkable feature of the dorsal trunk of mmy
embryos is the absence of taenidial folds, the annu-
lar rings around the tracheal lumen. As these struc-
tures are believed to provide a degree of stiffness to
tracheal tubes, their absence could play a role in the
irregular diameter of the dorsal trunk. This study has
led us to propose that tracheal tube size may be a
structural property of the organisation of each specif-
ic branch.
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Figure 4. Electron micrograph of a longitudinal section of a wild-type tracheal dorsal
trunk showing the lumenal structure and tracheal cells. The section is not in the middle
of the dorsal trunk but at a more saggital point, showing a tube that is not cut at its
greatest width; arrow points to the areas where the cut is most saggital and the
taenidial folds are seen closest to the luminal membrane, showing their characteristic
ridges (picture taken at the Electron Microscopy facilities of the Universitat de
Barcelona).

Association of tracheal placodes with leg
primordia in Drosophila and implications for the
origin of insect tracheal systems

Adaptation to diverse habitats has prompted the
development of several organs in a number of ani-
mals to better exploit their living conditions. This is
the case of the respiratory organs of arthropods,
which range from tracheae in terrestrial insects to
gills in aquatic crustaceans. While tracheal develop-
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ment in Drosophila has been studied extensively, the
origin of the tracheal system remains a mystery. In
collaboration with Michalis Averof, we have shown
that tracheal placodes and leg primordia in
Drosophila arise from a common pool of cells, with
differences in their fate controlled by the activation
state of the wingless signalling pathway. We have also
elucidated early events that trigger leg specification
and shown that cryptic appendage primordia are
associated with tracheal placodes even in abdominal
segments. The association between tracheal and
appendage primordia in Drosophila is reminiscent of
the association between gills and appendages in crus-
taceans. To further examine these similarities, we
have cloned homologues of the tracheal inducer
genes and studied their expression patterns in two
divergent groups of crustaceans. We have found that
homologues of tracheal inducer genes are specifical-
ly expressed in the gills of crustaceans. Therefore,
crustacean gills and insect tracheae, hitherto consid-
ered independent systems for gas exchange, may
share a number of features in their developmental
origin and specification. This hypothesis raises the
possibility of an evolutionary relationship between
these structures.
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Spindle assembly in vivo

Direct visualisation is becoming mandatory to unrav-
el the complex processes that occur within the living
cell. Using protocols developed in our lab we are
obtaining new information on the behaviour of specif-
ic proteins labelled with florescent tags (Rebollo and
Gonzalez 2000; Lange et al, 2002; Sampaio et al,
2001; Rebollo et al, 2004).

Elisabeth Castellanos

Cayetano Gonzalez

Modelling cancer in Drosophila

We are starting to exploit Drosophila to study basic
principles regarding cell proliferation and malignant
growth (Caussinus and Gonzalez, 2005; Wodarz and
Gonzalez, 2006). Loss of cell polarity and cancer are
tightly correlated, but proof of a causative relation-
ship remains elusive. In stem cells, loss of polarity
and impairment of asymmetric cell division could
alter cell fate and thereby render daughter cells
unable to respond to the mechanisms that control
proliferation. To test this hypothesis, we have devel-
oped a Drosophila model of tumour transplantation
using larval neuroblasts (NBs) containing mutations in
various genes that control asymmetric cell division.

Molecular analysis of centrosomes

We have recently cloned the gene that encodes a
centriolar protein. We have mutant alleles, function-
al GFP fusions and antibodies that will be instrumen-
tal in the molecular dissection of this organelle
(Lange et al, 2002; Tavosanis and Gonzalez, 2003).

Protein traps

The specific localisation of proteins in different com-
partments is a key aspect of cell division. We have
now automated a protein trap protocol (Gonzalez and
Bejarano, 2000; Isalan et al, 2005; Santori et al,
2006) which is being applied in several high-content
screens.

Peter Askjaer’s work

Peter Askjaer works as an independent Ramén y Cajal
researcher within the lab. Peter’s group uses the
nematode Caenorhabditis elegans to analyse process-
es of cell and developmental biology with an empha-
sis on the nuclear envelope.
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A central question in modern developmental biology is how the growth and patterning of tissues are controlled
at a molecular and genetic level. Drosophila melanogaster provides an excellent model system to approach this
question because of its suitability for genetic and molecular manipulation and its well-described developmen-
tal biology. Systematic genetic screens for loss-of-function mutations, gain-of-function phenotypes and the
detection of enhancers have revealed many of the genes involved in a number of developmentally important
processes. In addition, the completion of the genomic sequencing project for Drosophila allows the use of
reverse genetic approaches such as RNA-mediated interference and targeted gene disruption as well as
genome-wide expression analyses in order to address a wide variety of questions concerning the developmen-
tal biology of the fruitfly.

During the development of multicellular organisms, groups of cells assemble to form tissues that are initially
homogenous. The elaboration of spatial pattern often begins by subdivision of the field of cells into smaller ter-
ritories. The imaginal discs of Drosophila provide well-characterised experimental systems in which subdivision
of the tissue depends on mechanisms that limit cell mixing to produce stable boundaries. These stable subdi-
visions are called compartments. In the imaginal discs compartment boundaries serve as signalling centres.
Short-range interactions between cells in adjacent compartments induce the expression of the signalling pro-
teins Wingless (Wg) and Decapentaplegic (Dpp) in cells adjacent to the compartment boundaries. Wg and Dpp
form long-range extracellular protein gradients centered on the compartment boundaries. Stable boundaries
between compartments result in tightly localised sources of these signalling proteins. Intermingling of cells at
the boundary causes disorganisation of the signalling centre with disastrous consequences for patterning and
growth control.

The Drosophila wing imaginal disc is a monolayered epidermal sac. The wing primordium arises from the embry-
onic ectoderm as a group of around 30 cells that proliferate extensively during larval development to achieve
a final size of about 50,000 cells. The wing primordium is subdivided into an anterior (A) and a posterior (P)
compartment by the restricted expression and activity of the homeodomain protein Engrailed in P cells. This
subdivision is inherited from the embryonic ectoderm. When the wing primordium consists of around 100 cells,
it subdivides again into a dorsal (D) and a ventral (V) compartment by the restricted expression and activity of
the LIM-homeodomain protein Apterous in D cells. Our research activities seek to elucidate how compartment
boundaries are generated, how expression of the organising molecules Wg and Dpp is induced at the these
boundaries and how growth and patterning is organised by the activity of Wg and Dpp.

Hedgehog restricts its own expression domain in
the Drosophila wing

Stable subdivision of Drosophila limbs into an anteri-
or (A) and posterior (P) compartment is a conse-
quence of asymmetric signalling by Hedgehog (Hh)
from P to A cells. The activity of the homeodomain
protein Engrailed in P cells helps to generate this
asymmetry by inducing expression of Hh in the P com-
partment and at the same time repressing the
expression of the essential downstream component of
the Hh pathway Cubitus interruptus (Ci). Ci is a tran-

scription factor, which, in the absence of Hh sig-
nalling is converted to a repressor form (Cirer). Cirer
represses hh in A cells. The transcriptional co-repres-
sor Groucho (Gro) also represses hh expression in A
cells, thus helping to maintain the asymmetry. Gro is
ubiquitously expressed but is required only in A cells
that receive the Hh signal.

During the last two years, Fernando Bejarano and
Lidia Pérez, in collaboration with Christos Delidakis’
group in Heraklion (Crete) have analysed the role of
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Figure 1. Two mechanisms to repress hh expression in A cells.

Groucho in this process. They have presented evi-
dence that Gro exerts this action by binding to the
product of master of thickveins (mtv), a target of Hh
activity encoding a nuclear zinc finger protein. Two
mechanisms are then used to repress hh expression in
A cells (Figure 1). The first is based on Cirer acting
mainly in those cells not receiving the Hh signal. The
second one is based on Hh restricting its own expres-
sion domain through the activity of its target gene
mtv. Fernando and Lidia have provided evidence that
these two mechanisms are independent.

Many signalling molecules have been shown to
restrict their own expression domains (ie, Wingless or
Notch). To our knowledge, these results show for the
first time that Hh is also involved in restricting its
expression domain.

Mutually exclusive domains of Notch and Wingless
activities confer stability to the DV boundary in
the Drosophila wing

Gene regulatory networks in developing organisms
have been conserved during evolution. The
Drosophila wing and the vertebrate hindbrain share
the gene network involved in the establishment of
the boundary between dorsal (D) and ventral (V)
compartments in the wing and adjacent rhom-
bomeres in the hindbrain (Figure 2). The activation of
the receptor Notch at the compartment boundaries,
due to the activity of the Notch ligands in nearby
cells, induces the expression of the signalling mole-
cules Wingless (Wg) and Wnt-1 in boundary cells of
the fly wing and the vertebrate hindbrain, respec-
tively (Figure 2). Wg or Wnt-1 maintain the expres-
sion of Notch ligands in neighboring cells, thus estab-
lishing positive feedback and ensuring high activity of
Notch at the compartment boundaries. Notch activi-
ty then regulates growth of the surrounding non-
boundary cells and is required for maintaining the lin-
eage restriction boundary.

By means of a systems biology approach that com-
bines in silico and in vivo experiments, during the
last two years, Héctor Herranz, in collaboration with
Javier Buceta’s group at the Parc Cientific de
Barcelona, have generated a regulatory network for

the establishment and maintenance of the DV bound-
ary in the Drosophila wing. This regulatory network
shows how short-range cell interactions, mediated by
the receptor Notch and its ligands, together with
long-range cell interactions, mediated by the Wg sig-
nalling molecule, shape the boundary and produce
the gene expression pattern that is observed in vivo.
Their data also present in vivo and in silico evidence
that a novel property, conferred by the activity of
Notch in boundary cells and mediated by its target
gene Cut, is required for the formation of a stable DV
boundary: refractoriness to the Wg signalling mole-
cule. Concepts like spatially refined and polarised
Notch signalling have been addressed and explained
by invoking this property. A robustness analysis of the
regulatory network by means of in silico experiments
complements their results and ensures the biological
plausibility of the developmental mechanism pro-
posed.

Finally, we wish to place our conclusions into a broad-
er context. Boundary formation between adjacent
rhombomeres in vertebrates relies on the same
Wnt/Notch-dependent regulatory network as shown
by David Wilkinson’s group in the UK. We therefore
speculate that boundary cells also need to be refrac-
tory to the Wnt signal to generate stable boundaries.
We conclude that the robustness and stability of this
network, in which the interconnectivity of the ele-
ments is crucial and even more important than the
value of the parameters used, might explain its use in
boundary formation in other multicellular organisms.

Self-refinement of Notch activity through

the transmembrane protein Crumbs: Modulation
of y-secretase activity

Cell interactions mediated by Notch-family receptors
have been implicated in the specification of tissue
boundaries. Tightly localised activation of Notch is
critical for the formation of sharp boundaries. In the
Drosophila wing imaginal disc, Notch receptor is
expressed in all cells. However, Notch activity is lim-
ited to a narrow stripe of cells along the DV compart-
ment boundary, where it induces the expression of
target genes. How a widely expressed protein
becomes tightly regulated at the DV boundary in the
Drosophila wing is not completely understood.

Over the last two years, Héctor Herranz, in collabo-
ration with the groups led by Fabian Feiguin in Italy
and Michalis Averof in Heraklion (Crete) have
analysed the role of crumbs in DV boundary formation
in the wing primordium. Their data indicate that the
transmembrane protein Crumbs is involved in a feed-
back mechanism used by Notch to refine its own acti-
vation domain at the Drosophila wing margin (Figure
3). Crumbs is a target of Notch in the wing and is



required to reduce the activity of the y-Secretase
complex, which mediates the proteolytic intracellu-
lar processing of Notch. Crumbs exerts its function
through its large extracellular part, which contains 29
EGF repeats.

Signalling centres along compartment boundaries are
required to organise the growth and pattern of the
surrounding tissue. However, too much of a signal has
deleterious effects. The Notch signalling centre
organises growth and pattern of the developing wing
primordium partially through the secreted protein
Wingless. Wingless activity contributes to limit Notch
activity to cells immediately adjacent to the DV
boundary. Our data indicate that Notch also con-
tributes to the refinement of its activation domain
through its target gene crumbs. Crumbs attenuates
Notch signalling by repressing the activity of the v-
Secretase complex. Many loss-of-function mutations
in the human homologue of Crumbs, CRB1, cause
recessive retinal dystrophies, including retinitis pig-
mentosa. Given that the y-Secretase complex also
mediates the intracellular cleavage of the transmem-
brane protein APP, leading to accumulation of the
ABeta peptide in plaques in Alzheimer disease (AD),
we postulate that Crumbs is also involved in modulat-
ing AD pathogenesis. Our analysis reveals a function
for the extracellular part of the Crb protein in this
process. It is interesting to note that many mutations
that give rise to retinal dystrophies are missense that
affect EGF or LG domains of CRB1 Thus, molecular
interactions mediated by the extracellular domain of
Crb may be critical in both retinitis pigmentosa and AD.

Growth control in the proliferative region of the
Drosophila eye-head primordium: elbow-noc gene
complex

Notch signalling is involved in cell differentiation and
patterning, as well as in the regulation of growth and
cell survival. Notch activation at the DV boundary of
the Drosophila eye-head primordium leads to the
expression of the secreted protein Unpaired, a ligand
of the JAK-STAT pathway that induces cell prolifera-
tion in undifferentiated tissue.

During the last three years, Carlos Luque has focused
on the role of the zinc-finger proteins encoded by
elbow and no ocelli in the control of growth of the
eye-head undifferentiated tissue. His results show
that elbow and no ocelli are expressed in the highly
proliferative region of the eye-head primordium and
loss of elbow and no ocelli activities induces over-
growths of the head capsule, without inducing Upd
expression de novo. These overgrowths depend on
Notch activity indicating that elbow and noc repress
an Upd-independent role of Notch in driving cell pro-
liferation. When the size of the overgrown tissue is

increased, ectopic antenna and eye structures can be
found.

The observation that increased size of the eye-head
primordium leads to ectopic eye and antenna struc-
tures suggests that tight regulation of the size of this
organ by elbow and no ocelli is crucial for proper fate
specification and generation of the adult structures.
We propose a model to explain how de-regulated pro-
liferation produces tissue overgrowth that undergoes
fate re-specification depending on the availability of
nearby sources of organising molecules. A similar
model has already been proposed by the groups of
Mlodzik and Pignoni in the US to explain how field
size is coupled to fate specification. (See Figure 4.)

Calderén encodes an organic cation transporter of
the major facilitator fuperfamily required for cell

growth and proliferation of Drosophila tissues

The adaptation of growth in response to dietary
changes is essential for the normal development of
all organisms. The Insulin Receptor (InR) signalling
pathway controls growth and metabolism in response
to nutrient availability. Although the elements of this
pathway have been described, little is known about
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the downstream elements regulated by this cascade.
Héctor Herranz identified the calderdn gene while he
was a postdoc in Ginés Morata’s lab in Madrid. He
started its functional characterisation in Madrid and
finished it in our lab. calderdon encodes a protein with
highest homology with Organic Cation Transporters of
the Major Facilitator Superfamily. His results show
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Genome re-modelling in evolution: functional

that this gene is a new transcriptional target of the
InR pathway. These transporters are believed to func-
tion mainly in the uptake of sugars, as well as of
other organic metabolites. Genetic experiments
demonstrate that calderon is required cell
autonomously and downstream of the InR pathway for
normal growth and proliferation of larval tissues. Loss
of calderon activity mimics the phenotype of muta-
tions in the InR pathway during embryonic and adult
development. Expression of calderdén is positively
regulated by the InR downstream effectors PI3
kinase/Dp110 and TOR and its activity is required for
TOR-mediated growth induction. Thus, calderdn is a
target of the PI3 kinase/TOR branch of the InR path-
way required cell autonomously for insulin-mediated
cell growth.

Our results indicate that the growth of imaginal cells
may then be modulated by two distinct, but coordi-
nated, nutrient-sensing mechanisms: one cell-
autonomous and the other humoral.
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Project Coordinator: Miguel Manzanares

Afinidades celulares en el desarrollo de organismos
muticelulares: el borde de afinidad dorsal-ventral del
ala de Drosophila

BFU2004-00167/BMC
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Lluis Ribas de Pouplana

We study the connections between the protein synthesis machinery and the rest of the cellular environment,
mainly in human protozoan parasites (Figure 1). Gene expression and protein synthesis constitute the central
core of molecular biology and, as such, are tightly linked to the networks that regulate cells and tissues. The
sophisticated machinery required to translate genes is now well characterised, and this body of knowledge
offers the possibility to investigate how the components for genetic code translation influence and integrate
themselves with the rest of the cellular metabolism. We focus mainly on the links between gene expression and
pathogenicity in human pathogens. Our activities also address organelle-specific protein synthesis and the evo-
lution of the eukaryotic cell through the analysis of gene translation apparatus.

Gene expression and parasite pathogenicity

We examine the connections between infectious
processes in humans and the protein synthesis appa-
ratus of the pathogens involved. Thomas Jones is
characterising an unusual aminoacyl-tRNA synthetase
in the human intracellular parasite Mycoplasma pen-
etrans. This parasite presents remarkable genome
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reduction. However, some of the components of its
protein synthesis machinery display new domains of
unknown function. We have shown that these modi-
fied enzymes are better discriminating catalysts than
their E. coli homologues. We are now examining how
this improvement in substrate recognition is achieved
(Jones, Alexander and Ribas de Pouplana, in prepara-
tion).

Our research also addresses the genome dynamics
and the functional role of a family of inflammation-
activator domains that are transferred between dif-
ferent protein synthesis enzymes through a ubiqui-
tous process of domain shuffling that is not under-
stood. In the human pathogen Entamoeba histolytica,
one of these domains doubles its genomic dose
through its selective integration in two unrelated
enzymes. Manuel Castro is testing the hypothesis that
this domain is involved in the induction of local
inflammation in the human gut. We are also studying
the mechanisms of domain integration involved in
this process, and the effect of the newly incorporated
domain in the activity of its receiving enzyme (Figure 1).

Finally, the incorporation of Alfred Cortes (ICREA Jr)
to the group will allow us to start a new line of
research into the mechanisms of gene translation
regulation in Plasmodium falciparum. This parasite is
the main causal agent of malaria, and is responsible

for over a million deaths a year. Using a multigenic
family of proteins that display differential expression
in clonal lines of this parasite, we will examine the

@

Figure 1. Proposed links between the RNA aminoacylation and deacylation reactions
and several cellular pathways unrelated to protein synthesis (Geslain and Ribas de
Pouplana, 2004).



role of chromatin structure and modification in the
control of gene expression in Plasmodium.

Organelle protein synthesis

We are currently studying the cellular mechanisms
that control and coordinate protein synthesis in the
cytoplasm and the lumen of cellular organelles, like
mitochondria. Most of the proteins required for pro-
tein synthesis in the mitochondria are nuclear-encod-
ed, and need to be imported to this organelle. In con-
trast, most species have maintained their mitochon-
drial tRNA genes in the mitochondrial genome.
Interestingly, several mitochondrial tRNA aminoacyla-
tion enzymes are organelle-specific. What prevents
the eukaryotic cell from reducing the complexity of
its protein synthesis apparatus and from using the
same aminoacyl-tRNA synthetases (ARS) in the nucle-
us and the mitochondria?

To answer these questions we are now examining
tRNA aminoacylation in two extreme cases:
Trypanosoma brucei lysyl-tRNA synthetase (TbKRS)
and Drosophila melanogaster seryl-tRNA synthetase
(DmSRS). Trypanosoma are an exception among
eukaryotes because their mitochondrial genome does
not contain tRNAs. All the tRNAs used in mitochondr-
ial gene expression in Trypanosoma are imported
from the nucleus. However, some of these tRNAs are
still aminoacylated by mitochondria-specific ARS,
which also need to be imported. Yaiza Espanol is cur-
rently characterising the mitochondrial TbKRS and
comparing it with its cytoplasmic counterpart. Our
results indicate that specific mitochondrial modifica-
tions may contribute to the maintenance of this com-
plex mechanism. Specific mitochondrial modifica-
tions could be related to characteristics of the mito-
chondrial ribosome and translational apparatus or be
indirectly linked to more general nucleic acid modifi-
cation strategies that occur in Trypanosoma organelles.

An equally fascinating case is that of Drosophila
melanogaster, whose genome apparently codes for
two forms of mitochondrial SRS, whose temporal
expression seems to be mutually exclusive. Tanit
Guitart is currently investigating these enzymes and
the reasons behind their unusual distribution.

New methods for the discovery of protein
synthesis inhibitors

Major research effort is devoted to the search for
improved methods of antibiotic discovery. To this end
we are characterising aminoacyl-tRNA synthetases
from pathogenic organisms and developing new cellu-
lar tools for their expression in human cells (see
Geslain et al, 2006; Figure 2). Renaud Geslain is
studying the mechanisms of recognition that control
the correct aminoacylation of tRNASer in Trypanosoma.

Using genetic screens in yeast, he is also developing
new tools for the manipulation of ARS structures and
the modulation of their substrate specificities.
Complementarily, Teresa Bori-Sanz is developing new
human cell lines that will express modified ARSs from
pathogenic organisms. Our final goal is to develop a
new screening procedure for molecular inhibitors of
these enzymes.
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This project is done in collaboration with the
Combinatorial Chemistry Unit of the Barcelona
Science Park, which provides us with ad hoc chemical
libraries designed to bind and inhibit the active sites
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Brain development is a complex process which involves several sequential steps: regional determination, spec-
ification of neuronal cell types, control of cell migration, guidance and formation of neural connective net-
works, and activity-dependent synaptic plasticity. Recent research has demonstrated that these steps are
exquisitely controlled by a variety of molecular and cellular mechanisms, including expression of specific tran-
scription factors, activity of morphogens and growth factors, guidance molecules and extracellular proteins,
and synaptic activity. Our research focuses on the identification of new genes involved in these processes, and
the characterisation of the intracellular signalling pathways activated in growth cones in response to extracel-
lular signals. Moreover, it is known that the adult brain does not regenerate, either after lesions or disease-
associated cell-death processes. Studies on the mechanisms that govern the normal development and growth
of the nervous system are essential to explain the lack of spontaneous brain repair in adult tissue and to design

new regenerative approaches to repair brain lesions.

Further roles of netrins and semaphorins in
neuronal guidance

We have further investigated the roles of several
guidance molecules in the formation of complex
brain structures, such as the cerebral cortex and the
cerebellum. For instance, the way in which
GABAergic interneurons in the cerebellar cortex
migrate or the guidance cues steer them are not
known at present. Recent data show that the devel-
opment of interneurons starts at the cerebellar ger-
minal epithelium on top of the fourth ventricle.
These interneurons continue to proliferate in the
postnatal cerebellar white matter and later migrate
to their final position in the cerebellar cortex. We
have demonstrated a chemorepulsive action of
Netrin1 on postnatal cerebellar interneurons in vitro;
we have also reported the expression pattern of
Netrin1 and its receptors Dcc and Unc5 in the devel-
oping cerebellar system. Our expression results cor-
roborate that Netrin1 is involved in the migration of
GABAergic interneurons in vivo. Moreover, our data
point to Bergmann glial fibers as possible tracks for
these cells en route to the molecular layer. Finally,
experiments using blocking antibodies have allowed
us to conclude that Dcc, although expressed by post-

natal cerebellar interneurons, is not involved in the
repulsive response triggered by Netrin1 in these cells
(Guijarro et al, 2006).

We have also studied the distribution and role of a
specific variant of Semaphorin Y/6C (SemaéC) in
mouse forebrain development and plasticity. Growth
cone collapse of entorhinal and pyramidal neurons,
as well as activation of glycogen synthase kinase-3
(GSK-3) through depletion of the inactive pool, is
induced by a diffusible Sema6C1 form, suggesting a
role in development. We found this isoform to be
widely expressed during development, remaining in
the adult and showing variations in distribution when
the perforant pathway was axotomised. These
changes were detected in both the hippocampal and
entorhinal cortices. In axotomised animals, the ipsi-
lateral hippocampus, but not the contralateral,
hemisphere showed that Semaé6C-IR had moved into
the stratum lacunosum-moleculare, the medial
molecular layer of the dentate gyrus (DG) and the
fibers, but not the cell bodies, of the entorhinal cor-
tex (EC). These results indicate a specific role for
Semaé6C variants in the generation and/or stability of
circuits and synapses (Burgaya et al, 2006).
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The tyrosine kinase Ack1/Pyk1 in brain
development and plasticity

Cytosolic tyrosine kinases play a critical role both in
neural development and in adult brain function and
plasticity. We have isolated a cDNA that directs the
expression of a 125-kD protein that can be autophos-
phorylated in tyrosines. This clone corresponds to the
mouse homologue of Ack1 (Ack1/Pyk1) and is a non-
receptor protein tyrosine kinase that comprises a
tyrosine kinase core, an SH3 domain, a Cdc42-binding
region, a Ralt homology region, and a proline-rich
region. The highest levels of Ack1/Pyk1 expression
are detected in brain, particularly in the hippocam-
pus, neocortex, and cerebellum. Electron microscopy
studies show that Ack1/Pyk1 protein is expressed
both at dendritic spines and presynaptic axon termi-
nals, indicating that this protein is involved in synap-
tic function. Furthermore, Ack1/Pyk1 mRNA levels
are strongly upregulated by increased neural activity,
which points to a role in plasticity. During develop-
ment, Ack1/Pyk1 is also expressed in the prolifera-
tive ventricular zones and in postmitotic migrating
and maturing neurons. These results demonstrate
that this kinase is up-regulated during development
and that it is expressed in proliferative areas and in
migratory pathways in the developing brain. In neu-
ronal cultures, Ack1/Pyk1 is detected in developing
dendrites and axons, including dendritic tips and
growth cones. Moreover, Ack1/Pyk1 colocalises with
Cdc42 GTPase in neuronal cultures and co-immuno-
precipitates with Cdc42s (Urena et al, 2006; De la
Torre et al, 2006). Activation of integrins by cell
adhesion on fibronectin leads to strong tyrosine phos-
phorylation and activation of Ack. Upon cell stimula-
tion with EGF or PDGF, Ack is tyrosine-phosphorylat-
ed and recruited to activated EGF or PDGF receptors,
respectively. Moreover, tyrosine-phosphorylated Ack
forms a stable complex with the adapter protein Nck
via its SH2 domain (Galisteo et al, 2006). Taken
together, our findings indicate that Ack1/Pyk1 tyro-
sine kinase has a functional role as an early transduc-
er of multiple extracellular stimuli and that it may be
involved in adult synaptic function and plasticity and
in brain development.

The axonal growth cone: A sophisticated exploring
“apparatus” designed to integrate convergent and
divergent signalling pathways

During development of the nervous system, precisely
ordered neuronal connections are formed in a stereo-
typed, stepwise process. Initially, finely orchestrated
expressions of axon guidance molecules and their
receptors in the projecting and the target area pro-
vide positional and directional information for
ingrowing axons, which leads to a coarse connection
between distinct groups of neurons. Later, activity-
dependent processes, including formation and elimi-

nation of new branches, sharpen the projection,
resulting in precise point-to-point connections.
Throughout this process, the key apparatus of the
growing axons is the neuronal growth cone. This cone
could be envisaged as an exploring region at the
axonal tips which integrates information from the
neighbouring “milieu” to transduce signals that final-
ly may stop or increase axonal growth. In recent
years, many signalling pathways that regulate axonal
navigation have been identified (eg, netrins,
Semaphorins, Ephrins, etc), each bearing a full com-
plement of receptors and associated intracellular
mediators. However, how these signalling pathways,
often with opposite effects, interact with each other,
the hierarchy among them (if present), or how lig-
and/receptor complexes talk to other cell machinery,
like cytoskeletal proteins and proteins regulating
membrane trafficking, are not known.

Our research activities explore these issues by means
of simple neuronal culture models. For instance, we
have recently discovered a protein-to-protein inter-
action between the DCC guidance receptor and the
SNARE proteins Syntaxin 1 and SNAP-25. Further-
more, these SNARE proteins are required for

Netrin1/DCCinduced axonal guidance and migration,
both in vitro and after electroporation in the spinal
cord. These data point to a link between guidance
receptors and the cell machinery controlling exocyto-
sis and membrane addition (Cotrufo et al, in prepara-
tion).




Similarly, we explore cross-talk mechanisms between
guidance molecule receptor systems. For instance,
we have evidence of an interaction between the neu-
rotrophin/trk cascade and the Netrin1/DCC and
EphrinA-associated signalling pathways. We have
recently shown that activation of EphrinA blocks neu-
rotrophin-induced effects on axonal branching and
synapse formation (Marler et al, in preparation).

Dissecting novel Reelin functions in development
and neurodegenerative diseases

Reelin is a glycoprotein that is essential for the cor-
rect cytoarchitectonic organisation of the developing
central nervous system (CNS). Reelin binds to very
low-density lipoprotein receptor and apolipoprotein E
receptor 2, thereby inducing mDab1 phosphorylation
and activation of the phosphatidylinositide 3 kinase
(PI3K) pathway. We have now demonstrated that
Reelin activates the mitogen-activated protein
kinase/extracellular signal-regulated kinase (ERK)
pathway, which leads to the phosphorylation of
Erk1/2 proteins. The inhibition of Src family kinases
(SFK) blocks Reelin-dependent Erk1/2 activation.
This has also been shown in neuronal cultures from
mDab1-deficient mice. Although rat sarcoma viral
oncogene was weakly activated upon treatment with
Reelin, pharmacological inhibition of the PI3K path-
way blocked Reelin-dependent Erk activation, which
indicates cross-talk between the ERK and PI3K path-
ways. We show that blockade of the ERK pathway
does not prevent the chain migration of neurons from
the subventricular zone (SVZ) but does inhibit the
Reelin-dependent detachment of migrating neurons.
We also demonstrate that Reelin induces the tran-
scription of the early growth response 1 transcription
factor (Simo6 et al, 2006). In addition, we demon-
strate a novel role of Reelin in the migration of cere-
bellar granule cells, which is highly dependent upon
ERK activation (Simo et al, submitted). These find-
ings indicate that Reelin triggers ERK signalling in an
SFK/mDab1- and PI3K-dependent manner and that
ERK activation is required for Reelin-dependent tran-
scriptional activation, the detachment of forebrain
neurons migrating from the SVZ, and migration of
cerebellar granule cells.

The function of Reelin in the adult brain is not under-
stood, although it has been proposed that this protein
is involved in signalling pathways linked to neurode-
generation. We have analysed Reelin expression in
brains and cerebrospinal fluid (CSF) from patients
with Alzheimer's disease (AD) and from non-dement-
ed controls. We found a 40% increase in the Reelin
protein levels in the cortex, but not in the cerebel-
lum, of AD patients compared with controls. Similar
increases were detected at the Reelin mRNA tran-
scriptional level. This expression correlates with par-

allel increases in CSF but not in plasma samples. We
have also studied the pattern of Reelin glycosylation
by using several lectins and the anti-HNK-1 antibody.
Glycosylation differed in plasma and CSF.
Furthermore, the pattern of Reelin lectin binding dif-
fered between the CSF of controls and AD patients.
Our results show that Reelin is up-regulated in the
brain and CSF in several neurodegenerative diseases
and that CSF and plasma Reelin have distinct cellular
origins, thereby supporting the notion that Reelin is
involved in the pathogenesis of a number of neurode-
generative diseases (Botella et al, 2006). To ascertain
this hypothesis, we have generated a conditional
transgenic mouse model that overexpresses Reelin in
the forebrain. This transgenic mouse line is being
crossed with several murine models of AD to ascer-
tain whether over-activation of the Reelin pathway
increases neural degeneration in these mice.

Functions of Nogo-66, MAG and CS in axonal
regeneration

Damaged axons do not regenerate after axotomy in
the adult mammalian CNS. This may be due to local
inhibitory factors at the site of injury, such as over-
expression of chondroitin sulfate (CS) proteoglycans
(CSPG) and the presence of myelin-associated
inhibitors. To overcome CSPG- or myelin-induced
inhibition, strategies based on extrinsic and intrinsic
treatments have been developed. For example,
NEP1-40 is a synthetic peptide that promotes axonal
regeneration by blocking Nogo-66/NgR interaction
and chondroitinase ABC (ChABC), which degrades CS,
thereby also promoting axon regrowth. Myelin-associ-
ated glycoprotein (MAG) also contributes to the pre-
vention of axonal regeneration. We have studied the
role of MAG, Nogo-66 and CS in the regeneration of
cortical connections in vitro. We have shown that
MAG expression is regulated in a distinct manner in
the EC and the hippocampus in response to axotomy
of the perforant pathway. The participation of MAG in
preventing axonal regeneration was tested in vitro:
neuraminidase treatment of axotomised entorhino-
hippocampal cultures potentiates axonal regenera-
tion (Mingorance et al, 2005). We have also examined
whether the combination of complementary strate-
gies facilitates axonal regeneration in slice co-cul-
tures. Both CS cleavage with ChABC and NEP1-40
strongly facilitate the regrowth of entorhinal axons
after axotomy, permitting the re-establishment of
synaptic contacts with target cells. However, com-
bined treatments do not improve the regeneration
induced by ChABC alone (Mingorance et al, 2006).
These results demonstrate that MAG, CS and Nogo-66
limit axonal regeneration in the cerebral cortex, and
provide insights into the development of new assays
and strategies to enhance axon regeneration in
injured cortical connections.



Stem cells, neuronal precursor specification, and
brain repair

The nervous system is formed by hundreds of types of
neurons. The mechanisms by which the different
types of neurons are generated and specified remain
unclear. We have shown that, in the cerebellum, the
pancreatic transcription factor Ptf1a is required for
the specific generation of Purkinje cells and
interneurons. Moreover, we have reported that gran-
ule cell progenitors in the external granule cell layer
appear to be unaffected by deletion of Ptf1a. Cell
lineage analysis in Ptf1aCre/Cre mice was used to
establish that, in the absence of Ptfla expression,
E12/E13-proliferating progenitors - normally fated to
produce Purkinje cells and interneurons - shift to a
granule cell phenotype and aberrantly migrate to the
external granule layer. These findings indicate that
Ptf1a is necessary for the specification and normal
production of Purkinje cells and cerebellar interneu-
rons, two essential GABAergic cell types of the cere-
bellar cortex. We have also established that Ptf1a is
required for the suppression of the granule cell spec-
ification programme in cerebellar ventricular zone
precursors (Pascual et al, submitted). Given the key
role of this gene in Purkinje cell specification, we are
now exploring whether the induced expression of this
gene in neuronal stem cells of distinct origins induces
their phenotypic differentiation in a Purkinje cell-like
phenotype. If this is confirmed, we will have devised
a method to produce Purkinje cells in vitro, thereby
facilitating cell therapy approaches in murine models
of cerebellar ataxia.

The production of neurons is a temporally restricted
process that occurs during embryonic life, except in
a few brain areas (the hippocampus, cerebellum, and
the subventricular zone). In fact, new granule neu-
rons are produced in the DG of rodents and humans
throughout adult life. Understanding the mechanisms
that control cell proliferation and neuron production
in these areas is crucial to devise therapeutic strate-
gies aimed at producing neurons from the natural
“niches” that contain neural stem cells. Recent stud-
ies have also reported adult neurogenesis in the cere-
bral cortex of healthy animals or after brain injury.
We have analysed whether the absence of the synap-
tic input from the main hippocampal afferents
induces neuronal generation in the hippocampus out-
side the Dentate Gyrus (DG) and/or regulates the
proliferation of DG neuroprogenitors. We have shown
that the denervation of the hippocampus does not
induce neurogenesis in hippocampal regions other
than the DG. However, neuroprogenitor proliferation
in the DG is reduced after fimbria-fornix lesions but
not after entorhinal deafferentation, which supports
the view that neuroprogenitor proliferation and/or
differentiation in the DG are controlled from basal

forebrain/septal neurons. We have also studied cell
proliferation in the hippocampus of rodents and the
intrinsic putative neurogenic potential of EC progen-
itors. We show that only the DG generates new neu-
rons in the hippocampus. In addition, neurospheres
from the EC have the capacity to differentiate into
neurons and glia in vitro and after transplantation in
the adult DG (Fontana et al, 2006). In a more recent
study, we identified Netrin1 as a key factor control-
ling neurogenesis and differentiation of neural stem
cells, specifically in the DG (Barallobre et al, in
preparation) and we are currently focusing our
research efforts on elucidating the cellular mecha-
nisms that control symmetrical versus asymmetrical
neural cell division.
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Proteins are the main perpetrators of most cellular tasks. However, they seldom act alone and most biological
processes are carried out by macromolecular assemblies and regulated through a complex network of protein-
protein interactions. Thus, modern molecular and cell biology no longer focus on single macromolecules but
now look into complexes, pathways or even entire organisms. The many genome-sequencing initiatives have
provided a near complete list of the components present in an organism, and post-genomic projects have aimed
to catalogue the relationships between them. The emerging field of systems biology is now centred mainly on
unravelling these relationships. However, all these interaction maps lack molecular details: they tell us which
molecules interacts with which, but not how. A full understanding of the way in which molecules interact can
be attained only from high resolution three-dimensional (3D) structures, since these provide crucial atomic
details about binding. These details allow a more rational design of experiments to disrupt an interaction and
therefore to perturb any system in which the interaction is involved. Our main scientific interests are in the
field of structural bioinformatics, in particular, the use of protein sequences and high-resolution 3D structures

to reveal the molecular bases of how macromolecular complexes and cell networks operate.

Target selection for complex structural genomics
Large-scale interaction discovery experiments are
revealing the thousands of interactions and protein
complexes responsible for most cellular functions,
although they usually lack the molecular details that
explain how the interactions occur. High-resolution
3D structures provide atomic information about the
interaction interfaces. However, because of the diffi-
culty of the experiments, the number of complexes
of known structure is still limited. The launch of
structural genomics initiatives focused on protein
interactions and complexes could quickly fill the
interaction space with structural details, thereby
offering a new perspective on how cell networks
operate at atomic level. Clear target selection
strategies that rationally identify the key interactions
and complexes that should be tackled first are funda-
mental to maximise return, minimise costs and pre-
vent experimental difficulties. A complete interac-
tion space filled with atomic-level details for each
interaction, complex, signalling cascade and meta-
bolic pathway would provide the perfect framework
for future developments in systems biology.

We recently became a partner of the first-ever com-
plex structural genomics initiative, named 3D reper-
toire, which seeks tos solve the structures of all
amenable protein complexes in yeast at the highest
resolution possible. The project involves 20 institu-
tions across Europe and a multidisciplinary team of

over 100 scientists in the fields of X-ray crystallogra-
phy, NMR, electron microscopy and bioinformatics.
We have been entrusted with the task of devising and
implementing a strategy for selecting a set of com-
plexes that stand a good chance of undergoing suc-
cessful expression, purification and crystallisation.
For this purpose, we have developed an automated
procedure that combines several types of biological
data (eg, socio-affinities, sub-cellular localisation,
protein abundance, yeast two-hybrid experiments,
etc) in a quantitative manner and scores each com-
plex/sub-complex in yeast on the basis of its chances
of success under standard expression and purification
conditions. The system allows certain flexibility and
we have also developed a web interface to permit
users choose their own ranking criteria
(http://gatealoy.pcb.ub.es/targetselection). The
final result is a dynamic system to produce ranked
lists of protein complexes/sub-complexes. The target
selection strategy, the web-tool and the results have
been disseminated among the partners of 3D reper-
toire and will shortly be available to the whole scien-
tific community. We are currently expanding the tar-
get selection system to attach a confidence value to
each complex/sub-complex and to extend it to other
model organisms such as the fly, worm, mouse or
human.

Contextual specificity in peptide-mediated protein
interactions



Protein interactions are key to virtually every major
process in a cell. While large protein-protein inter-
faces are typical in tightly associated macromolecu-
lar complexes (eg, RNA polymerase IlI), many tran-
sient interactions are mediated by a globular domain
in one protein that recognises a small linear peptide
in another (eg, SH3 domain recognising a proline-rich
motif). However, although it has been shown that
these motifs are enough to ensure binding, they are
usually too short (4 to 11 residues) to achieve the
high specificity observed in these interactions. It is
thus a more general context outside the small linear
peptide (ie, other interacting residues, subcellular
localisation, expression patterns, etc) that will ulti-
mately determine the interaction between two given
proteins. (See Figure 1.)

In the lab, we have used high-resolution 3D structures
of interacting protein pairs to explore the contribu-
tion of the binding motif and surrounding residues
(the context) in all known domain-ligand interaction
types. We have found that, on average, contextual
contacts account for roughly 30% of the binding ener-
gy. We have also seen that the central motif itself is
fairly unspecific as it has the capacity to bind to
many homologous domains. Therefore it is the con-
text, to a large extent, that is responsible for the
high affinity shown by this type of interaction, either
by improving the binding energy with the native part-
ner or preventing non-native interactions. We are
currently exploring the bearings that our findings
have in systems biology, since they might provide a
rationale for several compensatory effects observed
in knock-out networks and phenotypic profiles, and in
synthetic biology, where specificity information is
instrumental in the construction of artificial cellular
circuits. (See Figure 2.)

Pushing structural details into protein interaction
networks

Although there is a growing gap between the number
of interactions detected and those for which the 3D
structure is known, it is equally true that, since the
mid-nineties, crystallographers have been solving
structures at a rate of over one thousand interactions
every year. Thus, the Protein Data Bank currently
contains many thousands of interactions for which
structural data are available, which implies that it is
increasingly possible to model structures for protein
interactions on the basis of those observed previous-
ly. Like most modelling efforts, accuracy depends
greatly on the degree of sequence identity between
the target and the template onto which it is mod-
elled. When modelling an interaction, the choice of
the template is all the more crucial because the use
of the wrong template may lead to protein interac-
tions through the incorrect interface. This is roughly
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analogous to modelling a single protein on another
that has a different fold. Encouragingly, however,
when sequence similarity is high (for example, >25-
30% identity) proteins are likely to interact in the
same way, although exceptions are possible. There
are instances where interactions are structurally sim-
ilar despite there being no sequence similarity; the
trick is to find them. The last five years have seen the
emergence of a new class of techniques that use pro-
tein-protein complexes for which coordinate data are
available to model interactions between their homo-

Figure 1. Example of contextual specificity. Interaction between the retinoblastoma
protein (grey) and a viral peptide (rainbow). The consensus motif ([Ll].C.[DE])
responsible for the binding is shown in a surface representation. Selected contextual
interactions are highlighted in a stick model, some of which are at a considerable

distance from the motif.

Figure 2. Transient domain-peptide interactions of known 3D structure. Collection of
representative structures of interaction domains (grey) bound to their partner

proteins (rainbow) containing the binding linear motifs (surface).
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Figure 3. The fibroblast growth factor signalling pathway. Structural details inferred
for the fibroblast growth factor (FGF) pathway (a) as a means to complement its
classical blob-representation shown in the text books (b). X-ray, NMR or modelled
structures are shown in diagram format (o-helices are shown as cylinders and f-strands
are depicted as arrows). Structures of complexes of two large proteins (for example,
FGF/FGFR) are coloured according to chain (that is, each separate polypeptide is a
different colour); structures involved in domain-peptide or phosphorylation
interactions are coloured according to the secondary structure of the domain (helices
are magenta and [-strands yellow) and the interacting peptides are red, or orange or
are shown schematically. Black arrows denote the activation events highlighted in the
schematic diagram, dashed arrows show interactions between domains in one protein
and particular regions on another; the labels on these arrows indicate the residues
where the domain binds (when known). (Aloy and Russell, 2006.)

logues. However, these approaches are far from per-
fect, and they suffer when the interactions involve
conformational changes at the interface, or when the
modelled interfaces contain insertions or deletions,
with respect to the template, that are not accurate-
ly modelled. Moreover, they are usually unable to sort
out the correct specificity between members of two
interacting families and the results given often do not
have any biophysical meaning (ie, there is no corre-
lation between computationally derived scores and,
for instance, dissociation constants). We are now
working on a novel approach to tackle the specificity
problem and to predict binding energies for domain-
domain interactions by means of empirical pair
potentials. We are also developing an automated
strategy to use these potentials to predict new pro-
tein-protein interactions on a genome scale. Being
structure-based, the resulting networks will not only
tell us which molecules interacts with which but will
also give quasi-atomic information as to how these
interactions occur. This level of detail will permit a
much more rational design of experiments to disrupt
an interaction and therefore to perturb the global
behaviour of the network.

Structural systems biology: explaining macroscopic
effects at molecular level

One of the major goals of the emerging field of sys-
tems bology is to explain macroscopic effects at
molecular level. This is to build computational mod-
els to simulate the behaviour of complex systems,
such as limb development in mice, or the cellular cir-
cuits responsible for certain phenotypes in yeast or
Arabidopsis. We aim to combine the knowledge we
have acquired from the above projects (ie, the
molecular determinants of specificity in the different
types of protein-protein interactions, structure-
based interaction networks, etc) with other types of
data available (ie, protein expression, interaction
kinetics, etc) in order to propose potential new path-
ways that explain the observed phenotypic profiles
observed in model organisms. One of the first steps
that we have taken towards this end is to push quasi-
atomic details into known signalling pathways, wher-
ever possible, to convert the classical, and not very
informative, blob-diagrams into something more
structurally meaningful that can provide much clear-
er insights into the events that occur. (See Figure 3.)
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Our research focuses on the 3D structure of proteins, nucleic acids and their complexes with the aim to further
our understanding of several essential mechanisms in the cell. We use a number of molecular biology and struc-
tural biology techniques, with a focus on X-ray diffraction crystallography. We examine systems related to hor-
izontal gene transfer which involve DNA translocation across the cell membrane. In addition, we address the
regulatory mechanisms of gene expression and the control mechanisms of DNA replication. We also study unique
DNA structures, like DNA junctions, and novel drugs that target DNA.

Horizontal gene transfer

Conjugation is the main route for horizontal gene
transfer in bacteria and is responsible for the spread
of antibiotic resistance. During conjugation, plasmid
DNA is processed and then transported across cell
membranes between cells (Ruth and Coll, 2006). DNA

Figure 1. TrwC relaxase nicks the DNA after binding to an extruded DNA hairpin at the
plasmid Origin of Transfer during bacterial conjugation (Boer et al, 2006).

processing involves a key protein called relaxase,
which recognises an extruded DNA hairpin at the
Origin of Transfer, nicks the DNA and separates one
of the strands, which will be subsequently trans-
ferred. After our studies leading to the resolution of
the first structure of a relaxase-DNA complex, we
have deepened our analysis of the molecular mecha-
nism involved in the relaxase activity by solving a
protein-DNA complex (Figure 1) that includes the
scissile phosphate. This study shows that a metal ion
is required for phosphate polarisation or reaction
intermediate stabilisation to facilitate the nucle-
ophilic attack of the catalytic tyrosine of the relaxase
(Boer et al, 2006).

Transcription regulation

We study several transcription factors and their com-
plexes with other proteins and DNA promoter regions.
In the bacteriophage ¢29, we have examined the
transcriptional regulator p4, which functions as a
switch between early and late gene expression during
the infection cycle. By solving the structure of the p4
dimer bound to a 41 bp-long promoter DNA sequence,
we have revealed how this is achieved (Badia et al,
2006). A delicate interaction, involving only one
base-specific recognition contact at each tip of the
elongated p4 dimer, is mediated by a novel DNA bind-
ing motif that we have termed N-hook (Figure 2).

In another study we have addressed the E. coli PhoB
transcriptional activator, a response regulator of the
two-component signal transduction system that con-
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trols the expression of more than 40 genes related to
phosphate assimilation. Constitutively active mutants
of the protein have been structurally characterised in
order to examine the mechanism leading to PhoB
activation (Sola et al, 2006; Arribas-Bosacoma et al,
2006). Finally, a ternary complex including the tran- ’ L L
scription factor, the DNA binding sequence and the C- A2 INFECTIVE GYCLE
term, a subunit of the RNA polymerase, has been "

solved, showing how the polymerase is recruited to o

the promoter region (Blanco et al, in preparation). & o
i

DNA structure and drug-DNA interactions

We are currently analysing unique DNA structures, EARLY LATE

such as four-way and three-way junctions related to PHASE PHASE

DNA recombination and other processes. A novel
cytotoxic drug consisting of a supramolecular heli-
cate has been shown to bind to a three-way junction
DNA with a perfect fit in the central trigonal cavity of
the junction (Oleksi et al, 2006). Electrostatic and
stacking interactions stabilise the interaction in a
binding mode that has not been described previously
(Figure 3).

Structural genomics
Considerable research effort is devoted to setting up
medium/high throughput technologies for the expres-

sion and crystallisation of proteins and complexes
Figure 2. Bacteriophage Phi29 transcriptional regulator p4 acts as a molecular switch

(FOgg et Gl., ,2006)' l,n relation to t,hese activities, our controlling the phage infection cycle by turning off early genes and turning on late
group participates in several National and European  genes (Badia et al, 2006).

Structural Genomics consortia:

VIZIER (www.vizier-europe.org),
3D-REPERTOIRE (www.3drepertoire.org),
GENES (ub.cbm.uam.es/genes)

and SPINE 2-Complexes (www.spine2.eu).

Figure 3. A novel cytotoxic drug, a supramolecular helicate,
recognises a three-way junction DNA (Oleksi et al, 2006).
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During the last fifteen years our research has focused on the structure-function relationships of a diversity of
proteins and macromolecular complexes directly involved in pathological processes. The systems studied, with
over a hundred peer-reviewed publications, range from a number of small protein kinase domains to several
intact RNA viruses and in complex with their cellular receptors. To perform our activities, we use mainly X-ray
crystallography, often complemented with other techniques including, in particular, mass spectrometry and
high resolution cryo-electron microscopy.

Our general goal is first to determine the three-dimensional organisation of a nhumber of molecular systems,
and second, to use these data as a framework to examine the biochemical and biological processes in which
these molecular systems participate. The development of methodologies required by some of these studies has
also been an objective in itself.

At present our main lines of research are: Enzymes related with Oxidative Stress (a) Mono-functional Catalases,
b) Bifunctional Catalases-Peroxidases, c) Peroxidases (in particular mammalian peroxidases) and d) Oxygenases;
Membrane bound proteins a) Amino-acid transporters and b) Virulence factors (in particular in Mycoplasmas);
Energetics of protein conformations
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Maria J Macias

The main focus of our research is the study of protein-protein interactions at an atomic level, with the objec-
tive to provide 3D structures that contribute to a better description of biological processes. We apply multidi-
mensional nuclear magnetic resonance (NMR) spectroscopy in conjunction with other biophysical and biomole-
cular techniques in order to characterise the properties of the proteins and ligands under study. Our activities
are therefore centered not only on the structural determination of proteins and complexes but also on deci-
phering the mechanisms that contribute to the definition and maintenance of a given fold, or to the control of
a given interaction. Our research involves the efficient coordination of the following: a) A wet lab for protein
cloning, expression and purification aimed at obtaining labelled protein samples required for NMR experiments.
We have recently incorporated small scale solid-phase peptide synthesis, which allows the preparation of pep-
tides required for ligand binding studies at a low cost and in a short time. b) Set-up of NMR experiments at the
spectrometer. c) Internal computational facility, which allows the processing of NMR data, and the assignation,
calculation and analysis of structures. We have also installed our own computational grid in the lab to process
parallel jobs. d) Development of software packages, which cover data processing and assignment to structure
calculation, in order to facilitate the processes of structural determination by NMR. In addition, several pro-
grammes and protocols developed in our lab are available free of charge and can be either directly downloaded

from our group web page, or sent upon request.

The pleckstrin DEP domain structure

DEP domains are divergent in sequence. Using multi-
ple sequence alignments and phylogenetic tree
reconstructions, we found at least six subfamilies of
DEP domains. We selected Pleckstrin, the major sub-
strate of PKC in platelets, for further structural
research. We found that the Pleck-DEP fold contains
an additional short helix 04 inserted in the 34-85 loop
with respect to other DEP structures. This helix
exhibits increased backbone mobility, as shown by
NMR relaxation measurements, and may be involved
in protein-protein interactions. (Civera et al, 2005.)

Unraveling the protein-protein interaction
scenario during splicing: implication of FF domains
To clarify the functional roles of other domains pres-
ent in the Prp40 splicing factor, we studied the struc-
ture and ligand preferences of its fist FF domain. Our
results revealed that not all FF domains in Prp40 are
functionally equivalent. We proposed that FF
domains have at least two distinct interaction sur-
faces, which have evolved to recognise distinct bind-
ing motifs. This is an ongoing project since we are
now examining the role of other divergent FF
domains present in Prp40 and in CA150. (Gasch et al,
2006.)

Phosphorylation of the Itch WW domain does not
affect its 3D structure

Recent evidence shows that the ubiquitin ligase Itch
can be efficiently phosphorylated in vivo at several
positions. Since domain phosphorylation is quite
unusual (it normally occurs at flexible linkers that
connect domains), we sought to clarify whether the
Itch WW domain maintains its fold when phosphory-
lated. We expressed the wild-type domain and Dr.
Miriam Royo’s group at the PCB synthesised the phos-
phorylated variants. Our structural work supports the
view that in the three cases examined (wild-type and
phosphorylated mutants) the WW structure is main-
tained, thereby opening up the possibility of regulat-
ing ligand binding upon domain phosphorylation.
(Shaw et al, 2005.)

Regulation of ligand binding by serine/threonine
phosphorylation of WW domains

Using NMR we have studied the role of phosphoryla-
tion as a regulatory mechanism for the interaction
between the E3 ubiquitin-ligase ltchWW3 domain and
two PPxY motifs of one of its targets, the Epstein-
Barr virus latent membrane protein 2A. While ligand
phosphorylation only diminishes binding, domain
phosphorylation at T30 abrogates it. We show that
two Itch WW domains can be phosphorylated at this



position using CK2 and PKA kinases and/or with stim-
ulated T-lymphocyte lysates. To better describe the
regulation process, we solved the structures of the
ItchWW3-PPxY complex and the phosphoT30-
IltchWW3 variant. The peptide binds the domain using
both XP and tyrosine grooves. A hydrogen bond from
T30 towards the ligand is also observed. This hydro-
gen bond formation is precluded in the variant, which
explains the inhibition observed upon phosphoryla-
tion. Our results indicate that phosphorylation at
position 30 in WW domains could be a mechanism to
inhibit target recognition in vivo. (Morales et al,
2007.)

New ligand binding modes in WW domains

We have recently found that the second domain of
the transcription factor CA150 binds a new motif,
which we named PPLIPP, in at least two distinct
modes, both of which use a newly identified cavity
known as the XP2 groove. In collaboration with Dr.
Carles Sune (CSIC-Madrid), we are currently studying
the interactions of this domain with other ligands
containing variable PPxxxPP motifs (manuscript in
preparation).

Software development: automatic assignment

of NMR data

The main bottleneck of the NMR process still lies at
the data-analysis step, called resonance assignment.
We have developed a software package that com-
bines peak-picking and assighment processes, there-
by improving performance in both tasks and drastical-
ly reducing user intervention and assigning not only
protein backbone but also carbon side-chains. At
present, we are working on the automated assign-
ment of protons. (Martin-Malpartida P and Macias MJ;
in preparation).
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Figure 1. Titration experiments for the phosphorylated domain variants. A.

Superimposition of pT30 (phosphorylated T30) TOCSY spectrum in the free (black), and
after the addition of 7 times excess of PY peptide (magenta). Some residues located in
the domain's binding site are labelled for clarity. Even in the presence of high excess
of peptide, no changes in the domain resonances are observed. B. Identical region of
the TOCSY spectrum displayed in A but for the pS16 variant. In this case, the addition
of a 3:1 peptide excess induces changes very similar to the ones observed for the wild
type. Again, the reference is shown in black while the complex is displayed in
magenta. Some residues in the binding site are also labelled. The inset displays the
alpha and amide chemical shift differences calculated for the 3:1 complex with respect
to the free pS16 chemical shifts. C. Surface and cartoon representation of the pT30
structure calculated from the NOESY experiment of ItchWW3 pT30 variant showing
that the phosphorylation of T30 partially reduces the XP binding cavity, used to
interact with the ligand prolines.

Shaw AZ, Martin-Malpartida P, Morales B, Yraola F,
Royo M and Macias MJ (2005) Phosphorylation of either
Ser16 or Thr30 does not disrupt the structure of the
Itch E3 ubiquitin ligase third WW domain. Proteins,
60:558-560
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Project Coordinator: Maria J Macias
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Maria Macias’ group, March 2006.

Peptide synthesis
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Studies on ubiquitin ligases
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Modesto Orozco

Our long term objective is to understand the behaviour of living organisms by means of theoretical models, the
roots of which are anchored in the basic principles of physics and chemistry. With this aim, we work with a num-
ber of methodologies, from mining of biological databases to classical dynamics and quantum chemistry calcu-
lations. This wide range of methodologies has allowed us to explore topics as diverse as enzyme reactivity and

genome analysis.

Small model systems

Our group has a long trajectory in the study of small
model systems of biological importance (nucleobase
complexes, drugs, isolated complexes of amino acids,
stacked or hydrogen-bonded complexes). The analy-
sis of these simple systems can contribute to our
understanding of the behaviour of more complex bio-
logical molecules. Almost a decade ago, we realised
that these studies were simple in the gas phase but
very difficult in aqueous solution, thereby hampering
the real application of the information obtained to
the biological scenario. This consideration led us to
the development of methods to describe solvent,
some of which are regarded as the “state of the art”
in the field (for a review see Orozco and Luque, 2000).

During 2006 we have continued to develop and
improve methods to study condensed phases and to
study the application of these and other methods to
describe model systems of biological interest. Thus,
in collaboration with Tomasi’s group, we have
improved continuum methodology by introducing dis-
persion contributions in an accurate way (Curutchet
et al, 2006), a methodology successfully applied to
complex chemical processes (Soteras et al, 2006; Blas
et al, 2006). We have also made progress in transfer-
ring the methodology developed towards the macro-
molecular scenario (nucleic acids: Munoz-Muriedas et
al, 2006 or proteins: Talavera et al, 2006). Regarding
application, we should highlight the first complete ab
initio atlas of nucleobases-nucleobase stacking

(Sponer et al, 2006) done by our group in collabora-
tion with the team led by Hobza. We have also
worked intensively on the analysis of expanded
oligonucleotides, non-natural derivatives of DNA
bases that can be incorporated in DNA, thereby
changing its properties. We have explored the behav-
iour of these molecules and the differences they are
expected to introduce in the structure/reactivity of
DNA (Huertas et al, 2006a, 2006b; Fuentes et al,
2006). These model calculations have made it possi-
ble to conduct current work on the simulation of
large fibers of expanded nucleobases (Huertas et al,
unpublished).

Structural studies on proteins

Our group has extensive experience in the study of
individual proteins of biological importance. Our
studies are typically in collaboration with experimen-
tal groups. For example, during 2005 and 2006, we
collaborated with Prof. Estrin’s group in the analysis
of mechanisms of ligand diffusion and reaction of
Mycobacterium tuberculosis truncated-hemoglobin-N
(Crespo et al, 2005; Bidon-Chanal et al, 2006). This
enzyme is responsible for NO detoxification, and its
overexpression leads to the resistance of
Mycobacterium tuberculosis to macrophage action.
In particular, during 2006 we characterised the main
diffusion pathways for NO and O, in the enzyme,
thereby locating the bottlenecks and control points
of the process. An additional project, in collaboration
with a pharmaceutical company, has led to the defi-
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Figure 1. Main page of the MODEL webserver and database.The analysis of this massive
database of trajectories gives a complete consensus picture of protein dynamics. The
proteins are found to be melted solids (the core being solid-like and the surface being
similar to a dense liquid). The essential dynamics of the proteins is clearly printed in
their 3D structure, independently of the force-field and exact simulations conditions.
Hydrogen bond interactions are the stiffer ones inside the proteins, while quite
surprisingly, the saline bridge appears to be highly labile (Rueda et al, 2006). Overall,
our study tested the capacity of force-field simulations to describe protein dynamics in
physiological conditions.

—— Analytical Model (alpha = 0.5)
—=— Analytical Model (alpha = 0.44)
—«— Numerical Model

— Observed Data

15 16 17 18 19 20 21 22 23 24 25 286 27 23 25 10
length of the track

Figure 2. Representation of the number of nucleotides in triplex-forming
oligonucleotides of different lengths compared with two background models.

nition of the 3D recognition properties of a new fam-
ily of P3gor MAP Kinase inhibitors which are now being
tested as powerful anti-inflammatory compounds in
phase Il clinical trials (Soliva et al, 2006).

Since 2004 we have expanded our interest in proteins
to the study of more general aspects of their struc-
ture and flexibility. The installation of the
MareNostrum  computer at the Barcelona
Supercomputer Center (BSC-CNS) has opened up
unexpected possibilities to perform proteome-scale
studies. This is the origin of MODEL (Molecular

Dynamics Extended Library; see Figure 1), the largest
database of molecular dynamics simulations, current-
ly containing information on the dynamics of around
1300 proteins (see http://mmb.pcb.ub.es/MODEL).
The project has produced the first results, published
during 2006 (Meyer et al, 2006 and Rueda et al,
2006a). The most remarkable of these studies is the
definition of YMODEL, a restricted set of around 40
highly representative proteins which was simulated
for 10 (some cases 100) ns using the four most com-
monly used force-fields (Rueda et al, 2006a).

Genome mining studies

Like many bioinformatics groups, our interest lies in
obtaining information on key biological processes by
means of the analysis of available biological databas-
es. Our efforts have focussed on two directions: i)
analysis of genomes to determine a pattern of DNAs
with unusual structures and ii) development of pre-
dictive tools to determine the pathological character
of single nucleotide polymorphisms.

Within the first project, during 2006, we have com-
pleted the mapping of TTS (triplex targeted
sequences) in the human genome (Goii et al, 2006).
We have found that these triplexes are many times
more common in the human genome than in back-
ground models (see Figure 2), and that they are over-
concentrated in promoter regions, especially of those
genes related to the control of cellular functions.
These results open up exciting possibilities for triplex
strategies, such as anti-gene therapies, since triplex
formation at promoters are known to knock-out or
knock-down genes.

We have continued to make progress in the analysis
of the trends that determine when a mutation is neu-
tral or pathological. Improvements in our PMUT serv-
er (http://mmb.pcb.ub.es/PMUT) have been made
(see Figure 3). This server is now one of the most
used for prediction of the pathological nature of
SNPs. Furthermore, a comparative analysis on neu-
tral, pathological and correlated mutations (Ferrer-
Costa et al, 2006) has shown that each individual
mutation of the correlated pair is characterised by a
low pathogenicity index. This observation indicates
that individual mutations can persist for long periods,
without having a large impact on the species, before
being stabilised by a complementary mutation
(Ferrer-Costa et al, 2006).

Structural studies on unusual nucleic acids

This field has traditionally been one of great activity
in the group (for a review see Orozco et al, 2003).
During 2006 we have focussed our efforts on both the
methodological aspects of analysis of the molecular
dynamics trajectories of nucleic acids (NA) (Noy et
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al, 2006) and on the detailed study of several unusu- G

al conformations. In particular, following previous @ommb T I
studies (Cubero et al, 2003), we have explored the
possibility of short fragments of Hoogsteen anti-par-
allel DNA embedded into long B-DNA duplexes.
Extended molecular dynamics simulations demon-
strate that, quite surprisingly, not only is the parallel
Hoogsteen a stable structure, but the H-B junction
does not introduce dramatic distortions into the over-
all structure of the helix. We also focus our attention
on quadruplex DNA (G-DNA), a minor conformation of
DNA that contributes to telomere stabilisation and is
a major target for telomerase inhibition. We have
reported for the first time that, in the presence of
monovalent ions, G-DNA is so stable that it can sur-
vive to full vaporisation (Rueda et al, 2006b). If fully
confirmed experimentally (available experimental =
information supports our hypothesis), G-DNA will be =
the first biopolymer to show stability in gas phase
conditions, which would open up unexpected
biotechnological applications for DNA quadruplexes,
especially in the field of conductor design.

| ?‘i']"irl'i'fllgl"fﬁ[i

Figure 3. PMUT(2006) Web server (http://mmb.pcb.ub.es/PMUT).

Dhuples Simgls Triglsx

Another long-standing focus of our research efforts is
anti-gene therapy. Here we seek to target a duplex o PR,
DNA by means of a triplex-forming oligonucleotide 33 3 .
(TFO), which binds to the major groove of the duplex | ) |1 MEL. | A !f#clf

. . . . {3+ [} sk
generating a triplex. Once the triplex is formed the G G > GICHE
gene is knocked out, especially when triplex forma- GC + G - G#GC
tion occurs in the promoter region. Considerable o 0 | A | CRGC
effort by several groups in our lab focuses on design- [ [ T L1l
ing TFOs that lead to more stable triplexes. However, MR ' 1A
very often the formation of the triplex is hampered
by that of an alternative tetraplex (see Figure 4). . - —
Part of our work during 2006 has addressed the design W iT W AT '"|‘L[.-LJE]_|
of nucleobase derivatives with the capacity to pre-
vent tetraplex formation at the TFO. Our simulations e B 8 3
indicate that excellent results can be obtained with ¥ ' L-‘m.q il
8-aminoguanine (Cubero et al, 2006). This result has (l_l_{“::i_“ —
been confirmed in agreement with experimental IR
data.

Tetraplex

Figure 4. Scheme of the inhibition of triplex formation by tetraplexes.
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Dynamic intermolecular interactions are key elements in the regulation of many biological systems. While struc-
tural macromolecular complexes are usually stable and long lived, protein-protein interactions involved in reg-
ulation are dynamic. NMR is an especially powerful technique for the study of dynamic systems. The dynamic
character can be the result of internal conformational dynamics in the constituent molecules, exchange
processes involving alternative complexes or simply the equilibrium between free and bound forms. Examples
of all the above categories are currently being studied by our group. Dynamic processes are potential candi-
dates to be perturbed by small molecules as the energy difference between alternative states may be of the
same order of magnitude as the binding energy of small ligands. Therefore, dynamic intermolecular interac-
tions may yield drug targets of interest. Our group examines protein-protein interactions by NMR and searches
for small molecules that can modulate these interactions in a therapeutically promising way. To this end, we
develop our own methodology, including powerful computational and NMR screening tools. NMR is complement-
ed by a variety of biophysical techniques to unravel complex protein-protein interaction problems, prior to
attempting their modulation by small molecules. In addition, small molecules, or even Xe atoms, are being

explored as reporters to characterise protein-protein interaction problems.

Interactions of nucleoid-associated proteins of the
Hha and H-NS families

Up to 5% of the genome of E. coli is regulated by H-
NS, an abundant nucleoid-associated protein. H-NS
contains a DNA-binding domain and a dimerisation
domain connected by what is known as the linker
domain. Full length H-NS forms large molecular
weight oligomers that interact with curved regions of
DNA. Truncated forms of H-NS containing the first 46
or 64 residues form stable homodimers but do not
undergo further oligomerisation. The Hha/YmoA fam-
ily of nucleoid-associated proteins lack an intrinsic
capacity to bind DNA but they act as co-regulators,
along with H-NS, of the expression of several genes,
including virulence factors such as hemolysin. In a
very fruitful collaboration with Prof. Juarez’s group,
who discovered Hha, we have studied the interaction
between Hha and truncated forms of H-NS. Our stud-
ies confirmed that Hha interacts with the N-terminal
domain of H-NS in a complex process that involves a
conformational rearrangement of the helices of Hha
(Garcia et al, 2005).

These observations prompted a study to examine a
single cysteine residue in one of the loops connecting
two of the Hha helices. Chemical modification and
site mutations of this residue confirmed a key role of
this interhelical loop. In fact, a designed mutant was
shown to form in vitro complexes with H-NS that are
more stable than those formed by the wild-type
species. Introduction of this mutation in E. coli leads
to a phenotype of disrupted capacity to grow at low
salt concentrations. (Pons |, PhD dissertation UB,
2006; Cordeiro T, Research Report IST Lisboa;
Cordeiro T et al, manuscript in preparation).
Interestingly, it was discovered that Hha regulates
gene expression in response to environmental
changes such as variations in osmolarity and temper-
ature.

Mutational studies in H-NS, followed by NMR studies
of the interactions of the mutants with Hha, identi-
fied the primary Hha binding region and the identity
of two key residues, whose mutation abolishes Hha
binding, while preserving the structure of H-NS
(Garcia et al, 2006). These mutants were used to



confirm that all relevant interactions with Hha occur
only in the N-terminal domain of H-NS, as the intro-
duction of a mutation in one of these residues in full
length H-NS also abolished Hha binding.

The structural insight provided by the NMR studies
was used to design a bioinformatic search for conser-
vation in the relevant region of H-NS in a wide vari-
ety of Gram-negative bacteria. We found a clear cor-
relation between sequence conservation and the
presence of Hha paralogues, which was restricted to
the enterobacteriaceae (Madrid et al, 2006).

The role of Hha/H-NS interactions in the regulation of
osmolarity-induced changes was studied by following
the formation of complexes at a range of salt concen-
trations. Two distinct complexes of different stoi-
chiometry were formed at 100 mM and 150 mM NacCl
and a sharp transition was observed between the two
complexes, bracketing the physiological salt concen-
tration (Garcia et al, 2007).

Medium effects on protein stability and
oligomerisation equilibria

Bovine low molecular weight phosphatase forms
homodimers at high protein concentration. These
homodimers, whose structure has been captured in
crystals of a mutant, involve residues in the active
site and are, therefore, functionally inactive. 15N-
relaxation NMR studies had previously shown that at
least a higher order oligomer (a tetramer) is formed.
Our working hypothesis is that these oligomerisation
processes are biologically relevant as regulatory
mechanisms of the “recovery” stage of kinase medi-
ated signalling events and that they are active at
physiological concentrations under crowding condi-
tions. We are currently studying conditions that are
NMR friendly and that can mimic some aspects of
crowding. We have characterised a mixture of
charged aminoacids arginine and glutamate and
shown that they induce homo-oligomerisation, while
preventing non-specific protein association. As part
of this effort, and in collaboration with E. Brunner’s
group in Regensburg, we are developing new methods
to examine protein-protein association using Xe NMR.

We have also used the low molecular weight phos-
phatase as a test system for the new screening proto-
col developed by our group (see below).

Co-solutes, such as phosphate ions, may also have
considerable effects on protein stability (Fayos et al,
2005). These effects are related to the modulation of
the interaction of water with the protein surface and
can be rationalised in terms of excluded volume
effects, which increase protein stability, and of pref-
erential interactions, which have a destabilising
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effect. This analysis provides an explanation for the
Hofmeister effect. NMR chemical shift perturbations
provide an independent experimental evidence of
this analysis and differentiate between stabilising
and destabilising ions (Tadeo et al, 2006). These stud-
ies were led in our group by Dr. Oscar Millet until his
appointment as a Pl in Bilbao and continue as an
external collaboration.

Native unfolded proteins or the unfolded states of
proteins are especially dynamic systems well suited
for study by NMR and other biophysical techniques,
such as Small Angle X-ray Scattering (SAXS). Dr.
Bernad6 maintains fruitful collaborations in this field
using methodology he helped to develop during his
stay in Grenoble. This research has resulted in sever-
al publications in PNAS and JACS, and was highlight-
ed in Science.

Ligand screening of very large chemical libraries
using structural information

An increasing number of drug-like molecules that are
commercially available could be used in screening
experiments. It has been recognised that a more effi-
cient use of screening resources can be accomplished
by virtual pre-screening. For targets of known struc-
ture, computational docking provides a ranking of lig-
ands which can be critically assessed from the analy-
sis of the predicted structure of the complex. Docking
results provide the site specific interaction that
matches that obtained experimentally by NMR.
However, optimised docking algorithms cannot be
used to screen typical databases containing millions
of compounds.

This obstacle can be alleviated by combining docking
to the target structure with similarity comparison
between ligands. With this aim, we required a simi-
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Figure 1. Mapping the Hha binding surface on H-NS by NMR.
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larity measure that captured the essential features
that determine the activity of ligands and that could
be computed with an extremely high efficiency. We
turned to the most compact representation of a mol-
ecule that contains all the information needed to
build a full 3D structure and to predict its intrinsic
properties. This compact representation is simply its
systematic chemical name: from this one dimension-
al string of characters a chemist, or a series of com-
puter programmes, can reconstruct the 3D structure
of the molecule. The LINGO concept, developed in
our lab provides a way to analyse chemical names
(IUPAC or SMILES) as textual objects, and to directly
extract the implicit information they contain.

This method can be used to compute bioisosteric
competent similarities at a speed of 75,000 compar-
isons per second and to predict properties at a speed
of more than 120,000 molecules per second (Vidal et
al, 2005).

We have integrated LINGO-based tools into a virtual
screening protocol with the capacity to handle very
large databases with minimal computational
resources (Vidal et al, 2006). The method is concep-
tually a genetic algorithm but deals with complete
individuals, not genes, and cross-over and heredity

a0 -

25

24

Clusters

Figure 2. Similarity matrix of the solutions obtained for inhibitors of Factor X

protease.

w

3 10 15 16 18 23 24 25 a0
Clustars

are implemented as similarity-based selection from a
database. Genetic variability is implemented by ran-
dom incorporation of a fraction of each new popula-
tion. Despite the use of similarity measures, our
results display good scaffold-hopping capacities
(Figure 2).

We have checked this method experimentally using a
low molecular weight phosphatase. From a database
of half a million compounds, we selected 34 for
experimental screening and nine of these had binding
affinities that were better than those of previously
described inhibitors (Vidal et al, submitted).

Experimental screening can be performed in several
ways. NMR-based screenings produce fewer false pos-
itives than alternative methods and since they usual-
ly focus on binding, they are generally widely appli-
cable, including systems with no associated enzymat-
ic activity, such as protein-protein complexes.
Screening based on chemical shift perturbations of
the protein spectra requires the complete recording
of 2D spectra. If the residues expected to be per-
turbed are known, it is possible to restrict the acqui-
sition to the relevant frequencies with a substantial
saving in experimental time using Hadamard spec-
troscopy (Feliz et al, 2006).

Some of the ligand screening methodology described
is being successfully used in an industrial collabora-
tion, subject to intellectual property restrictions and
under the responsibility of Dr. Yolanda Pérez.
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The cell signalling group studies the regulatory and cross-talk mechanisms that underlie signal transduction. We
focus on two main research lines: a) the cross-talk mechanisms and actions mediated by the interaction of
members of the nuclear receptor superfamily and the JNK signalling cascade; and b) the pathway comprising

the NIMA-family kinases Nercc1, Neké and Nek7.

Cross-talk mechanisms and actions mediated

by the interaction of members of the nuclear
receptor superfamily and the JNK signalling
cascade

The c-Jun N-terminal kinase (JNK) is a group of ser-
ine/threonine protein kinases, which belongs to the
mitogen activated-protein kinase (MAPK) family and
is encoded by three genes (jnk1, 2, and 3), from
which up to 10 isoforms are generated. Like other
MAPKs, JNK participates in signal transduction as the
last step of a MAPK module, in which two other pro-
tein kinases are involved. Along this module the sig-
nal is transduced as sequential phosphorylation and
concomitant activation, of these protein kinases. JNK
is activated by dual phosphorylation on threonine and
tyrosine residues within the Thr-Pro-Tyr motif by a
MAP2K (MKK7 or MKK4), which in turn has been acti-
vated by MAP3K-dependent phosphorylation (a large
number of protein kinases participate in this step).
JNK activation results in phosphorylation (and func-
tional regulation) of its substrates, which are nuclear
proteins such as the component of the AP-1 complex,
c-Jun, or cytoplasmic proteins, such as the insulin
receptor substrate (IRS)-1. JNK activity is negatively
regulated by protein phosphatases such as the dual
specificity MAP kinase phosphatase (MKP)-1 (revised
in Kyriakis and Avruch, 2001). In general, JNK is acti-
vated by pro-inflammatory cytokines, such as tumour
necrosis factor (TNF)-o. or interleukin (IL)-1B, and
stress agents such as ultraviolet light (UV), oxygen
reactive species (ROS) or endoplasmic reticulum (ER)
stress. The implication of JNK in a number of patho-
logical conditions, such as cancer, cardiac hypertro-
phy and failure, arthritis, asthma, neurodegenera-
tion, obesity and diabetes, has prompted an intensive
search for JNK inhibitors for potential therapeutic
use (revised in Manning and Davis, 2003).

In particular, our research centres the role of JNK in
inflammatory response, obesity and type 2 diabetes,
conditions that are linked. Insulin resistance, that is
to say, the progressive loss of response to insulin by
peripheral tissues, is an early condition in the devel-
opment of type 2 diabetes. Afterwards, pancreatic -
cell failure definitively establishes the progression
from insulin resistance to hyperglycemia, and thus
the diabetic condition. In addition to genetic and
environmental factors, obesity is the major risk fac-
tor for type 2 diabetes, and is strongly associated
with insulin resistance. The connection between
inflammation, obesity and insulin resistance was
envisaged more that a decade ago after the observa-
tion that adipose tissue from obese mouse and
humans overexpressed the pro-inflammatory
cytokine TNF-o.. Moreover, TNF-o. treatment of cells
or mice inhibits insulin action, and genetic ablation
of the TNF-a gene or its receptor improves insulin
sensitivity in the obese mouse. In fact, it is now
accepted that a low-intensity inflammatory state is
concomitant to obesity and is responsible for the
overproduction of many pro-inflammatory mediators,
which, like TNF-c, inhibit insulin action (revised in
Wellen and Hotamisligil, 2005). In addition, in recent
years it has been shown that the inflammatory
response is activated by metabolic stress (since it
induces stress in the ER, which eventually leads to
the activation of the unfolded protein response
(UPR)) or by excessive production of ROS, conditions
that are promoted in obesity and contribute to insulin
resistance. Pro-inflammatory cytokines, stress in ER
or ROS, activate a set of serine/threonine protein
kinases, such as JNK, IKK and PKC-[I, which in turn
inhibit insulin signalling (revised in Hotamisligil,
2005).
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Compelling evidence supports a role of chronic
inflammation in the development of pathologies such
as cancer, obesity and diabetes, a relationship that
explains the beneficial effects of drugs with anti-
inflammatory activity in these diseases. In this
regard, several ligands of nuclear receptors (NRs),
such as glucocorticoids (GCs) and the ligands for the
peroxisome proliferator-activated receptors (PPARs)
and liver X receptor (LXR) show anti-inflammatory
properties. At the molecular level, this pharmacolog-
ical action is due to the capacity of their receptors
(GR, PPARs and LXR) to antagonise the transcription-
al regulators AP-1 and/or NF-kB, which are responsi-
ble for orchestrating the inflammatory response
(revised in Glass and Owaga, 2006). Several mecha-
nisms have been proposed to mediate this antago-
nism and, among others, our research group has
described the inhibition of the JNK pathway by GCs as
a mechanism responsible for the interference of
these hormones with the AP-1 complex (Caelles et al,
1997; Caelles et al, 2002). In recent years, we have
gained insight into the molecular mechanisms that
mediate GC interference with the JNK pathway. In
this regard, this interference can be conducted by
transcription-independent and -dependent mecha-
nisms. The former involves the direct and hormone-
induced GR-JNK interaction through a MAPK docking
site located at the N-terminus of the ligand binding
domain of the GR, and explains why transactivation-
deficient mutants of GR are competent to inhibit the
JNK pathway and, consequently, to antagonise the
AP-1 complex (Bruna et al, 2003; Figure 1). Regarding
the transcriptional-dependent mechanism, it has
been shown that the mkp-1 gene is a transcriptional
target of GCs (Kassel et al, 2001).

PPARs and LXR have crucial roles in lipid and glucose
metabolism as well as in macrophage homeostasis.
PPARs are a subfamily composed by three members,
PPARa, PPARS and PPARy, which, although with some
overlap, show specific expression patterns and speci-
ficity to their ligands. In relation to the latter, natu-
ral ligands for PPARs have been identified and are
molecules derived from lipid metabolism; synthetic
ligands have also been obtained and show relevant
pharmacological properties such as TZDs, which are
PPARy ligands with insulin sensitising action.

In this context, our interest and, thus, the main goal
of our research is to study the physiological actions of
GCs and TZDs mediated by interference with the JNK
pathway (essentially in the context of inflammation,
obesity and type 2 diabetes) as well as, the molecu-
lar mechanisms responsible for this interference in
vivo.
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GCs may also inhibit JNK by the transcriptional acti-
vation of the mkp-1 gene. In this regard, using either
bone marrow or thioglicollated-elicited peritoneal
macrophages derived from mkp-1 knock out (KO)
mice, we have shown that GCs rely on MKP-1 for their
capacity to inhibit pro-inflammatory gene expression
as well as to inhibit the LPS-induced activation of JNK
and p38 MAPKs. Nonetheless, GC anti-inflammatory
activity in vivo, analysed either in local inflammato-
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Figure 1. GC action on the JNK pathway. (1) In the absence of GCs, GR is located in
the cytoplasmic compartment and associated with multiprotein complexes. Likewise,
in non-stimulated cells, JNK associated with MKK7 is tied by scaffold proteins into
specific signalling modules. In the nuclear compartment, AP-1 complexes containing
c-Jun are bound to the TPA response elements (TREs) found in the regulatory
sequences of the AP-1 target genes, although the AP-1-dependent transcription is
turned off. (2) Upon stimulation, the signal is transduced along the JNK pathway
signalling modules by a cascade of phosphorylation events (filled circles) that ends in
the activation of JNK. Active JNK dissociates from the signalling module and
translocates into the nuclear compartment where it associates with and
phosphorylates the c-Jun N-terminal domain. Thereafter, c-Jun phosphorylation
induces the dissociation of a repressor complex resulting in AP-1 activation and, in
consequence, triggers transcription of AP-1-responsive genes. (3) In the presence of
GCs (inverted triangles), hormone-bound GR dissociates from the multiprotein
complexes and exposes a JNK docking site. Some JNK molecules dissociate from the
signalling modules, bind to GR and travel together with GR into the nuclear
compartment where they associate with c-Jun. (4) In these conditions, upon
stimulation, JNK-deficient signalling modules fail to transduce the signal, resulting in
the GC-induced inhibition of JNK pathway activation. In consequence, fewer
molecules of active JNK are produced and, hence, enter into the nucleus. In addition,
these active JNK molecules have to compete for the c-Jun docking sites with the
already c-Jun-bound inactive JNK molecules.
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ry or in LPS challenge tests, does not appear to
require MKP-1, since GC action in the MKP-1 KO
mouse does not impaired but only requires higher GC
doses, indicating a certain degree of GC resistance in
this animal model (Ferré S and Caelles C, manuscript
in preparation).

In relation to the PPARs, we have shown that PPARy
ligands, including the insulin sensitising drugs TZDs,
also have the capacity to down-regulate the JNK
pathway. We have reported that the TZDs rosiglita-
zone and troglitazone inhibit TNF-o-induced JNK
activation in 3T3-L1 adipocytes. Our results indicate
that PPARy mediates this inhibitory action since a) it
is reproduced by other chemically unrelated PPARy
ligands and blocked by PPARy antagonists; b) it is
enhanced by PPARy overexpression; and c) it is abro-
gated by PPARy RNA interference (RNAi). In addition,
we have demonstrated that rosiglitazone inhibits JNK
activation and promotes the survival of pancreatic -
cells exposed to IL-1B. Moreover, in vivo, rosiglita-
zone inhibits the abnormally elevated JNK activity in
peripheral tissues in two distinct murine models of
obesity. Finally, we have shown that the hypo-
glycemic action of this drug is abrogated in the diet-
induced obese JNK1-deficient mouse. In summary, we
have described a novel mechanism, based on target-
ing the JNK signalling pathway, which is responsible
for insulin-sensitising and, potentially, for the protec-
tive actions of TZDs/PPARy on pancreatic B-cells
(Diaz-Delfin et al, 2007).

To evaluate the interference of JNK by nuclear recep-
tors in vivo, we have recently generated a transgenic
mouse model harboring a Cre recombinase condi-
tioned expression gene encoding a constitutively
activated mutant of the MAP2K of JNK, MKK7
(GFP/MKK7D mice). The recombination/activation of
this transgene induced by crossing these mice with
those expressing the Cre recombinase in a tissue spe-
cific manner will specifically activate JNK in those
targeted tissues. This transgenic model shows a good
level of expression, as shown by detection of the
green fluorescent protein (GFP) in most of the tissues
analysed. To test the proper activation of the trans-
gene, as well as whether its activation leads to a pre-
dictable phenotype, we have performed several pre-
liminary analyses in this transgenic mouse model.
Homozygous GFP/MKK7D mice were crossed with
mice harboring a Cre recombinase transgene specifi-
cally expressed in pancreatic B-cells (strain B6.Cg-Tg
(ins2-cre25)MgnJ from The Jackson Laboratory). In
accordance with our prediction, based on data from
the literature showing a role of JNK in pancreatic B-
cell death, those mice in which the trangene had
been activated showed defects in glucose metabolism
in adulthood, as demonstrated by the glucose toler-

ance test. Together with mkp1- and jnk1-deficient
mice that we already have in our laboratory, this
transgenic mouse will be a basic tool to study the
actions of the above-mentioned nuclear receptors
ligands mediated by interference with the JNK path-
way in the whole animal.

Finally, in collaboration with other groups, we have
participated in studies related to the biological
actions mediated by MAPK pathways, such as the ERK
pathway in Drosophila (Astigarraga et al, in press),
the p38 MAPK pathway in myogenesis (Perdiguero et
al, 2007) and JNK in macrophages (Sanchez-Tilld et
al, 2007).

The pathway comprising the NIMA-family kinases
Nercc1, Nek6 and Nek7

Protein kinases are central elements in the regulation
of the processes that lead to the division and multi-
plication of eukaryotic cells. Several protein kinase
families are responsible for the spatio-temporal
organisation of the myriad of events that allow a cell
to divide and thus produce two daughter cells.
p34¢dc2/CDK1, the protein kinase that initiates mito-
sis, collaborates in the execution of this phase of the
cell cycle with other mitotic kinases, mostly belong-
ing to the Polo and Aurora families, and to the lesser
studied NIMA family (designated Nek in vertebrates;
Nigg, 2001). The NIMA/Nek family is composed by the
protein kinases that are evolutionarily related to the
Aspergillus NIMA kinase, an enzyme with the unique
characteristic of being required for mitotic entry,
independently of the activation state of p34¢dc2; and
that play a role in the organisation of the nuclear
envelope and the spindle during mitosis (O’Connell et
al, 2003). Eleven Neks have been described in mam-
malian cells, and it has been proposed that the
expansion of the Nek family reflects a subdivision of
the functions of NIMA among a divergent array of
related kinases, and perhaps also the introduction of
new responsibilities. A number of experimental
results indicate that at least some of these functions
are related to the control of the structures formed by
centrosomes and microtubules, such as the mitotic
spindle during mitosis and, in superior eukaryotes,
cilia and flagella (Quarmby and Mahjoub, 2005). A
detailed study of the regulation and function of Neks
is required to elucidate the precise role of each fam-
ily member.

We are studying three members of the Nek family and
their involvement in the regulation and execution of
mitosis: Nercc1/Nek9 and its downstream kinases,
the highly homologous Neké6 and Nek7 (Roig et al,
2002; Figure 2). Nercc1 activation during mitosis
occurs in parallel with Neké (and perhaps Nek7) bind-
ing, resulting in Nek6/7 phosphorylation and subse-
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quent activation (Belham et al, 2003). Interference
with Nercc1 impedes mitotic progression, and specif-
ically results in spindle abnormalities, followed by
prometaphase arrest or aberrant chromosome segre-
gation and thus aneuploidy and centrosome amplifi-
cation (Roig et al, 2002). Recently, Nercc1 activation
has been localised to the centrosomes and poles of
the mitotic spindle, and shown to be required for the
correct formation of the mitotic spindle (Roig et al,
2005). Cells in most late-stage cancers are aneuploid,
genetically unstable, and show distinct degrees of
centrosome amplification; centrosome and spindle
abnormalities and aneuploidy have also been detect-
ed in early-stage carcinomas, and thus have been
proposed as a major factor in the multi-step estab-
lishment of the transformed phenotype of cancer
cells (through, e.g., loss of heterozygosis of tumour
suppressor genes). Therefore, we hypothesise that
Nercc1, Neké and Nek?7 dysfunction is involved in the
molecular processes that lead to transformation and
cancer. A greater understanding of the regulation and
function of the Nercc1/Neké6/7 signalling pathway is
required to test this hypothesis, as well as to deter-
mine whether the specific inhibition of the protein
kinases could be used therapeutically as an antipro-
liferative strategy.

The pathway comprising the NIMA-family kinases
Nercc1, Neké6 and Nek7

To understand the physiology of the Nercc1/Nek6/7
signalling cassette, we are currently starting studies
on its upstream regulation as well as a search for
downstream substrates that would explain the cas-
sette’s central role in the control of the structure and
function of the mitotic spindle. Our long term goal is
to elucidate the position of the kinases among the
mitotic signalling pathways and downstream effec-
tors.

We have performed a two-hybrid screen to identify
proteins that bind to the domains of Nercc1; we are
analysing the interactors identified to determine
their relevance in the regulation of Nercc1 activity,
or as substrates of the kinase or its associated part-
ners Nek6/7. We have previously characterised the in
vitro mechanism of Nercc1 activation, and deter-
mined that isolated Nerccl autoactivates by
autophosphorylation at subcellular concentrations of
ATP. These results indicate a mechanism in vivo that
inhibits or reverts this process. We are currently
examining the role of the Nercc1 interactors in this
mechanism. The role of the observed phosphorylation
and subcellular localisation of Nercc1 during mitosis
is also under study.

In addition to our search for novel interacting pro-
teins, we are also studying two known Nercc1/
Nek6/7 interactors and substrates by characterising
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their phosphorylation by kinases and the relevance of
this modification on the control of their physiological
activity.

Given that the inhibition of mitotic signalling can be
used therapeutically as an anti-oncogenic treatment,
in collaboration with the biotechnology company
Mercury Therapeutics, Inc (Woburn, MA, USA), we are
currently performing an identification programme for
Nerc1 inhibitors using methods protected by a patent
coauthored by J Roig. A number of candidates, result-
ing from a screening of several libraries comprising
~100,000 compounds, some with strong anti-mitotic
effects, are now being evaluated and characterised
in the lab. In parallel, in order to better understand
the function of these kinases and to validate its
chemical inhibitors, by means of siRNAS, we are cur-
rently examining the effects of interfering with
Nercc1, Neké6 and Nek?7.
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Figure 2. Left: a model for the in vitro and in vivo mechanisms of Nercc1 activation.
Red circles indicate known phosphorylation sites. Right: the Nercc1/Nek6/Nek7
signalling cassette. Some of the possible upstream regulators and downstream

substrates are depicted.
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Our project is the continued work of many years devoted to the biology of macrophages and dendritic cells.
These cells play a key role in the innate immune response, and form a bridge between innate and acquired
immune response. They are involved in the pathogeny of a large number of chronic inflammatory diseases (such
as rheumatoid arthritis) and autoimmune diseases. Most immune cells act during the initial stages of microbial
aggression on the organism. In contrast, macrophages are also involved in the late phases of the inflammatory
process and they survive in tissues for a long time, until inflammation disappears.

Macrophages are generated in bone marrow and reach all body tissues through the blood. In normal conditions,
few cells are differentiated in response to certain chemokines and become mature cells or tissue specific cells:
dendritic cells, Kupffer cells, microglia, etc, while most are eliminated by apoptosis. When an inflammatory
process is produced, macrophages proliferate, differentiate or become activated under the effect of other
chemokines or growth factors. When a macrophage becomes activated, it ceases to respond to proliferative
stimuli. In certain circumstances, when chronic inflammation is produced, macrophages have a harmful effect,
causing lesions. For this reason, macrophages exert positive effects during acute inflammation, but deleterious
effects in some chronic inflammations.

One of the most intriguing points in our field of study comes from the fact that we use non-transformed cells
which respond to stimuli that induce proliferation (M-CSF, GM-CSF, IL-3), differentiation (GM-CSF), activation
(IFN-v, LPS, IL-4, IL-10, IL-13) or apoptosis. Our findings contradict several observations previously made in cell

lines, most of which do not depend on any growth factors to proliferate.

Signal transduction and gene regulation mediating
proliferation, activation and apoptosis of
macrophages

One of the best characterised signal transduction
pathways is involved in the sequential activation of
Ras, Raf-1, mitogen/extracellular signal-regulated
kinase (MEK) and the extracellularly regulated kinase
(ERK). Activated Raf-1 phosphorylates MEK1 and
MEK2 kinases, which in turn activate ERK1 and ERK2.
In unstimulated cells, ERK1 and ERK2 are found in the
cytoplasm and they relocate to the nucleus after
being phosphorylated. Once in the nucleus, they
phosphorylate a series of transcription factors. These
kinases also participate in the synthesis of
nucleotides and in protein translation processes, both
required for proliferation and cellular activation. We
have observed that ERK activation is required not
only for proliferation, but also for LPS-mediated acti-
vation, although this activation also blocks prolifera-
tion. The duration and time of initiation of ERK phos-

phorylation determines whether the cell proliferates
(short phosphorylation) or becomes activated (long
phosphorylation). This is explained by the fact that
MKP-1, the phosphatase responsible for ERK dephos-
phorylation, is induced rapidly in response to M-CSF
or slowly in response to LPS. In both cases, MKP-1
induction is mediated by PKCp and is independent of
ERK phosphorylation. We have also reported that Raf-
1 activation is necessary for this induction and is also
mediated by PKCe (Sanchez-Tillo et al, 2006a).
Furthermore, IFN-y, which also inhibits proliferation,
blocks MKP-1 induction by M-CSF by elongating ERK
phosphorylation (Valledor et al, submitted).
Inhibition of MKP-1 induction by RNA interference
(RNAi) blocks proliferation and elongates ERK activa-
tion.

We have cloned the MKP-1 promoter, and by means of
luciferase mutations and activity assays, we have
localised an AP-1/CRE box which is critical for MKP-1
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induction by M-CSF and by LPS. By Electrophoretic
Mobility Shift Assays and Chromatin Immuno-
precipitation, we have determined that this box is
bound by Jun and CREB factors. c-Jun is induced by
LPS and M-CSF with the same kinetics as MKP-1
(Casals et al, submitted). Finally, these factors
induce JNK (c-Jun-N-terminal kinase) activation,
which is required for MKP-1 induction (Sanchez-Tilld
et al, 2006a,b; Figure 1).

Macrophage proliferation is independent of cal-
cineurin (Comalada et al, 2003a), but requires
immunophilin, without which ERK is inactivated
(Sanchez-Tillo et al, 2006a,b). Both M-CSF-induced
proliferation and IFN-y— or LPS-induced activation
requires RNA synthesis. Nevertheless, macrophages
use several nucleoside transport systems for prolifer-
ation or activation. Nucleoside transporters N1 and
N2 are induced by IFN-y independently of Stat1. M-
CSF induces the opening of K+ channels, which are
required for proliferation (Vicente et al, 2005;
Villalonga et al, 2007).

Our group has devoted many years of research to the
study of the regulation of MHC class Il molecules.
Peptides derived from processed proteins bind to a
cleft in the MHC class Il molecule surface and are pre-
sented to T lymphocytes. Thus, the expression of
MHC class Il molecules regulates not only the genera-
tion of the T lymphocyte repertoire, but also the
induction and maintenance of immune response.

MHC class gene transcription depends on the interac-
tion and co-operation of several transcription factors
which bind to the regulatory elements found in the
promoter. However, all the transcription factors
described to date show ubiquitous expression, which
does not correlate with the differential tissue expres-
sion of MHC class Il. A transactivator which does not
bind directly to DNA, CIITA (class Il transactivator),
has been described and shown to be required for the
expression of these genes. We have determined that
an AP-1 box acting as an enhancer is responsible for
the induction of expression in B lymphocytes and den-
dritic cells treated with LPS (Casals et al, submitted).

Molecular mechanisms that determine classical
versus alternative activation of macrophages
Classical activation of macrophages is induced by IFN-
vy or LPS (M1) while the activation triggered by IL-4,
IL-10 or IL-13 is known as alternative activation (M2).
Apart from a series of structural and functional mod-
ifications, the main difference between these pheno-
types is the biochemical pathway used for processing
aminoacid arginine. IFN-y or LPS induce NOS2
enzyme, which produces nitric oxide (NO). NO has
great destructive power, and in the first phases of
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inflammation  kills  microorganisms. In M2
macrophages, arginase is induced and produces pro-
line and polyamines, which catalyse the reconstitu-
tion of the damaged extracellular matrix, an event
that occurs during the final phases of inflammation.
The entry of arginine to the cell is produced through
specific transporters. We have seen that both classi-
cal and alternative activation of macrophages induce
the expression of the CAT2 transport system in order
to enhance arginine import (Yeramian et al, 2006a;
Martin et al, 2006). This transport system limits
macrophage activation. Arginine is also required for
cell proliferation. In this case, it is introduced in the
cell by the CAT1 transport system and, once inside,
the cell it is not degraded but used mainly for the
synthesis of new proteins (Yeramian et al, 2006b;
Figure 2).

During collaboration with the groups led by Ingrid
Muller (Imperial College London) and Manuel Modolell
(Max Planck Institute, Freiburg), we have observed
that susceptibility to Leishmania correlates with the
production of arginase and polyamines, which para-
sites require for growth (Kropf et al, 2005).

Role of TREX1 exonuclease in transcription

We have cloned a protein that binds to DNA and cor-
responds to TREX1 exonuclease. This enzyme cataly-
ses the digestion of DNA in the 3"->5" direction and
shows homology to the TREX2 exonuclease (30%).
Genetically modified mice, with a deletion in the
TREX1 locus, developed inflammatory myocarditis
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Figure 1. Signal transduction of M-CSF and LPS inducing the expression of MPK-1.
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and had a reduced half life compared to their wild
type counterparts. In humans, mutations in the Trex1
gene have been associated with Aicardi-Goutiéres
Syndrome, a chronic inflammation of the brain (Crow
et al, 2006). TREX1 has also been associated with
protein members of the SET complex, which digest
DNA from cells where apoptosis has been induced by
Granzyme A.

In collaboration with IRB Barcelona experts in crystal-
lography (Ignasi Fita) and in NMR (Maria Macias), we
have determined the structure of TREX1 alone and its
binding to DNA (Brucet et al, 2007; Figure 3). TREX1
to binds preferentially to certain DNA sequences that
correlate with the exonuclease activity. TREX1 has a
proline-rich domain not found in TREX2. This domain
allows interaction with SH3 or WW domains, which
we have demonstrated by NMR and co-immunoprecip-
itation. These data and the nuclear localisation of
the protein, have led us to study whether TREX1 is
involved in transcription.

Deregulated gene expression in aging

We have been testing the molecular changes that
occur in the genome of macrophages during aging. As
we grow macrophages alone in vitro, we disregard
the effects that other cells could exert on them
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In addition, we have recently reported that deacety-
lase activity is required for GM-CSF-dependent func-
tional response of macrophages and dendritic cell dif-
ferentiation (Sebastian et al, submitted). Since
deacetylase activity plays an important role in aging
in lower organisms, these results have prompted us to
study whether it is involved in macrophage aging.

LXR in neuroinflammation and neuronal
degeneration (Annabel F Valledor)

LXRs (liver X receptors, initially discovered in the
liver) are members of the nuclear receptor superfam-
ily. Nuclear receptors are ligand-dependent tran-
scription factors that regulate many aspects of devel-
opment and homeostasis. LXRs are regulated by oxi-
dised forms of cholesterol (oxysterols) and by inter-
mediary products of cholesterol biosynthesis. At the
physiological level, LXRs play a crucial role in the
positive regulation of genes involved in lipid homeo-
stasis.

We seek to explore whether activation of LXRs exerts
anti-inflammatory and neuroprotective actions in the
central nervous system (CNS). Neurons, as a result of
their lack of cellular division and their low capacity
to recover from injury, are extremely sensitive to
inflammatory processes and immune autodestruc-
tion. For this reason, intervention of the inflammato-
ry process has recently gained attention as a thera-
peutic strategy to halt neurodegenerative disorders
(Valledor, 2005). Our preliminary studies show that
both primary microglia and the microglial cell line
BV-2 express the LXRo. and 3, and RXRo and f iso-
forms. In BV-2 microglial cells, stimulation with
endogenous ligands of LXR, resulted in activation of
known LXR target genes involved in lipid metabolism.
In the mature brain and under physiological condi-
tions, resting microglia serves the role of immune
surveillance and host defence. However, these cells
are particularly sensitive to changes in their microen-
vironment and readily become activated in response
to infection or injury. Most of the factors released by
activated microglia are pro-inflammatory and neuro-
toxic, thereby contributing to the progression of the
neurodegenerative disorder. We have therefore stud-
ied the role of LXR in the regulation of microglial
activation in vitro. Our results indicate that a num-
ber of pro-inflammatory factors are inhibited by LXR
agonists. On the basis of these preliminary studies,
we are currently using microarray technology to
establish a more extensive list of pro-inflammatory
genes susceptible to down-modulation by LXR ago-
nists.

Furthermore, we have also explored the role of the

LXR-RXR pathway on programmed cell death in the
CNS. The simultaneous use of LXR and RXR agonists
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Figure 2. Mechanisms of arginine uptake during activation, quiescence and
proliferation.



resulted in synergistic effects that promote high
expression of genes involved in protection against
apoptosis in microglial cells, eg, Blc-xL, AIM and NAIP
(neuronal apoptosis inhibitory protein). The observa-
tion that AIM, an anti-apoptotic factor secreted by
macrophages, is also induced in this system leads us
to propose that this factor mediates paracrine anti-
apoptotic actions on other neighbour cells in the CNS,
eg, astrocytes and neurons. We are currently testing
these effects using mixed glia-neuronal cultures and
pure neuronal systems. Microarray experiments in
pure neuronal cultures are also underway in order to
determine direct effects of LXR agonists on neuronal
cells. Our final goal is to establish whether the anti-
apoptotic and anti-inflammatory actions of the LXR-
RXR pathway can be exploited for the therapeutic
intervention of neurodegenerative disorders in vivo.
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Our group is involved in several research projects on glycogen metabolism, and its alterations in diabetes and
Lafora disease (LD). In addition, a second line of research, related to the first, addresses the discovery and
characterisation of compounds with anti-diabetic properties. Studies on glycogen metabolism have allowed the
identification of many enzymes and intermediate metabolites involved in the synthesis and degradation of this
polysaccharide. However, new factors and processes that participate in glycogen regulation are constantly
being discovered. Moreover, data on the mechanisms of control in distinct organs and in diverse physiological
conditions are incomplete. The alteration of one of these mechanisms may lead to serious pathologies such as
diabetes mellitus and LD. The discovery of compounds that counteract the pathological alterations of glucose
metabolism are of potential interest for the treatment of diabetes mellitus. Our group has demonstrated
changes in the subcellular organisation of the enzymes that participate in glycogen metabolism, depending on
the metabolic state of the cells. These changes in localisation represent an additional control mechanism of
enzymatic activity, and are probably regulated by post-translational modifications. In addition, we have report-
ed clear differences between muscle an hepatic glycogen metabolism. These differences are based on the dis-
tinct subcellular localisation of the glycogen synthase (GS) isoenzymes. We have recently resolved the 3D struc-
ture of the smallest known member of the GS family (Pyrococcus abyssi GS). This result has allowed the mod-
elling of mammalian GS structures, a first step prior to the resolution of their 3D structure. Finally, we are cur-
rently characterising the molecular targets of an anti-diabetic and anti-obesity compound discovered by our
group. Phase | of clinical trials with this compound has recently finished, and Phase Il is about to start.

Regulation of hepatic, muscular and neuronal
glycogen metabolism. Alterations in pathological
conditions: diabetes mellitus and Lafora disease

particular site increases its activation state, in con-
trast to the results published for MGS, for which none
of the single mutations increased the activity. In
addition, the combined mutation of this site with

Identification and functional analysis

of the phosphorylation sites in the liver isoform
of glycogen synthase

Nine phosphorylation sites, relevant for the activa-
tion of the muscle isoenzyme of glycogen synthase
(MGS) have been described. A comparative sequence
analysis showed that the liver isoenzyme (LGS) has 7
of these potential phosphorylation sites, two close to
the N-terminus (named 2 and 2a) and five close to the
C-terminus (named 3a,3b,3c, 4 and 5).

To progress on the study of the functional conse-
quences of phosphorylation in these sites, we have
generated recombinant adenoviruses with serine to
alanine mutations on each of these residues (mimick-
ing the non-phosphorylated state); and combined
mutations of the N and/or C-terminal phosphoryla-
tion regions. Our results show that LGS mutated in a

other phosphorylatable residues exerts a synergistic
effect thereby greatly increasing LGS activation state
and inducing the accumulation of glycogen independ-
ently of allosteric activation by glucose-6-phosphate
(G6P). Finally, our findings with these mutants points
to the presence of a hierarchy of phosphorylation in
LGS. In addition, to study the relevance of the phos-
phorylation of these sites in vivo, we are performing
overexpression experiments in animal models using
recombinant adenoviruses.

Furthermore, we have identified three new phospho-
rylation sites of LGS, which correspond to residues
that do not share homology with those described for
the muscle isoenzyme, through the combined use of
affinity chromatography and MALDI-TOF mass-spec-
trometry. We are currently generating a whole bat-
tery of reagents to functionally characterise the
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phosphorylation of these novel sequences. These
tools will allow to determine the functional signifi-
cance of the phosphorylation of the newly identified
sites and the characterisation of their involvement in
the pathogenesis of metabolic diseases like diabetes
mellitus. In this context, we have the first recombi-
nant adenoviruses encoding for mutants in the novel
phosphorylation sites identified by our group, and we
are analysing the functional consequences of phos-
phorylation/dephosphorylation in these sites.

Analysis of the involvement of the phosphoryla-
tion/dephosphorylation events in the subcellular
localisation of LGS

Among the putative phosphorylatable residues of
LGS, we analysed the phosphorylation at site 3a,
which corresponds to serine 641 of the rat sequence.
This residue is modified by glycogen synthase kinase-
3, (GSK3) and its dephosphorylation has been related
to the inactivation of LGS. We have analysed the sub-
cellular localisation of LGS when it is phosphorylated
in this residue and our results show that the unmodi-
fied protein localised to the sites of active glycogen
synthesis. These findings indicate that modulation of
the activation state of LGS is probably the result of a
complex number of phosphorylation/ dephosphoryla-
tion events which drive to changes in the subcellular
localisation of the enzyme.

Study of the mechanisms of intranuclear localisa-
tion of the muscle isoform of glycogen synthase
and its functional consequences

Previous data from our group showed that the accu-
mulation of MGS in the nucleus is inversely correlat-
ed with the intracellular glycogen levels. The nuclear
localisation of this protein is not diffuse, and our first
objective was is to first determine its possible associ-
ation with diverse subnuclear structures. In this con-
text, we have shown that MGS co-localises with PML
and p80-coilin, thus indicating that this isoform is
potentially associated with Cajal bodies (See Figure
1.). In addition, we have reported that the region
comprising amino acids 555-633 is crucial for the con-
centration and nuclear aggregation of MGS.

We are working on the identification of MGS-interact-
ing proteins when this enzyme is located in the nucle-
us. The results obtained will provide crucial informa-
tion as to the subnuclear localisation of this protein
as well as its putative nuclear function. The experi-
mental approach involves affinity purification of MGS
from nuclei in non-denaturing conditions and the
identification of MGS-interacting proteins by mass-
spectrometry. We have identified two nuclear MGS-
binding proteins that are involved in the regulation of
transcription and splicing.
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Analysis of the evolution of the glycogen

enzymes: functional implications

Our metabolic and evolutionary studies on glycogen
metabolism show that the isoenzymes involved arose
from a pre-chordate common ancestor by gene dupli-
cation. Furthermore, the main isoenzymes involved
in the metabolism of glycogen co-evolved in verte-
brates in a concerted fashion in order to fulfil the
metabolic requirements/functions of the tissues in
which they are expressed. Therefore, we propose

Figure 1. Co-localisation of HsMGS with markers of subnuclear compartments. (A)
Differentiated human myotubes. Cells were subjected to double immunolabelling, to
detect MGS (green) and PML (red), respectively. (B) COS-1 cells transiently expressing
the GFP-HsMGS fusion protein, in green, immunolabelled with an antibody against p80-
coilin, in red. The bar represents 10 ym.
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that tissues are adapted to produce glycogen in their
particular metabolic conditions thanks to the con-
comitant evolution of all the enzymes involved in this
process.

The first branch point of glucose metabolism is G6P,
whose flux can be diverted either to glycolysis, the
pentose phosphate pathway, glycogen synthesis or, in
some tissues, back to glucose again. We have shown
that the entrance to glycogen metabolism is con-
trolled by the affinity of GS to G6P, rather than phys-
ical compartmentalisation of substrates. Moreover,
gene duplication allows the independent modulation
and evolution of the kinetic features of each GS iso-
form, thereby allowing liver and muscle to devote
glycogen reserves to distinct functions.

Our results show that core metabolic and cellular
processes are conserved, but not the mechanisms of
control. The addition of control mechanisms
enhances the evolvability of the system because they
confer flexibility to adapt to new roles. The retro-
inhibition of high-affinity hexokinases, or GS
allosteric activation, both effects mediated by G6P,
are clear examples of kinetic features that are mod-
ulated through vertebrate evolution to satisfy the
diverse roles of glycogen metabolism.

Analysis of the molecular mechanisms involved in
the pathogenesis of Lafora Disease

Lafora progressive myoclonus epilepsy (LD, MIM
254780) is an autosomal recessive neurodegenerative

disorder characterised by the presence of polyglu-
cosan intracellular inclusion bodies (Lafora bodies),
which can be considered aberrant glycogen deposits.
Mutations have been identified in two genes, EPM2A
(6g24) and EPM2B (6p22.3). The former encodes
laforin, a dual-specificity phosphatase with a func-
tional carbohydrate-binding domain. Furthermore,
laforin interacts with protein targeting to glycogen
(PTG). EPM2B encodes malin, an E3 ubiquitin-ligase
that interacts with laforin and promotes its degrada-
tion. The physiological roles of laforin and malin are
unknown and the cellular processes altered by muta-
tions in these proteins that give rise to the devastat-
ing disorder of LD remain to be elucidated. Since
Lafora bodies are aberrant molecules of glycogen
that accumulate in soma and neural dendrites, we
are studying GS activity in neurons and the role of
laforin and malin in the regulation of neural glycogen
metabolism and, in particular, in the control of GS
activity. We have discovered that neurons express
MGS (see Figure 2). We are analysing the roles of
laforin and malin in the neuronal glycogen metabo-
lism. Our results suggest that laforin has two func-
tions in glycogen synthesis and that it participates in
the control of both the activation state and the total
levels of key proteins in glycogen synthesis regula-
tion. Taken together, our results indicate that laforin
and malin play crucial roles in the maintenance of
undetectable or absent levels of glycogen in neuronal
cells. In conclusion, laforin and malin are candidates
in the control of the intracellular levels of the most
important proteins involved in glycogen synthesis,
and in preventing the development of glycogen-like
intracellular inclusions.

Analysis of the actions of Lithium ions on glycogen
synthase stability

Lithium ions show several remarkable effects on
hepatic glycogen metabolism. Thus, LiCl activates
LGS in systems such as isolated hepatocytes, primary
cultured hepatocytes, and whole animals. This acti-
vating action is triggered in the presence and absence
of glucose. LGS-induced glycogen synthesis is
achieved by both activation and changes in the intra-
cellular location of the enzyme, since effectors that
activate GS without causing its translocation fail to
stimulate glycogen synthesis. LiCl is a known inhibitor
of GSK3 and this property may partly explain the
basis of lithium-induced GS activation.

We continued the study of the mechanisms through
which LiCl activates LGS and, hence, stimulates
hepatic glycogen synthesis. Our results indicate that
the LiCl-induced hepatocyte LGS activation is not
related to a concomitant translocation of the

Figure 2. Immunodetection of MGS in primary cultured neurons. Cells were subjected
to double immunolabelling to detect MGS (red) and tubulin (green). Nuclei were stained
with Hoechst 33342.

enzyme. The LiCl action was associated to a signifi-
cant increase in total GS protein levels with no mod-
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ification of GS transcript abundance. Furthermore,
the increase in GS levels induced by LiCl was not sen-
sitive to inhibitors of transcription or translation. In
contrast, this effect was abrogated by calpain and
proteasome inhibitors, suggesting that the mecha-
nism of action of LiCl on the total GS content is relat-
ed to an increase in the stability of the enzyme.

Dissection of the molecular mechanisms involved in
the antidiabetic actions of the oral antidiabetic
agent sodium tungstate

Several of our studies describe the anti-diabetic and
anti-obesity actions of sodium tungstate when admin-
istered orally in animal models of diabetes and obe-
sity. Phase | of clinical trials for this compound has
finished and Phase Il will start in 2007. Although the
metabolic and physiological actions of tungstate have
been studied in depth, information on its mechanisms
of action is scarce.

Our results show that tungstate exerts its metabolic
actions, such as glycogen deposition, amongst others,
through a novel mechanism involving the activation
of GS and the inactivation of GSK3 through a
ras/raf/MEK/ERK/p90RSK dependent-pathway. This
process is independent of the insulin receptor, other
receptor tyrosine kinases, or the PI3K-PDK1-PKB/Akt
transduction pathway branch, the canonical way of
inactivating GSK3. The inactivation of this protein
kinase contributes to the induction of glycogen depo-
sition stimulated by tungstate. We have used several
approaches to attain these results, such as inhibiting
several kinases through chemical inhibitors, the use
of dominant negative forms of the proteins and
expression with adenoviral vectors, among others.

We are currently studying the primary target(s) of
tungstate that lead to the downstream events
observed: ie, activation of ERK and glycogen synthe-
sis deposition. We have preliminary data showing the
involvement of PKC and G-proteins in the mechanism
of action of tungstate, as well as some data pointing
to ionic homeostasis as one of the possible mecha-
nisms modified by treatment with this compound.
Furthermore, we have observed inhibition of gluco-
neogenesis in primary culture hepatocytes when
treated with tungstate as compared to untreated
cells. Using Real Time PCR and luciferase-coupled
assays, we are carrying out several studies on the
transcription factors involved in the regulation of the
gluconeogenic pathway modified by tungstate.

In addition, we have data indicating that the livers of
diabetic animals treated with tungstate show normal-
isation of the expression of several proteins of the
insulin transduction cascade. Moreover, we have also
observed a tungstate-dependent normalisation of the
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state of activation of several components of the
insulin cascade, without a modification of total pro-
tein amounts.

Our data point to tungstate as an effective anti-dia-
betic agent and to ERK1/2, PKC and G-proteins as
novel targets for the treatment of diabetes.

Crystal structure of glycogen synthase from
Pyrococcus abyssi: insights into oligomerization
and substrate binding of eukaryotic glycogen syn-
thases

The crystal structure of the glycogen synthase from
Pyrococcus abyssi, the smallest known member of the
GS family, revealed that its subunits possess a fold
common to other glycosyltransferases a pair of B/o/p
Rossmann fold-type domains with the catalytic site at
their interface. Nevertheless, the archaeal enzyme
presents an unprecedented homotrimeric molecular
arrangement. The C-terminal domains are not
involved in intersubunit interactions of the trimeric
molecule, thus allowing for movements, likely
required for catalysis, across the narrow hinge that
connects the N- and C-domains. The radial disposition
of the subunits confers on the molecule a distinct tri-
angular shape, clearly visible with negative staining
electron microscopy. Comparison of bacterial and
eukaryotic glycogen synthases, which use, respec-
tively, ADP or UDP glucose as donor substrates, with
the archaeal enzyme, which can utilize both mole-
cules, allowed us to propose the residues that deter-
mine glucosyl donor specificity. A structural model of
Pyrococcus abyssi GS is shown in Figure 3.

Figure 3. 3D structure of Pyrococcus abyssi GS showing the
similarities shared with Human MGS.
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Primary inherited aminoacidurias (PIAs) are rare diseases caused by defective amino acid transport activities,
which affect renal reabsorption of amino acids and may also affect intestinal absorption of amino acids and
transport function in other organs. Mutations in BOAT1 (SLC6A19) cause most cases of Hartnup disorder (Seow
et al, 2004; Kleta et al, 2004). BOAT1 corresponds to system B0 and catalyses the Na*-dependent transport of
most neutral amino acids. Heteromeric Amino Acid Transporters (HATs) are involved in PIAs because mutations
in rBAT (SLC3A1) and b0, *AT (SLC7A9) cause cystinuria (Calonge et al, 1994; Feliubadalo et al, 1999) and muta-
tions in y*LAT1 cause Lysinuric Protein Intolerance (LPI; Torrents et al, 1999).

HATs are composed of a heavy subunit and a light subunit. Two homologous heavy subunits (HSHATs) from the
SLC3 family have been cloned and are called rBAT (ie, related to b0,+ amino acid transport) and 4F2hc (ie,
heavy chain of the surface antigen 4F2hc, also named CD98 or fusion regulatory protein 1; FRP1). Ten light sub-
units (LSHATs; SLC7 family members from SLC7A5 to SLC7A13) have been identified. Six of them are partners
of 4F2hc (LAT1, LAT2, y+LAT1, y+LAT2, asc1, and xCT); one forms a heterodimer with rBAT (b0, +AT); and three
(asc2, AGT-1 and arpAT) seem to interact with as yet unknown heavy subunits.

Over the last 15 years our group has identified the first members of HATs (Betran et al, 1992 a,b), cloned half
of the light subunits (Torrents et al, 1998; Pineda et al, 1999; Feliubadalo et al, 1999; Fernandez et al, 2005)
and reported the role of genes SLC3A1, SLC7A9 and SLC7A7 in cystinuria Type |, non-I and LPI (Calonge et al,
1994; Feliubadalo et al, 1999; Torrents et al, 1999). At present, we continue to study the pathology of PIA
(Chillarén et al, 1996; Dello Strologo et al, 2002; Font-Llitjos et al, 2005) with the aim of identifying new amino
acid transporters in order to unravel the molecular bases of renal reabsorption and intestinal absorption of
amino acids (Bodoy et al, 2005; Ristic et al, 2006). One of our main research interests is to decipher the atom-
ic structure and the molecular mechanism of transport of HATs.

HATs show an oligomeric structure

Blue Native gel electrophoresis, cross-linking, and
fluorescence resonance energy transfer in vivo indi-
cate that system b0,+ is a heterotetramer
[bO,+AT/rBAT],, whereas xCT-4F2hc (system x.-) does
not stably or efficiently oligomerise. However, substi-
tution of the heavy subunit 4F2hc for rBAT is suffi-
cient to form a heterotetrameric [xCT/rBAT], struc-
ture. The functional expression of concatamers of
two light subunits (which differ only in their sensitiv-
ity to inactivation by a sulfhydryl reagent) suggests
that a single heterodimer is the functional unit of sys-
tems b0,+ and x.- (Fernandez et al, 2006).

The observation that the functional unit of system
b0,+ is the heterodimer points to a complex mecha-
nism of amino acid exchange for HATs. The light sub-
unit of these transporters acts as the “catalytic” sub-
unit (true transporter) in the heterodimer, as
revealed by reconstitution experiments of b0,+AT
(Reig et al, 2002). Moreover, it has been shown that
system b0,+ from chick small intestine shows a
sequential exchange mechanism compatible with the
formation of a ternary complex (Torras-Llort et al,
2001). If this applies to the expressed bO0,+AT-rBAT
complex, then export and import pathways should
co-exist in the proposed functional unit (ie, the het-
erodimer) and, therefore, in a single b0,+AT catalyt-
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ic subunit (Figure 3). To probe this mechanism of
transport a deep knowledge of the atomic structure
and the structure-function relationships of HATs is
needed.

Light subunits

In recent years we have published two studies about
the membrane topology (Gasol et al, 2004) and rele-
vant residues for transport activity of the HAT light
subunit xCT (LAT family of transporters - L-system
amino acid transporter; Jimenez-Vidal et al, 2004). In
the first study, and based on the accessibility of sin-
gle cysteines to 3-(N-maleimidylpropionyl) biocytin,
we proposed a topological model for xCT of 12 trans-
membrane domains with the N and C termini located
inside the cell. The location of these termini was con-
firmed by immunofluorescence. Studies of biotinyla-
tion and accessibility to sulfhydryl reagents revealed
a re-entrant loop within intracellular loops 2 and 3.
Residues His110 and Thr112, facing outside, are
located at the apex of the re-entrant loop.
Biotinylation of H110C was blocked by xCT sub-
strates, by the nontransportable inhibitor (S)-4-car-
boxyphenylglycine, and by the impermeable reagent
(2-sulfonatoethyl) methanethiosulfonate, which pro-
duced inactivation of H110C that was protected by L-
glutamate and L-cysteine with an IC50 similar to the
Km. Protection was independent of temperature. Our
data indicate that His110 lies close to the substrate
binding/permeation pathway of xCT. The membrane
topology of xCT could serve as a model for other light
subunits of HATs (Figure 1).

In the second study we measured sensitivity to thiol
modification of the heteromeric glutamate/cystine
transporter 4F2hc/xCT expressed in Xenopus oocytes.
p-Chloromercuribenzoate (pCMB) and p-chloromer-
curibenzenesulfonate (pCMBS) rapidly blocked trans-
port activity. Cys327, located in the middle of the
eighth transmembrane domain of the light subunit
(xCT), was the main target of inactivation. Cysteine,
an impermeant reducing reagent, reversed the
effects of pCMB and pCMBS only when applied from
the extracellular medium. L-Glutamate and L-cys-
tine, but not L-arginine, protected against inactiva-
tion, with an IC50 similar to the Km. Protection was
not temperature-dependent, suggesting that it did
not depend on large substrate-induced conformation-
al changes. Mutation of Cys327 to Ala and Ser slight-
ly modified the Km and a C327L mutant abolished
transport function without compromising transporter
expression at the plasma membrane. These results
indicate that Cys327 is a functionally important
residue accessible to the aqueous extracellular envi-
ronment and that it is structurally linked to the per-
meation pathway and/or the substrate binding site.

To further increase our knowledge of the structure-
function relationship of the light subunits of HATs, we
initiated a line of research on the prokaryotic homo-
logues of these subunits. We have identified an
orphan protein from Bacillus sp as a new member of
the LAT family of amino acid transporters. This pro-
tein shares an amino acid sequence identity of ~30%
with the human light subunits of HATs. The purified
protein from E. coli membranes was reconstituted in
proteoliposomes and showed sodium-independent
obligatory exchange activity of L-serine and L-threo-
nine. Kinetic analysis supports a sequential mecha-
nism of exchange characteristics of HAT transporters.
Freeze-fracture analysis of the purified and active
transporter in proteoliposomes, and Blue Native-
polyacrylamide gel electrophoresis and transmission
electron microscopy (TEM) of detergent-solubilised
purified transporter indicate that the transporter
exists in a monomeric form. To our knowledge, this is
the first functional characterisation of a prokaryotic
member of the LAT family and the first structural
data about a transporter of the APC superfamily. This
new transporter represents an excellent model to
study the molecular architecture of light subunits of
HATs and other APC transporters. Currently this and
other homologous prokaryotic transporters of the

Figure 1. A heteromeric amino acid transporter. The heavy subunit (pink) and the light
subunit (blue) are linked by a disulfide bridge (yellow) with conserved cysteine
residues (cysteine 158 for the human xCT and cysteine 109 for human 4F2hc). The
heavy subunits (4F2hc or rBAT) are type Il membrane glycoproteins with an
intracellular NH2 terminus, a single transmembrane domain, and a bulky COOH
terminal. This part of the protein shows homology with bacterial glycosidases. The
membrane topology of the light subunit xCT, as model of the other light subunit, shows
12 transmembrane domains, with the NH2 and COOH terminals located intracellularly
and with a re-entrant loop-like structure in the intracellular loop IL2-3 (His110
corresponds to the apex of the loop; Gasol et al, 2004). Residues with external (black)
or internal (red) accessibility are shown. Taken from Palacin et al, 2005.
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Figure 2. Transporters involved in the renal and intestinal reabsorption of amino acids.
Transporters with proven roles in renal reabsorption or intestinal absorption of amino
acids are shown in colour. Transporters present in the apical or basolateral plasma
membrane of the epithelial cells of the proximal convoluted tubule or of the small
intestine, but with no direct experimental evidence supporting their role in
reabsorption, are shown in black and white. Fluxes of amino acids in the reabsorption
direction are in red. PepT (H+-dependent peptide transporter PepT1 in small intestine
and Pept2 in kidney) cotransports di- and tripeptides [(di,tri)-aa] with protons.
Intracellular hydrolysis then renders single amino acids. The high intracellular
concentration of neutral amino acids (aa0) due to the transport activity of apical
(BOAT1) and basolateral (y+LAT1-4F2hc, T) transporters drives the active reabsorption
of dibasic amino acids (aa+) and cystine (CssC), together with the membrane potential
and reduction of CssC to cysteine (CSH). Basolateral efflux transporters for
dicarboxylic amino acids are unknown (Taa-). T represents basolateral Na+-dependent
transporters with undefined roles in reabsoption (systems A and ASC). Our group made
a key contribution to the determination of the role of transporters rBAT/b0,+AT,
4F2hc/y+LAT1 and 4Fhc/LAT2 in renal reabsorption of amino acids. Taken from Palacin
et al, 2005.

out

Figure 3. Heterotetrameric structure of system b0,+. Cross-linking experiments
revealed that lysine residues in each light subunit bO,+AT are separated by no more
than 11 A. Functional studies revealed that the heterodimer (composed of rBAT and
b0,+AT; the light wide cylinder) is the functional unit of the transporter (Ferndndez et
al, 2006). In this functional model, two translocation pathways (one for influx and the
other for efflux is present in each light (“catalytic”) subunit (see text for details). -S-
S-, disulfide bridge connecting rBAT and b0,+AT. In, cytosolic. Out, extracellular.

light subunits of HATs are being studied using 2D and
3D crystallisation.

Heavy subunits

Little is known about the structure of the heavy sub-
units of HATs (rBAT and 4F2hc). They have a molecu-
lar mass of ~90 and ~80 kDa for rBAT and 4F2hc,
respectively, and are type |l membrane N-glycopro-
teins with an extracellular COOH terminus
(ectodomain) homologous to insect and bacterial glu-
cosidases (Figure 1). Recently, we have solved the
atomic structure of the human 4F2hc ectodomain at
2.1 A resolution. This domain has a similar architec-
ture to bacterial glucosidases with a triose phosphate
isomerase (TIM) barrel [(c3)8] and eight anti-parallel
B-strands. Several features of this structure provide
insight into the position of the ectodomain on the
plasma membrane, potential interaction surfaces
with the accompanying light subunits and motifs that
might be involved in the multiple functions of 4F2hc
in cell fusion, adhesion and transformation. Currently
mutants of the 4F2hc ectodomain are being examined
to identify the residues involved in the multiple func-
tions of the protein.
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It has been estimated that between 200 million and 300 million people worldwide will meet World Health
Organization diagnostic criteria for diabetes mellitus by the end of this decade. This epidemic of predominant-
ly type 2 diabetes has been mediated largely by our shift toward a more sedentary lifestyle, which predispos-
es us to obesity and insulin resistance. Individuals affected by this disease may also exhibit an array of associ-
ated undesirable effects such as hypertension, dyslipidemia, and hypercoagulability, which lead to morbidity
and mortality from atherosclerotic vascular disease. The co-existence of several of these disorders with insulin
resistance constitutes the metabolic syndrome. In Western society, metabolic syndrome diseases are growing
at epidemic rates and currently affect about 20% of the general population and over 40% of people over 60 years
of age. Recent epidemiological and biological data indicate that the etiology of these diseases may share unex-
pected and common genetic and biochemical mechanisms. A major step towards understanding the metabolic
syndrome is the identification of susceptibility genes, which may lead to the acquisition of additional therapeu-
tic targets for future drug design.

In this regard, we study the molecular mechanisms involved in the development of insulin resistance and, in
particular, seek to identify novel susceptibility genes for obesity and type 2 diabetes. Our research is structured
in three distinct fields: 1) Identification of genes responsible for the development of insulin resistance associ-
ated with obesity or type 2 diabetes, with special emphasis on genes implicated in novel mechanisms involving
mitochondrial processes (ie, mitochondrial dynamics), encoding proteins involved in the regulation of nuclear
gene expression, or encoding proteins involved in novel signalling events. 2) Analysis of the molecular mecha-
nisms involved in the regulation of glucose transport in muscle and adipose cells and in the development of
lipotoxicity. 3) Identification of novel targets and development of new compounds for the treatment of the
metabolic syndrome.

Mfn2 regulates mitochondrial metabolism in non-
muscle and muscle cells, is down-regulated in
obesity and type 2 diabetes and is induced by
PGC-1a

In many cell types, especially muscle fibers, mito-
chondria form tubular structures or networks (Figure
1). There is evidence in Saccharomyces, Aspergillus
and mammalian cells that mitochondrial filaments
are highly dynamic structures and that they are reg-
ulated by changes in the rates of mitochondrial fis-
sion and fusion. Studies of gain-of-function and loss-
of-function have demonstrated that Mfn proteins reg-
ulate mitochondrial fusion in mammalian cells. Thus,
overexpression of Mfn2 in cultured cells alters mito-
chondrial morphology, the effects reported ranging
from the generation of reticular structures to exten-

sive perinuclear clustering (Bach et al, 2003). Mouse
embryo fibroblasts lacking Mfn2 or Mfn21 display
mitochondrial fragmentation (Chen et al, 2003). In
addition, Mfn1 and Mfn2 are essential for embryonic
development and mice deficient in either gene die in
mid-gestation. However, while Mfn2-mutant embryos
have a specific and severe disruption of the placental
trophoblast giant cell layer, probably caused by a
marked reduction in number of placental trophoblas-
tic giant cells, Mfn1-deficient embryos show normal
giant cells.

Mfn2 regulates mitochondrial metabolism

Mfn2 is a multifunctional protein and has been
reported to inhibit proliferation in smooth muscle
cells. Mfn2 also regulates mitochondrial oxidation in
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muscle and non-muscle cells. Mfn2 loss-of-function
reduces oxygen consumption, mitochondrial mem-
brane potential and oxidation of glucose, pyruvate
and fatty acids, without causing changes in mitochon-
drial mass (Bach et al, 2003; Pich et al, 2005). In
addition, Mfn2 gain-of-function activates glucose oxi-
dation and enhances mitochondrial membrane poten-
tial. Overexpression of a truncated mutant of Mfn2
that lacks the transmembrane domains and the C-ter-
minal tail also up-regulates glucose oxidation and
increases mitochondrial membrane potential, but has
no effect on mitochondrial morphology (Pich et al,
2005). These results indicate that Mfn2 participates
in mitochondrial oxidation by mechanisms that are
independent of its role in mitochondrial fusion.

Regarding the mechanisms responsible for the effects
of Mfn2 activity, we have focused on the protein com-
position of mitochondria. The abundance of mito-
chondrial protein components of distinct respiratory
complexes was assayed in mitochondrial extracts
obtained from control and Mfn2 loss-of-function mus-
cle cells. More specifically, we assayed subunit p39
from complex | (encoded by nuclear DNA), protein
p70 from complex Il (encoded by nuclear DNA), p49
(core 2 subunit encoded by nuclear genome) from
complex Ill, COX-I (encoded by nuclear DNA) and
COX-IV subunits of complex IV (encoded by mitochon-
drial DNA), the B subunit of complex V (encoded by
nuclear DNA) and porin (encoded by nuclear DNA).
Mfn2 repression caused a marked inhibition of the
expression of the subunits of complexes I, II, lll and V.
In contrast, no alterations in the abundance of com-

Figure 1. The mitochondrial network in muscle cells. The mitochondrial network was

visualized by

incubation with a monoclonal antibody against Porin and further

incubation with a Texas red-labeled secondary antibody in L6E9 myotubes.

plex IV subunits or porin were detected in cells after
Mfn2 repression. In keeping with these observations,
the enzymatic activity of components I+l and Il
decreased in Mfn2 loss-of-function cells. These data
indicate that Mfn2 loss-of-function causes a specific
alteration in the expression of subunits that partici-
pate in complexes I, Il, 1ll and V, which leads to
reduced activity of several components of the
OXPHOS system. Mfn2 gain-of-function in L6E9
myoblasts was also associated with increased expres-
sion of several subunits of complexes I, IV and V.

In all, evidence indicates that Mfn2 affects mitochon-
drial metabolism and its expression level regulates
mitochondrial membrane potential, fuel oxidation
and the OXPHOS system (Figure 2). Given that a trun-
cated mutant form of Mfn2 that is inactive as a mito-
chondrial fusion protein maintains its capacity to
activate mitochondrial metabolism, we support the
view that the metabolic accelerator and the mito-
chondrial fusion roles of Mfn2 are separate. This
hypothesis may explain the exquisite sensitivity of
the neuronal cell to a partial Mfn2 loss-of-function,
as recently reported in Charcot-Marie-Tooth type 2A
neuropathy, a disease that shows autosomic dominant
inheritance. On the basis of our data, we propose
that Mfn2 loss-of-function participates in triggering
the pathological mechanisms that cause disease in
highly oxidative tissues such as the nervous system,
skeletal muscle or heart.

Mfn2 expression is regulated by obesity and type
2 diabetes

Mitochondrial metabolism is altered in skeletal mus-
cle during insulin-resistant states such as type 2 dia-
betes or obesity. Human type 2 diabetes is associated
with reduced capacity to oxidise glucose in the pres-
ence of insulin and, more importantly, to oxidise
fatty acid in various conditions. A significant
decrease in gene expression of subunits participating
in complexes |, Il, Il and IV of the mitochondrial elec-
tron transport chain has also been observed in skele-
tal muscle of type 2 diabetic patients. Reduced glu-
cose oxidation, decreased pyruvate dehydrogenase
activity and enhanced pyruvate dehydrogenase
kinase have also been reported in skeletal muscle
from diabetic rats. Similarly, experimental diabetes
in rats reduces gene expression of various subunits of
complexes I, Il and IV. In keeping with these observa-
tions, the respiratory chain is depressed in skeletal
muscle from type 2 diabetic patients and oxidative
phosphorylation activity is reduced in heart and
skeletal muscle in diabetic rats.

Obesity is also characterised by metabolic alterations
which involve mitochondrial defects causing reduced
oxidation in skeletal muscle. In some animal models
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of obesity such as in obese Zucker rats or ob/ob mice,
skeletal muscle shows a metabolic profile charac-
terised by reduced glucose uptake and glucose oxida-
tion, altered partitioning of fatty acids that are
incorporated into triglycerides, and reduced oxygen
consumption.

In keeping with the regulatory role of Mfn2, we have
found that skeletal muscle Mfn2 expression is
reduced in obesity and this affects men and women
to a similar extent (Bach et al, 2005). In addition, we
have observed that Mfn2 expression in muscle is
inversely proportional to the BMI and directly propor-
tional to insulin sensitivity. We have also found that
weight loss induced by bilio-pancreatic diversion in
morbid obese subjects results in a substantial
increase in Mfn2 expression in skeletal muscle (Bach
et al, 2005). These data indicate that increased adi-
posity is linked to repression of Mfn2 mRNA in skele-
tal muscle and this can be reversed by weight loss.
Levels of Mfn2 mRNA strongly correlate with glucose
oxidation rates during fasting during euglycemic
hyperinsulinemic clamp conditions (Mingrone et al,
2005). On the basis of these data, we propose that
the increase in Mfn2 mRNA levels explain the increase
in glucose oxidation observed in morbid obesity after
bariatric surgery.

Our data also indicate that Mfn2 expression is dysreg-
ulated in skeletal muscle from type 2 diabetic
patients. In fact, a reduction in Mfn2 expression is
detected in both obese and nonobese type 2 diabetic
patients. Low Mfn2 expression occurs in the presence
of reduced expression of the mitochondrial gene
COX-1ll and in the presence of a moderate reduction
in citrate synthase mRNA, which suggests the pres-
ence of mitochondrial dysfunction.

PGC-1¢, ERR-a and Mfn2 define a mitochondrial
regulatory pathway

Peroxisome proliferator-activated receptor y (PGC)-
1o is a transcriptional co-activator involved in the
regulation of genes related to energy metabolism.
PGC-1o induces mitochondrial biogenesis and respira-
tion in muscle cells, regulates several aspects of
adaptive thermogenesis, gluconeogenesis in liver, and
insulin secretion. Overexpression of PGC-1q. increas-
es mitochondrial metabolism and this cannot be
entirely explained by an increase in mitochondrial
mass. In addition, transgenic expression of PGC-1q
driven by a muscle specific promoter results in a
drastic switch from glycolytic to oxidative fibers.
Initially, PGC-1o. was described as a tissue-specific
co-activator of nuclear receptors but transcription
factors of distinct families such as NRF1, MEF2 or
FOXO1 are co-activated by this protein. ERRo and
GABP are the key transcription factors that regulate

Molecular Medicine Programme

Clugose Fatty acids

— Glyeagen Y \

Gy
x — __Avylenrniline
Trovate---T- - T

1-CoA

Acy
I'viuvige R
l.‘\rullﬂ R

Loss of

function
Glucose Fatty acids

O
= Glycogen v \

Acyl-carnitine

Pyruyate "“""ir‘m \
‘l.—’tg"'lyl- CoA

d

\Alﬁl'?\';ll-rl‘CA JI]%TI"

\ ¥Mfn2 ""ff"'vm,ﬂi': - /

Figure 2. Hypothethical model of the role of Mfn2 in mitochondrial metabolism. a)
Cells with a endogenous expression of Mfn2 show normal rates of glucose and fatty
acid oxidation and a defined mitochondrial protein composition. b) Mfn2 loss-of-
function caused reduced mitochondrial oxidation of glucose and fatty acids, decreased
mitochondrial membrane potential and diminished oxidative phosphorylation because
of reduced expression of subunits that comprise the respiratory complexes. Under
these conditions, glucose uptake is enhanced.

the expression of genes of the OXPHOS system medi-
ated by PGC-1a. PGC-1a null mice show, among other
defects, reduced mitochondrial function and
decreased thermogenic capacity.

We have studied Mfn2 expression under conditions
such as exposure to cold or treatment with p;-adren-
ergic agonists, which stimulate basal energy expendi-
ture and PGC-1a. expression. Exposure to cold for 48
h caused stimulation of Mfn2 mRNA levels in skeletal
muscle and in brown adipose tissue. Treatment of
rats with the B;-adrenergic agonist CL-316243 for a
range of times also increased Mfn2 expression in
these two tissues.

We have also demonstrated that PGC-1a stimulates
Mfn2 gene expression and that this is due to two ele-
ments on the promoter that binds ERRo (Soriano et
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al, 2006). These data permit us to propose the exis-
tence of a regulatory pathway that drives mitochon-
drial metabolism and is defined by PGC-1ca, ERRa and
Mfn2 (Figure 3A). The pathway is characterised by a
stimulatory action of PGC-1c. on the transcription of
Mfn2, via co-activation of ERRa. This is supported by
the following experimental evidence: a) PGC-1o acti-
vates Mfn2 expression in cells; b) the mechanisms by
which PGC-1a stimulates this expression are depend-
ent on intact ERRa binding in the Mfn2 promoter; c)
Mfn2 regulates mitochondrial metabolism; d) PGC-1o
action explains the stimulatory effect of cold-expo-
sure or treatment with the B;-adrenergic agonist CL-
316243 on Mfn2 expression in muscle and brown adi-
pose tissue.

In addition, we have shown that cold exposure caus-
es an additional increase in PGC-1a in skeletal mus-
cle from mouse knock-outs heterozygous for Mfn2.
These results suggest a possible homeostatic Mfn2-
induced process that regulates PGC-1o. (Figure 3B).
This mechanism does not involve a direct effect of
Mfn2 as RNAi-induced repression of Mfn2 does not
alter PGC-1a expression in C2C12 muscle cells.

Mfn2 is a key target of the nuclear co-activator PGC-
1o.. Previous studies show that the up-regulation of
PGC-1o. enhances total mitochondrial membrane
potential in cells by increasing mitochondrial number
and also by energisation of mitochondria. Mfn2 also
enhances mitochondrial membrane potential and sev-
eral observations support that Mfn2 stimulates mito-
chondrial proton leak; the effects of Mfn2 are inde-
pendent of mitochondrial mass. These data support
the view that Mfn2 and PGC-1+ have common effects
on mitochondria. The maintenance of a normal
expression of Mfn2 is critical for the stimulatory
effect of PGC-1o. on mitochondrial membrane poten-
tial; in contrast, the effects of PGC-10. on mitochon-
drial biogenesis are independent of Mfn2. These data
suggest that the effects of PGC-10 on mitochondrial
energisation require or are mediated by Mfn2. On the
basis of the biological roles of Mfn2 reported, we also
propose that PGC-1a regulates mitochondrial
fusion/fission events and cell proliferation in cells.

Identification of novel substrates of semi-
carbazide-sensitive amine oxidase/VAP-1 enzyme
Semicarbazide-sensitive amine oxidase/vascular
adhesion protein-1 (SSAO/VAP-1) is a bifunctional
protein with copper-containing amine oxidase activi-
ty (EC 1.4.3.6) that converts primary amines to alde-
hydes, with the concomitant production of hydrogen
peroxide and ammonia. SSAO/VAP-1 is highly
expressed in adipocytes where it is localised mainly
in plasma membrane in an insulin-independent man-
ner (Enrique-Tarancon et al, 1998). Substrates of

SSAO/VAP-1 exert a variety of insulin-like effects in
human, rat and mouse adipose cells. Thus, substrates
such as benzylamine or tyramine stimulate glucose
transport in isolated human adipocytes. Furthermore,
in isolated rat or 3T3-L1 adipocytes, the combination
of SSAO substrates at low ineffective vanadate con-
centrations causes a potent stimulation of glucose
transport, GLUT4 recruitment to the cell surface,
lipogenesis and inhibition of lipolysis (Zorzano et al,
2003; Marti et al, 2004).

In this regard, in collaboration with Fernando
Albericio (IRB Barcelona); Miriam Royo (PCB) and Luc
Marti (Genmedica Therapeutics), we have identified
potent SSAO/VAP-1 substrates based on arylalky-
lamines. In a first step, structure activity relation-
ships were studied for SSAO/VAP-1 using a library of
aryalkylamine substrates. This analysis has revealed
the relevance of the electronic properties of the aryl
substituents in the activation or inactivation of the
SSAO enzymatic process (Yraola et al, 2006). The
experimental data have been contrasted with the
findings obtained in previous homology studies in
order to elucidate the mechanism and the substrate-
binding affinity of SSAO. In addition, the results have
been compared with some recent studies about the
Amino Oxidase family and reveals new trends in SSAO
substrate design. Thus, we have identified a novel
compound, 4-phenylbuthylamine, as a potent sub-
strate for human SSAO, which can be used in the
development of anti-diabetic compounds (Yraola et
al, 2006).

A novel signalling pathway responsible for
contraction-induced glucose transport in skeletal
muscle

Skeletal muscle is the main tissue responsible for
insulin-stimulated glucose utilisation in absorptive
states. The rate-limiting step for muscle glucose util-
isation is glucose transport, which can be rapidly
induced by translocation of GLUT4 glucose trans-
porters from intracellular vesicles to the plasma
membrane. Muscle contraction and insulin act inde-
pendently through distinct signalling pathways to
induce GLUT4 translocation. Most interestingly, in
insulin-resistant states, such as type 2 diabetes, the
effects of contraction on glucose uptake are
unchanged. Thus, we have focused our research
efforts on studying the molecular mechanisms
involved in contraction-stimulated glucose uptake.

Muscle contraction induces glucose transport by a
mechanism involving local factors within the
myocyte. It has been suggested that two main effec-
tors mediate contraction-induced glucose transport,
namely activation of AMP-activated protein kinase
(AMPK), a metabolic fuel gauge regulated by cellular
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energy charge, and transient increases in cytosolic
Ca?+ within myofibers, as a consequence of plasma
membrane and T-tubule depolarisation.

Neuregulin, a growth factor involved in myogenesis,
has rapid effects on muscle metabolism. In a manner
analogous to insulin and exercise, neuregulins stimu-
late glucose transport through recruitment of glucose
transporters to surface membranes in skeletal muscle
(Suarez et al, 2001; Canto et al, 2004). Like muscle
contraction, neuregulins have additive effects with
insulin on glucose uptake. In collaboration with Anna
Guma and Carles Canté (University of Barcelona), we
have examined whether neuregulins are involved in
the mechanism by which muscle contraction regu-
lates glucose transport.

We have found that muscle contraction stimulates
the phosphorylation of ErbB4 and ErbB2 but not ErbB3
receptors (Canto et al, 2006). This is consistent with
the finding that in vitro exposure of skeletal muscle
to saturating exogenous neuregulins induces tyrosine
phosphorylation of ErbB4 and ErbB2 but induces only
weak phosphorylation of ErbB3. These results indi-
cate that ErbB2 and ErbB4 are the main neuregulin
receptors in adult skeletal muscle. Caffeine treat-
ment at a concentration that induces Ca?+ release to
subcontractile levels also mimics contraction effects
on ErbB receptor phosphorylation (Canté et al, 2006).

We have also shown that caffeine-induced increases
in cytosolic Ca?*-mediate a metalloproteinase-
dependent release of neuregulins, which explains the
activation of ErbB4 receptors. In addition, activation
of ErbB4 is required for Ca2+-derived effects on glu-
cose transport and ErbB4 blockage impairs neureg-
ulin- and caffeine-induced glucose transport in incu-
bated soleus muscle (Canto et al, 2006). In contrast,
treatment with specific antibodies that induce ErbB3
blockage do not affect neuregulin- or caffeine-
induced glucose transport in soleus muscle.

Blockage of ErbB4 abruptly impairs contraction-
induced glucose uptake in slow twitch muscle fibers,
and to a lesser extent, in fast twitch muscle fibers.
Thus, injection of saturating concentrations of ErbB4
blocking antibody into soleus and EDL muscles before
inducing contraction by electrical stimulation of the
sciatic nerve inhibited contraction-induced ErbB4
phosphorylation by 86% in soleus and 91% in EDL mus-
cles with a concomitant 71 and 36% impairment in
contraction-induced glucose uptake, respectively
(Canto et al, 2006). In conclusion, we provide evi-
dence that contraction-induced activation of neureg-
ulin receptors is required for the stimulation of glu-
cose transport and represents a key component of
energy metabolism during muscle contraction.
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Figure 3. Proposed model for: a) the regulatory pathway defined by PPARy co-activator
1o (PGC-10), ERRo and mitofusin-2, and b) feed-back regulation between Mfn2 activity

and PGC-1o expression.

Role of mannan-binding lectin in insulin resistance
Substantial evidence has accumulated over the last
decade that the metabolic syndrome is linked to
inflammatory pathways. The immune system is con-
stantly exposed to diverse bacterial products. The
sensing arm of this immune system is efficient in
buffering these bacterial and environmental sub-
stances, thereby precluding their interaction with
membrane-associated receptors of monocytes/
macrophages. Mannan- or mannose-binding lectin
(MBL) is a liver-derived serum protein involved in
innate immune defence. The ligands for MBL are
mannose and N-acetyl glucosamine oligosaccharides,
expressed by a wide range of microorganisms. MBL
may activate complement by means of the lectin
pathway when interacting with MBL-associated serine
proteases and can directly opsonise pathogens and
enhance the activity of phagocytes by means of novel
receptors. Interestingly, there is a correlation
between increased concentration of certain comple-
ment components (C3) and decreased insulin action.
Increased levels of C3 and other inflammatory mark-
ers in insulin resistance seem to result from chronic
inflammation induced by ‘excess’ fat tissue but it
could also be the result of the relative incapacity to
buffer the environmental inducers of inflammation.
In this regard, decreased inherited capacity to sense
environmental substances would lead to increased
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exposure of cell immunity to these products and low-
grade chronic inflammation.

MBL is an excellent model to test this hypothesis. MBL
deficiency is the most frequent immunodeficiency in
humans, and leads to an increased incidence of infec-
tions in subjects with MBL gene mutations. Serum
MBL concentrations vary widely from person to per-
son because of three variant alleles (B, C, and D,
denoting the substitution of aspartic acid for glycine
at codon 54, the substitution of glutamic acid for
glycine at codon 57, and the substitution of cysteine
for arginine at codon 52, respectively) in the struc-
tural moiety of the functional MBL gene, MBL2, locat-
ed on chromosome 10 in humans. The normal allele
of MBL2 is named A, and the common designation for
the variant alleles is O. Each of the three variant alle-
les influences the stability of the final protein prod-
uct, thereby resulting in reduced serum levels and a
dysfunctional MBL variant with a lower molecular
weight than the normal protein.
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Fernando Albericio

Our research activities are devoted to the discovery and synthesis of bioactive compounds with a focus on the
therapeutic fields of cancer and inflammation. We adopt an integrated approach, based on a strong method-
ological platform and solid-phase and combinatorial science techniques, to synthesise peptides and small mol-
ecules. Joint collaborations with biologists and researchers from industrial sectors afford us a unique position

in the field.

Methodology

We are continuously developing new methods to pre-
pare innovative scaffolds, building blocks in solution
and in solid-phase as well as new tools such as resins,
protecting groups, and analytical methods to support
the techniques developed.

HFA chemistry

We have developed and adapted the chemistry of
hexafluoroacetone (HFA), which is a bidentate pro-
tecting/activating reagent for +-functionalised car-
boxylic acids, to a solid-phase scheme. The lactones
formed from +-hydroxy acids represent active esters,
which, on nucleophilic attack, yield carboxylic acid
derivatives. Concomitantly, the z-functionality is
unblocked. Furthermore, we have used HFA deriva-
tives to prepare non-natural amino acid derivatives,
which have been incorporated into peptides that
show biological activity of interest (Albericio et al,
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Figure 1. Hexafluoroacetone as a bidentate protecting/activating reagent for
a-functionalized carboxylic acids.

2005). This chemistry has been used in the prepara-
tion of twisted and siamese peptides, new topologi-
cal peptides as well as for chimera peptides (Cupido et
al, 2005; see Figure 1.)

pNZ as orthogonal protecting group p-Nitrobenzyl-
oxycarbonyl (pNZ) has been used as a temporary pro-
tecting group for +-amino functionalities in SPPS. The
pNZ moiety is orthogonal with the most common pro-
tecting groups used in peptide chemistry, and is
removed under neutral conditions in the presence of
catalytic amounts of acid. The use of pNZ derivatives
in conjunction with Fmoc chemistry circumvents
typical side-reactions associated with the use of
piperidine. We have used this technology to develop
a convergent synthesis of the anti-tumoural peptide
Kahalalide F (clinical phase Il; Llobet et al, 2005) as
well as other bioactive peptides. (See Figure 2.)

ChemMatrix resin

This totally PEG-based resin, made exclusively from
primary ether bonds and therefore highly chemically
stable, exhibits good loading and is user friendly
because of its free flowing form upon drying. It shows
excellent performace in the preparation of hydropho-
bic, highly-structured, and poly-Arg peptides com-
pared to polystyrene (PS) resins. In the most striking
example, stepwise solid-phase assembly of the highly
complex < amyloid (1-42) peptide resulted in a crude
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material of 91% purity. In contrast, procedures
described in the literature and using PS- or PEG-PS-
based resins for this peptide require convergent
approaches and/or additional time-consuming steps.

Anti-tumoural compounds

Small molecules bind to DNA through several mecha-
nisms: (i) minor groove binding; (ii) major groove
binding; and (iii) intercalation. The capacity of pla-
nar polyheterocyclic aromatic molecules to interca-
late, ie, to be inserted between two consecutive base
pairs of DNA, is of special relevance since many inter-
calators are active in anti-tumour chemotherapy. The
strength of binding usually correlates with the biolog-
ical activity shown by the molecule, and several
energy contributions may be responsible for the bind-
ing. All intercalators bind to DNA by non-covalent
stacking with nucleic acid base pairs, often combined
with H-bonding and even covalent binding involving
the drug side chains. Because most intercalators are
highly polar or even charged systems, it is believed
that electrostatic energy plays a dominant role in
intercalation, at least in sequence preferences and
drug positioning.

During the last 30 years, many small molecules with
a nitrogen-containing polyheterocyclic structure have
been isolated from marine invertebrates. These com-
pounds show unique chemical structures that have no
precedents in natural products from the plant king-
dom or from synthetic approximations, and their
cytotoxicity in a number of tumour cell lines made
them good candidates to develop new chemothera-
peutic compounds against cancer. Several authors
postulate that the interaction with DNA is responsible
for the cytotoxicity of these marine-derived com-
pounds. These natural compounds open up two areas
for further investigation:

o The development of novel synthetic strategies for
the preparation of unprecedented structures in
larger amounts than those found in natural sources.

e The improvement of the activity shown by these
structures.

Lamellarins

We have developed efficient modular synthetic
routes to open chain alkaloids related to Lam-D. The
synthetic strategy is based on the preparation of a
5,6-dihydropyrrolo[2,1-b]-isoquinoline scaffold from
a methyl pyrrole-2-carboxylate, and protocols
enabling regioselective bromination followed by
Suzuki cross-coupling have been established for the
introduction of aryl groups onto the 2- and 3-posi-
tions. (Olsen et al, 2005). We have demonstrated the
utility of this procedure for the preparation of
analogs of Lam-D with one aryl-group, with two
equivalents or distinct aryl groups and also for the
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Figure 4. Synthesis of library of open chain lamellarins.

rapid synthesis of the natural product, Lam-D. (See
Figure 3.)

Library of lamellarin

Lam-D is one of the most potent lead candidates for
anti-cancer chemotherapy. We have prepared a small
library of open chain lamellarin analogues using the
previously described (Olsen et al, 2005) methodology
in solution (Pla et al, 2006). The synthesis starts from
methyl pyrrole-2-carboxylate by transformation into
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the scaffold from which the monoaryl- and diaryl-
analogues were prepared. The regioselective bromi-
nation of the scaffold followed by a Pd(0)-catalysed
Suzuki cross-coupling reaction, oxidation and depro-
tection was the synthetic strategy followed for the
total synthesis of Lam-D. The isopropyl ether gave
good yields as protecting groups for the phenols for
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Figure 7. Synthesis of concatenated azoles.

and was therefore used in the present synthetic
process. In these compounds, diversity is introduced
with the aryl groups. For this purpose, we use com-
mercial arylboronic acids or borolanes prepared in
our laboratory. The key step in the synthetic process
is the introduction of the aryl substituents on posi-
tions 1 and 2 of the scaffold using the boron deriva-
tives as a building blocks for the construction of the
final structure. (See Figure 4.) Following this method-
ology, the synthesis of IB-01211 (see Figure 10) is in
course in our laboratory. IB-01211 is a natural product
isolated from a marine-derived microorganism strain
ES7-088. This new cyclopeptide presents strong cyto-
toxic activity against several tumour cell lines. The
application of the synthetic methodology to the
preparation of modified compounds to improve the
solubility or the pharmacological profile is also in
process.

Concatenated azoles as telomerase inhibitors

The finite lifespan of somatic cells results from the
shortening of single-stranded “telomeric” DNA pro-
tecting the ends of the chromosomes. These telom-
eres are progressively shortened with successive
rounds of replication until they reach a critical length
at which apoptosis is triggered to prevent further
aging. However, tumour cells can maintain their
telomeric ends by the action of telomerase. This
enzyme has reverse-transcriptase properties and is
overexpressed in >85% of all malignant cells but is vir-
tually absent in healthy tissue (Kim et al,1999). It
therefore, constitutes a particularly promising
molecular target in the quest for more selective
chemotherapeutic agents against cancer (Neidle et
al, 2005).

Telomestatine, which was isolated from
Streptomyces anulatus 3533-SV4 (Shin-ya et al, 2001)
and is an example of 1,4-polyazole condensed com-
pounds, interacts specifically with the human telom-
eric intramolecular G-quadruplex without affecting
DNA polymerases and reverse transcriptases. In this
addressed the preparation of catenated azoles as
telomerase inhibitors.

The use of peptide derivatives (from serine or threo-
nine) is the most common approach for the synthesis
of polyoxazole fragments by iterative cyclodehydra-
tion-oxidation steps (Riego et al, 2005). We have pre-
pared bisoxazole subunits by simultaneous formation
of the two heterocyclic rings in moderate yield. The
chemical procedure is based on the treatment of ser-
ine peptides with DAST and a base, followed by oxi-
dation with DBU in CCl4, CH3CN, and pyridine. (See
Figure 7.)

This protocol allows the preparation of more complex
products such as trisazoles, tetraoxazoles, and pen-
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taoxazoles when R1 or/and R2 are azole rings, as
shown in Figure 8.

Moreover, we have synthesised a new cyclic trisoxa-
zole-peptide hybrid by reacting the corresponding
acid of the trisoxazole and the tripeptide H-B-Ala-Ile-
Val-OMe, followed by deprotection of the acid and
amine functions, and cyclisation with DIPCDI/HOAt.
(See Figure 9.)

The compounds with a proper pharmacological pro-
file may also require special treatment for clinical
administration because of their low solubility.

In a similar context, we are currently preparing build-
ing blocks (amino acids) bearing diversely function-
alised heterocyclic units [(iso)oxazole and (iso)thia-
zole] to develop flexible synthetic schemes for natu-
ral product precursors.

Cyclic peptides of marine origin

In addition to synthesis of new analogues of
Kahalalide F (currently in clinical phase Il: Albericio
et al, PCT Int Appl 2005), the total solid-phase syn-
thesis of the cyclodepsipeptide IB-01212 has been
performed in parallel via three distinct routes:
dimerisation of heterodetic fragments, linear synthe-
sis, and convergent synthesis, the latter yielding the
best results (Cruz et al, 2006). We used these strate-
gies, in combination with orthogonal protecting
groups, to prepare analogues of 1B-01212 and other
peptides with a C2 symmetry. (See Figure 5a.)

Oxathiocoraline

Thiocoraline is one of several new potent anti-
tumoural agents that have been isolated from the
marine organism the Micromonospora sp. (Romero et
al, 1997) Thiocoraline inhibits DNA elongation by DNA
polymerase + at a concentration that blocks cell
cycle progression and clonogenicity (Erba et al,
1999). However, a main drawback for the clinical use
of this agent is its low solubility in all media used for
delivery. To overcome this drawback, an alternative
is the preparation of compounds with a close topolo-
gy, but with a different solubility pattern. Thus, the
oxa derivative of Thiocoraline, where the thioester
bonds have been substituted by ester bonds (from the
building block perspective implies the use of Ser
residues instead of Cys) has been obtained. (See
Figure 11.)

The synthetic scheme is based on a three-orthogonal
scheme (t-butyl, fluorenylmethyl, allyl) with trityl
resin. A cornerstone of our approach is the coupling
reagents used. Thus, aminium and phosphonium salts
are used in solid-phase, thereby facilitating the
removal of excess and side-products by filtration and
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Figure 10. Structure of IB-01211.

washing. While HATU is used for the step-wise elon-
gation of the peptidic chain to assure a complete acy-
lation of N-methylamino acids; PyAOP is preferred for
fragment condensation because it does not provoke
capping of the amino function in slow couplings. For
solid-phase cyclisation, HOAt, as additive of DIPCDI,
gives better results than HOBt. Cyclisation and incor-
poration of 3-hydroxyquinaldic acid is performed in
solution with EDC-HCl to allow easy removal of car-
bodiimide derivatives during the work-up. While
HOAt is the best additive for the cyclisation, the less
reactive HOSu is preferred for the final acylation,
because it prevents over-incorporation of the car-
boxylic acid.
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Nucleic acids (DNA and RNA) formed by long chains of nucleotides play an important role in the genetic inher-
itance. In the lab, small versions of nucleic acids known as oligonucleotides, can be prepared. Our research
focuses on the methodology used for the preparation of oligonucleotides and related compounds as well as the

study of their properties.

Synthesis of oligonucleotide conjugates
Oligonucleotides are essential tools for DNA detec-
tion and manipulation. At the end of the eighties, the
discovery of the polymerase chain reaction (PCR) and
the use of oligonucleotides as inhibitors of gene
expression triggered a high demand for oligonu-
cleotide derivatives with new, tailored properties, in
addition to their hybridisation properties. Most of
these new properties were achieved by the addition
of special molecules to oligonucleotides, which
results in oligonucleotide conjugates.

Synthesis of oligonucleotide-peptide conjugates
The preparation of oligonucleotide-peptide conju-
gates poses an interesting challenge since conven-
tional protection schemes are not compatible. In this
regard, all standard protection schemes in solid-
phase peptide synthesis use acid treatments which
could cause partial depurination of DNA. Two strate-
gies that overcome these problems have been
described: 1) the post-synthetic conjugation
approach; and 2) the stepwise solid-phase synthesis
approach.

In the stepwise approach, these conjugates are pre-
pared by stepwise addition of amino acids and
nucleobases in solid phase on the same solid support.
This is usually performed by first assembling the pep-
tide by means of t-butoxycarbonyl (Boc) -protected
amino acids with base labile groups, such as fluoren-
9-ylmethyl (Fm), fluoren-9-ylmethoxycarbonyl
(Fmoc), and trifluoroacetyl (TFA) groups, to protect
side chains. Although these protocols generate
oligonucleotide-3'-peptide, they cannot be used to
incorporate peptides at the 5" end or in the middle of
the oligonucleotide sequence. We have developed an
efficient method to synthesise short oligonucleotide-
5'-peptide conjugates via stepwise synthesis using

commercially available Fmoc-protected amino acids
(Ocampo et al, 2005). Although the Fmoc-removal
conditions are not orthogonal to the base-labile cya-
noethyl protection of DNA phosphotriester moieties,
we found that the presence of unprotected phos-
phate groups did not hinder the assembly of small
peptide sequences on oligonucleotide supports.
Groups labile to mild acidic conditions (such as 1% tri-
fluoroacetic acid) were used to protect the side
chains of No-Fmoc-protected amino acid (Ocampo et
al, 2005).

Synthesis of oligonucleotides conjugates carrying
lipids, steroids and carbohydates

Modified oligonucleotides are being used to inhibit
gene expression. In order to enhance the activity of
oligonucleotides and their analogues, they have been
covalently linked to intercalating, alkylating, photo-
crosslinking and radical-generating reagents. In addi-
tion to increasing affinity for the target sequence,
some of these compounds promote the uptake of
oligonucleotides by cells and improve their resistance
to nucleases. Lipid moieties, such as cholesterol to
oligonucleotides, enhance the antisense activity of
these compounds as well as the silencing properties
of small interfering RNA (siRNA). This year we have
prepared several oligonucleotide (DNA and RNA) con-
jugates carrying lipids, steroids and carbohydrates.
The properties of these new compounds are current-
ly being studied. We are collaborating with several
groups in this field. The group led by Jose Carlos
Perales is working on the evaluation of the inhibitory
properties of conjugates in vivo, while that of Juan
Carlos Morales is preparing the carbohydrate deriva-
tives needed for solid-phase synthesis. We are also
involved in a collaborative project with Sylentis-
PharmaMar. Oligonucleotide-steroid conjugates are
also being used for the development of bioanalytic
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devices for anti-doping and food control of illegal
steroidal anabolic hormones, in collaboration with
Pilar Marco and Josep Samitier.

Synthesis of oligonucleotide clamps for triplex
formation

Oligonucleotides interact in a sequence-specific man-
ner to homopurine-homopyrimidine sequences of
duplex and single-stranded DNA and RNA to form
triplexes. Nucleic acid triplexes have potential appli-
cations in diagnostics, gene analysis, and therapy.
Depending on the composition and orientation of the
third strand vis-a-vis the central homopurine Watson-
Crick strand, triplexes are classified into two main
categories: (i) parallel and (ii) antiparallel. The most
well characterised parallel triplex is that formed
between a double-stranded homopurine-homopyrimi-
dine helix (duplex DNA) and a single-stranded
homopyrimidine track (triplex-forming oligonu-
cleotide). In this type of triple helix, the triplex-
forming oligonucleotide binds to the major groove
(parallel to the homopurine strand of Watson-Crick
double-helical DNA) via Hoogsteen hydrogen bonding,
and is stabilised under acidic conditions. In the
antiparallel triplexes, the third strand, composed of
purine bases binds in a pH independent and antipar-
allel fashion to the homopurine duplex strand via
reverse-Hoogsteen hydrogen bonds

Our group, in collaboration with Modesto Orozco, has
found that the introduction of an amino group at
position 8 of the Watson-Crick purine produces a high
stabilisation of parallel triplexes. The triplex-stabili-
sation properties of the amino group at this position
results from a combined effect of the gain of one
Hoogsteen purine-pyrimidine H-bond and the propen-
sity of the amino group to be integrated into the
‘spine of hydration’ located in the minor-major
groove of the triplex.

Sequence-specific triple-helix structures can also be
formed by DNA clamps. Parallel-stranded DNA clamps
consist of purine residues linked to a homopyrimidine
chain of inverted polarity by 3'-3' or 5'-5' internu-
cleotide junctions, which interact with single-strand-
ed homopyrimidine nucleic acid targets. In this
triplex, the homopurine strand of the clamp binds the
homopyrimidine target through Watson-Crick bonds;
and the homopyrimidine strand of the clamp forms
the triplex via Hoogsteen bonding. We have found
that the stability of triple helices is enhanced by
replacing natural bases with several modified bases,
such as 8-aminopurine residues.

This same strategy has been proven to generate sta-
ble antiparallel triplexes using purine-rich clamps as
templates (ie, antiparallel-clamps). Antiparallel clamps
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formed by a G,A- or G,T-Hoogsteen sequences linked
to a polypurine sequence carrying 8-aminopurines
have also been prepared and shown to form more sta-
ble triplexes if 8-aminoguanine is present in the
purine Watson-Crick position.

The increased binding properties of clamps carrying
8-aminopurines may be of particular interest for the
development of applications based on triple-helix
formations. Specifically, we have developed capture
probes for the detection of bacteria in food. Figure 1
shows an outline of the capture assay. In a previous
study, we observed that binding of oligonucleotide
clamps was prevented by the target’s secondary
structure. This problem was solved with a new strat-
egy based on the addition of a tail sequence to a
Watson-Crick strand, such that modified clamps
formed triple helices with structured DNA or RNA
molecules. This tail-clamp strategy overcame struc-
tural interferences, while simultaneously greatly
increasing the stability of triplex formation. We syn-
thesised parallel tail-clamps designed to bind to
Listeria innocua iap mRNA sequences containing a
polypyrimidine track (Nadal et al, 2006). Our aim was
to obtain optimum conditions for the triplex affinity
capture of these sequences in order to develop new
detection methods for pathogens, by means of the
specific identification of their nucleic acids. In our
study, we explored the effects of pH on the interac-
tion of parallel tail-clamps with their target by UV
thermal melting analysis. In addition, we optimised a
triplex affinity capture assay capable of recovering
iap mRNA molecules from a total RNA solution puri-
fied from L. innocua cells in a sequence-specific man-
ner. Optimal results were obtained with tail-clamps
carrying 8-aminoadenine moieties under neutral pH
conditions: 45% of the iap mRNA molecules from a
total RNA solution were captured (Nadal et al, 2006).

Oligonucleotides and nanotechnology

There is a considerable interest in the use of biopoly-
mers (peptides, proteins and nucleic acids) for the
assembly of nanomaterials. Moreover oligonu-
cleotides linked to nanoparticles are being used to
monitor DNA hybridisation as well as to detect a
nucleic acid sequence of interest. We are collaborat-
ing actively with several groups in this area. The fol-
lowing results have been obtained.

A method for the fabrication of gold
nanostructures using oligonucleotide derivatives
From the fabrication of the first chips in the 1950s to
the present the density of the functional units per
surface unit has doubled every 3-4 years. This has
been possible thanks to technological advances that
allow the miniaturisation of circuits. However, the
current technologies derived from photolithography
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are reaching their physical limits while, conversely,
chemists and biologists are working with larger and
larger biomolecules. For these reasons, it is believed
that in the near future, circuitry may be prepared
using biomolecules that will order the nanomaterials
in solution. The resulting structures will then be set-
tled into the spaces produced by photolithography.

One promising biomolecule is DNA since it forms lin-
eal structures composed of two strands with known
self-assembling properties. Moreover, there is a solid
methodology to prepare DNA strands of up to 100
bases (about 30 nm of length).

One line of research of particular interest is the
preparation of synthetic DNA derivatives designed to
assemble a molecular wire between gold electrodes,
which are required to address individual nanoparti-
cles from macroscopic electrodes. We have used syn-
thetic oligonucleotides to prepare the molecular
wires, thereby offering the possibility to introduce
modifications at any predetermined position.

The proposed structure is shown in Figure 2 and con-
sists of three elements with distinct roles: anchoring,
extension, and recognition. Two anchoring elements
are located at each end, both with disulfide groups

W.C strand

+ streplavidin

(=)

magnetic bead

taik-clamp

B
Hoogsteen strand

Fey0y

—s riptex formation

mRMA target

quantification by reverse transcriplion
realtime PCR

Figure 1. Triplex-mediated capture of Listeria RNA (Nadal et al, 2006)

that allow the wires to be attached to the electrodes.
The centre of the structure is a chimeric compound
with a DNA segment that positions the element in the
middle of the structure. It also contains biotin as a
recognition group, isolated from the DNA by a spacer
molecule comprising two hexaethylenglycol units.
This recognition element is used to direct a nanopar-
ticle into the middle of the structure as well as to
connect the two branches. The size of the whole
structure is determined by the extension elements
between the recognition and the anchoring elements.

The extension elements (100 bases long) were pre-
pared using protocols to produce long oligonu-
cleotides. Special protocols were developed for the
preparation of the recognition elements since the
polarity of the DNA strands is reversed in the middle
of the molecule, thereby providing symmetry to the
central assembly. The two-armed recognition ele-
ment was prepared by sequentially adding 10 differ-
ent phosphoramidites. Starting from the 3'-end, the
first half of the sequence was assembled using the
four standard phosphoramidites. Subsequently, hexa-
ethyleneglycol and biotin-tetraethyleneglycol phos-
phoramidites were added. Finally, the second half of
the molecule was assembled using the four reversed
phosphoramidites. Synthesis of the oligonucleotides
carrying three branches was conducted in similar
fashion although a symmetric branching molecule
was added. First, the 20 mer sequence was built in
the 3'->5' direction using standard phosphoramidites
and the hexaethyleneglycol phosphoramidite. Biotin-
tetraethyleneglycol was thenadded. Afterwards, a
symmetric branching phosphoramidite was added to
the sequence. Finally, the rest of the desired
sequence was assembled in the 5'->3" direction using
reversed phosphoramidites and the hexaethylenegly-
col phosphoramidite.

Using these oligonucleotides the DNA-templated
assembly of a protein-functionalised 10 nm gap elec-
trode, from suitably modified gold nanoparticles on a
silicon wafer substrate, was achieved (Stanca et al,
2006). This protein-functionalised electrode was
recognised and selectively bound by a suitably modi-
fied gold nanoparticle that was localised in the 10 nm
gap (Stanca et al, 2006). These findings are of inter-
est for the fabrication of next-generation electronic
devices.

Immunodetection of oligonucleotide-peptide
conjugates by induced-coupled plasma mass
spectroscopy (ICPMS)

ICPMS has been used to study the atomisation of
nanoparticles for the development of a novel non-iso-
topic immunoassay by coupling this technique with
the sandwich-type immunoreaction. ICPMS is an out-
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standing method for trace element determination
and is gaining wide acceptance due to its extremely
high sensitivity and element specificity. In collabora-
tion with Arben Merkoci, we have explored for first
time the use of ICPMS for DNA monitoring through the
detection of metallic nanoparticles. The enhanced
DNA signals obtained by ICPMS of gold tags are com-
bined with the high specificity of oligonucleotide-
peptide conjugate interactions with anti-c-myc mon-
oclonal antibody followed by immunoreaction with
the secondary antibody (Anti-mouse IgG) conjugated
to gold nanoparticles. Although in a very early phase,
the proposed ICPMS-linked DNA assay may have sig-
nificant potential as a non-isotopic DNA detection
method for the simultaneous determination of vari-
ous sequences by labelling several kinds of inorganic
nanoparticles and also by taking advantage of the
recent development of ICPMS technique. This study
will also be of interest for the development of novel
genosensors and DNA chips based on multiple
labelling by the specific immunoreactions with the
peptide sequences introduced into the DNA probes
(Merkoci et al, 2005).

Development of new drugs that bind DNA

Drug development has traditionally focused on active
sites of proteins, and on identifying molecules, such
as inhibitors, that bind to these active sites and
directly block directly interactions with natural sub-
strates. In addition to this direct mode of enzymatic
regulation, nature makes extensive use of drug inter-
action with nucleic acids that have become important
antibiotic, antiviral and anticancer agents. In collab-
oration with Fernando Albericio (IRB Barcelona) and
Crystax Pharmaceuticals, we are designing and syn-
thesising new drugs that interact with DNA. In this
project, we are applying the knowledge gained from
peptide and oligonucleotide synthesis to obtain new
and larger molecules in order to increase affinity for a
particular DNA site.

Oligonucleotides of biological and structural interest
Synthesis of oligonucleotides carrying DNA
methyltransferase inhibitors

Aberrant DNA methylation is a common finding in
cancer. Several drugs that inhibit DNA methylation
are active against some malignancies. The cytosine
analogues, 5-azacytidine and 5-aza-2'-deoxycytidine,
are the most frequently studied inhibitors of DNA
methylation. Zebularine (1-(B-D-ribofuranosyl)-1,2-
dihydropyrimidin-2-one), another pyrimidine ana-
logue which lacks the 4-amino group of the other
cytosine analogues, has been shown to inhibit DNA
methylation and may have activity against cancer.
Zebularine has the advantage of being very stable,
and can be administered orally. However, zebularine
has the disadvantage of being a less potent inhibitor
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of DNA methylation compared to azacytosine deriva-
tives. It is believed that zebularine is not metabolised
to its triphosphate form as efficiently as 5-azacyti-
dine and 5-aza-2'-deoxyctyidine, and therefore it is
not efficiently incorporated into DNA. In collabora-
tion with Victor Marquez and Allen Yang, we have
prepared oligonucleotides carrying 2'-deoxyzebular-
ine in order to measure the efficiency of incorpora-
tion in response to the drug. When zebularine was
included in the template strand, dGTP was preferen-
tially incorporated by the Klenow fragment opposite
zebularine, but dATP and dTTP were incorporated
with 8.1% and 5.2% the efficiency of dGTP. In addi-
tion, zebularine in the template strand was noted to
inhibit DNA extension. Thus dZTP is efficiently incor-
porated into DNA and acts as a cytosine analogue,
which is consistent with its capacity to inhibit DNA
methylation.

Oligonucleotides and G-quadruplex

G-rich oligonucleotides may form intra- or intermole-
cular structures involving the formation of G tetrads.
These structures are naturally present at the end of
chromosomes or telomeres. Recently, G-quadruplex
structures have been found in promoter regions of
oncogenes and several authors have proposed that
the G-quadruplex regulates the expression of these
proteins. Due to the potential biological relevance of
the G-quadruplex, we have initiated the study of
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Figure 2. a) Targeted 3-branch oligonucleotide assembly used as template for gold
nanostructure containing a biotin molecule used to direct a streptavidine molecule to
the middle of the structure (Stanca et al, 2006); b) outline of the synthesis for the
three-branched recognition elements; c¢) Transmission electron microscopy (TEM)
image of three-branched DNA negative stained with uranyl acetate 1%.
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these structures using synthetic oligonucleotides. In
collaboration with Raimundo Gargallo, we have stud-
ied a bimolecular quadruplex. Specifically, the reso-
lution of the dimeric intermolecular G-quadruplex/
duplex competition of the telomeric DNA sequence
5-TAG-GGT-TAG-GGT-3' and its complementary 5'-
ACC-CTA-ACC-CTA-3' was examined. Melting experi-
ments of both sequences and their mixtures were
monitored by molecular absorption, molecular fluo-
rescence and circular dichroism spectroscopy.
Molecular fluorescence measurements were carried
out using the molecular beacons technology, in which
the 5-TAG-GGT-TAG-GGT-3' sequence was labelled
with a fluorophore and a quencher at the ends of the
strand. It was observed that the parallel G-quadru-
plex is more stable than the antiparallel G-quadru-
plex. When the complementary C-rich strand is pres-
ent, a mixture of both G-quadruplex structures and
Watson-Crick duplex is observed, the duplex being
the major species (Jaumot et al, 2006).

The formation of G tetrads is not desired when
designing triplex-forming oligonucleotides (see
above), because the formation of G-tetrads may
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“Give us the three-dimensional structure of a given protein, for example, an interesting therapeutic target; put
your finger in a given surface patch; and we will be able to design for you a very efficient, selective and pro-
tease resistant (peptide or non-peptide) ligand.” This sentence is still more a dream than a reality, but it
reflects one of the most important research lines developed in our laboratory. Improving our knowledge of the
rules that govern molecular recognition is clearly, behind all our endeavours in this field. With this aim, we
study protein-protein interactions in general and protein self-assembly in particular. Our lines of research not
only contribute to enhancing our knowledge of molecular recognition mechanisms, but also provide numerous
opportunities in terms of drug discovery. However, many additional unknowns remain to be addressed in order
to advance in this field. Several of these are also the focus of our research activities: how can we design a pep-
tide to ensure efficient cellular uptake?; it is possible to remotely control the disruption of amyloid fibrils?; can
we use peptides to shuttle drugs across the blood-brain barrier? Finally, methodological improvements are con-
stantly required for all scientific activities. This is the focus of our more recent work in NMR for conformation-
al analysis, improving solid-phase peptide synthesis or developing computational evolutionary algorithms for
drug discovery.

Protein-protein interactions

The challenge of dividing finite geometric objects
into isometric segments has fascinated structural and
synthetic chemists for decades. In a seminal paper
published in 1983, Mislow and colleagues analysed
the intriguing way of cutting an apple known as “la
coupe du roi”. Figure 1 illustrates how a pair of
homochiral segments can be obtained from an achiral
object (in this case, an apple) by first making two
vertical half-cuts, one from the top to the equator
and the other from the bottom to the equator, fol-
lowed by two non-adjacent horizontal cuts. Although
this concept has been applied to the retrosynthetic
analysis of highly symmetric organic compounds, such
as fullerene C(60) or cyclic diketones, as well as to
helical organometallic compounds, to the best of our
knowledge it has never been applied to proteins.

Rabbit uteroglobin (UG) can be dissected into two
identical homochiral halves either by the convention-
al reduction of the two disulfide bridges or via “la
coupe du roi”. In the former case, which has been
extensively studied in the literature and probably
occurs in determined physiological conditions, two

identical HS- (1,2,3,4)-SH dithiol 70mers are formed.
In the latter, reported for the first time in our publi-
cation (Nicolas et al, 2005), two identical homochiral
halves are also formed (ie, o(1,2)-S-S-a(3,4) disulfide
70mers). Independently of how UG is “dissected”,
the two identical UG halves form a globular noncova-
lent dimer, the folding of which is most likely driven
by interhelical interactions. The importance and
specificity of these interactions are highlighted by

Figure 1. "Coupe du roi” bisection of proteins. Spontaneous tetramerisation of two

peptides that span the sequence of the rabbit uteroglobin monomer.
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the ability of a mixture of «(1,2)-SH and «/(3,4)-SH to
regioselectively form o(1,2)-S-S-o(3,4) and, there-
fore, to form the noncovalent 140mer by spontaneous
oxidation in aqueous solution. The results obtained in
this study suggest that the “coupe du roi”’-nicked UG
has interesting molecular recognition properties, sug-
gesting its potential as a utile, readily synthesised
framework for the design of biologically active mole-
cules.

This study with UG is but only one example of the five
systems that we are currently working on a two-fold
interest: to improve our understanding of protein-
protein recognition and to modulate the stability of
protein-protein aggregates.

Like UG, HIV-protease (HIV-1 Pr) is also a dimer, but
in this case non covalent. We have recently devel-
oped an efficient NMR method for the characterisa-
tion in solution and at atomic level of the interaction
of enzyme inhibitors with a mode of action based on
inhibiting dimerisation (Frutos et al, 2007). Also with
HIV-1 Pr, we have developed an extremely robust 19F-
NMR-based method for screening protease inhibitors
(Frutos et al, 2006).

The B-domain of S. aureus Protein A is our benchmark
for the design of helical peptides based on D-amino
acids with the capacity to retain the same side-chain
topology as helices made using native L-amino acids.
D-amino acids are also the focal point of our efforts
to design efficient amyloid aggregation inhibitors.
Last year, in collaboration with Chris Dobson and
Carol Robinson in Cambridge (Carulla et al, 2005), we
reported in Nature how the individual protein copies
from an amyloid fibril recycle efficiently from the
fibril to the solution and back to the fibril. These
findings are very promising for the design of synthet-

Ac-A-G-A-A-G-W-A-R-G-R-A-R-5-R-NH,

ic amyloid aggregation inhibitors. Our efforts in this
direction are well advanced.

Protein-surface recognition

Targeting protein surfaces that are involved in pro-
tein-protein contacts is among the most promising
strategies for the development of new drugs. These
contacts are key in almost all biological processes,
and ligands that modulate such contacts would be
highly valuable tools for the treatment of diseases.
Nevertheless, protein surfaces have only recently
been exploited as therapeutic targets, and many
research groups are now searching for compounds
that specifically recognise given areas of protein sur-
faces. These molecules could then be used for thera-
peutic applications, such as tools for chemical genet-
ics studies, or to impart chaperone-like effects to
stabilise the native conformation of a protein and/or
rescue destabilised mutants. (See Figure 2.)

Surfaces involved in protein-protein interactions are
typically large and flat, and, compared to cavities
such as enzyme active sites, are highly solvated and
rich in polar residues. Small molecules require sur-
face pockets in order to bind to proteins with high
affinity, and this hampers their capacity to disrupt
protein-protein interactions. Although promising can-
didates have recently been obtained by screening
libraries of small compounds, the principles for inte-
grating surface recognition into the preliminary
design of compounds have yet to be established.

NMR studies have been previously used by our group
to demonstrate that a nonpeptidic tetraguanidinium
compound recognised an anionic patch on the surface
of the tetramerisation domain of p53 in aqueous solu-
tion with a K, of 50 uM (Salvatella et al, 2004). We
have now reported (Martinell et al, 2006) a designed
peptide ligand (Figure 2) that interacts with the same
anionic patch on the surface of the p53 tetramerisa-
tion domain in aqueous solution. Using combinatorial
chemistry, we have examined the different moieties
that participate in the mutual recognition of the
designed peptide CAN4 and the p53 tetramerisation
domain. The conclusions from this study could be
useful for the design of ligands directed to other
highly anionic protein-surface patches.

P53 is, again, only one of the systems that we are
currently examining from the point of view of the
design of binding ligands. Among these other pro-
teins, we are devoting considerable effort to proline
oligopeptidase (POP). POP is a non-validated thera-
peutic target for central nervous system (CNS) disor-
ders, including schizophrenia and bipolar disorder.

We have recently reported the use of a new 19F-NMR-
based screening method for POP inhibitors present in
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Figure 2. Chemical structure of CAN4, a synthetic ligand that interacts with the P53
tetramerisation domain.



aqueous plant extracts, which we have prepared
starting from about 50 plants used in traditional
Chinese medicine for the treatment of CNS-related
disorders (Tarrago et al, 2006; Figure 3). An alkaloid,
berberine, was identified as a new POP inhibitor and
we are now working on the synthesis of berberine
derivatives in order to improve the activity and selec-
tivity of this compound. The screening of Chinese
medicinal plants is one of the approaches that we are
pursuing in our search for new POP inhibitors. Others
include structure-based drug design and combinator-
ial chemistry. (See Figure 3.)

Cell-penetrating peptides

In recent years, cell-penetrating peptides (CPPs)
have proven to be an efficient intracellular delivery
system. The mechanism for CPP internalisation,
which first involves interaction with the extracellular
matrix, is followed in most cases by endocytosis and
finally, depending on the type of endocytosis, an
intracellular fate is reached (Pujals et al, 2006).

CPPs are considered potential vectors to carry drugs
that have low bioavailability across cell membranes.
Properties, such as amphipathicity, high guanidinium
content, and hydrophobicity, have been reported to
be essential for a peptide to be able to cross a cell
membrane. A new family of CPPs of the general for-
mula (VRLPPP),, in which two of these features,
amphipathicity and arginine groups, have been
imprinted on a polyproline sequence, was reported
by our group some time ago (Angew Chem Int Ed,
2004). The key to the design of these compounds was
to maintain a proline content of at least 50% to
ensure that the molecules adopt a left-handed
polyproline Il (PP II) helical structure in solution with
a periodicity of 3.0 residues per turn. The remaining
50% of residues were optimised for amphipathicity of
the PP Il helix. More precisely, hydrophobic Val and
Leu residues were placed at 1, 3, 7, 9, ... positions,
while polar Arg residues were placed at 2, 8, ... posi-
tions. Ultimately, a new family of non-cytotoxic pep-
tides with good cellular uptake properties was
obtained (Sweet Arrow Peptides). We are now study-
ing whether the amphipathicity of the PP Il helix of
these compounds could be further increased by
manipulation of the Pro-containing regions.
Specifically, it was thought that replacement of a Pro
residue located at the hydrophobic face of a PP Il
helix with another amino acid might increase the
amphipathicity and/or enhance the cellular uptake
properties of a given CPP. The synthesis of -
(dimethylsila)proline, or silaproline (Sip), as a proline
derivative with enhanced hydrophobicity, was recent-
ly reported by Cavelier et al. (J Am Chem Soc, 2004).
We considered that this non-natural amino acid could
be used for such a purpose. The most efficiently
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Figure 3. Cover of the ChemBioChem issue containing the article ‘ldentification of
traditional Chinese medicinal plants with oligopeptidase activity using 19F-NMR’ (Frutos
et al, 2006). The fluorine spectra of the fluorinated substrate (in yellow) and the
fluorinated product (in orange) are shown over a background of some of the plants
used in our study.

internalised Pro-rich CPP [CF-(VRLPPP);, (1)] was
chosen as a reference. Peptide 2 [CF-
VRLPPSip(VRLPPP), p,] was designed by substituting
Sip for Pro, which is located on the hydrophobic face
of the amphipathic PP Il helix. Using flow cytomme-
try, we have shown that, in Hela cells, replacement
of a proline with silaproline causes a 20-fold increase
in the cellular uptake of the proline-rich peptide. In
addition, we have demonstrated that replacement of
a Pro by Sip on the hydrophobic face of a Pro-rich
amphipathic peptide does not perturb secondary
structure or prevent peptide aggregation, and great-
ly enhances the cellular uptake of the peptide. In
addition to highlighting the relevance of amphi-
pathicity in CPP design, these results also emphasise
the utility of Sip as a new source of amphipathicity
(Pujals et al, 2006).

Peptide-nanoparticles: an opportunity for the
remote control of protein self-assembly

Misfolded proteins self-assemble into insoluble
fibrous deposits, thereby causing diseases called
amyloidosis (Alzheimer’s, Parkinson’s, Huntington’s,
and type Il diabetes among others). During self-
assembly, there is an equilibrium between soluble
monomer and increasingly larger insoluble aggre-
gates, fibrils, which entangle and precipitate, forcing
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the equilibrium toward aggregated forms. Formation
of these fibrils requires energy (for example, in the
form of stirring), but once formed, they are stable.
Vigorous shaking and sonication, high hydrostatic
pressure, and temperature cycling reverse the natu-
ral equilibrium and redissolve the precipitates. In col-
laboration with Marcelo Kogan and Victor Puntes,
from the Universidad de Chile and Institut Catala de
Nanotecnologia respectively, we have addressed the
combined use of gold nanoparticles and microwave
irradiation for the remote manipulation of this aggre-
gation process (Kogan et al, 2006).

The local heat delivered by metallic nanoparticles
selectively attached to their target can be used as
molecular surgery to safely remove toxic and clogging
aggregates. We have applied this principle to protein
aggregates, in particular to the beta-amyloid protein
involved in Alzheimer’s disease, a neurodegenerative
disease where unnaturally folded proteins self-
assemble and deposit forming amyloid fibrils and
plaques. We have shown that it is possible to remote-
ly redissolve these deposits and to interfere with
their growth, using the local heat dissipated by gold
nanoparticles selectively attached to the aggregates
and irradiated with low gigahertz electromagnetic
fields. We have used peptide sequences covalently
attached to the surface of the nanoparticle as an
anchor to ensure the attachment of the nanoparticle
to the target protein aggregate. Simultaneous tagging
and manipulation by functionalised gold nanoparti-
cles of beta-amyloid protein at several stages of

aggregation allow non-invasive exploration and disso-
lution of molecular aggregates.

Conformational analysis

Conformational analysis of peptides and proteins is a
key issue when addressing relationships between
structure and biological activity. In collaboration with
Fernando Albericio’s group, our activity in this field
focuses on NMR studies of cyclic peptides and dep-
sipeptides, very often of marine origin, which show
promising activities as anti-tumour agents (Cruz et
al, 2005a,b)

In addition, in collaboration with Jean Rivier’s labo-
ratory at The Salk Institute in San Diego (California),
we have also undertaken the conformational analysis
of a group of new cyclic peptides which show activi-
ties of interest in the CNS.

Peptides play a major role in signalling processes in
the CNS. The same molecule frequently interacts
with many different receptors carrying out several
biological functions. One of the most paradigmatic
cases illustrating this behaviour is that of somato-
statin (SRIF), H-Ala'-Gly2-c[Cys3-Lys#-Asn5-Phes-Phe’-
Trp8-Lys?-Thr10-Phe®1-Thri12-Ser13-Cys'4]-OH, a cyclic
tetradecapeptide that acts as a neurotransmitter and
neuromodulator in the CNS, as an inhibitor of the
release of numerous hormones and as a regulator of
cell proliferation and differentiation. SRIF establish-
es high-affinity interactions with a family of at least
five receptor subtypes, SSTR1-5. Although all recep-
tors share common signalling pathways, they have
specific functional roles and some biological respons-
es show subtype selectivity. For example, SSTR2
mediates mainly the inhibition of the release of
glucagon and growth hormone. SSTR5 controls insulin
secretion, and both SSTR2 and SSTR5 mediate the
antiproliferative effects of somatostatin on cellular
growth processes in tumours. However, the individual
functions of the somatostatin receptors in vivo are
still not fully understood.

Given its wide range of physiological functions, SRIF
is a target for the development of receptor subtype-
specific analogues. Hundreds of somatostatin ana-
logues that bind with some selectivity to receptor
subtypes are currently available and extensive struc-
tural studies have been done to ascertain the mini-
mum structural requirements of the analogues for
selective binding. To date, a distinct pharmacophore
model has been proposed for analogues binding pre-
dominantly to SSTR1, SSTR2/SSTR5 and SSTR4 recep-
tors. It appears that the consensus structural motif
for these selective ligands requires a unique arrange-

ment of several side chains, which are critical for
selective binding. For SSTR3-selective analogues, no
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Figure 4. NMR 3D structures of the major and minor conformational isomers of a potent
SSTR3-selective analogue of somatostatin.



structural information is available to elucidate their
binding affinity and selectivity.

A study on cyclic peptides using high field NMR
(800MHz) in water solution and molecular dynamics
calculations describes, for the first time, the 3D
structure of a potent SSTR3-selective analogue of
somatostatin. From these data a structural motif has
been proposed that could be responsible for SSTR3
selectivity (Gairi et al, 2005; see Figure 4.)

New methods in peptide and protein synthesis

Polymers made of amino acids (polyamino acids, pep-
tide copolymers) are emerging as promising thera-
peutic compounds. These polymers have widespread
applications in the field of drug delivery. Drugs are
physically entrapped within the polymer matrix or
chemically conjugated to the polypeptide for slow
release in the biological milieu. A milestone example
of therapeutic polyamino acid carriers is paclitaxel
polyglumex, a biologically enhanced version of taxol
conjugated to a polyglutamate polymer that has
recently been fast track designated by the FDA for
the treatment of advanced non-small cell lung cancer
in women. In this context, polyproline polymers are
also attracting much attention because of their ther-
apeutic potential. Polyproline is soluble in water, and
thus, has been used to solubilise poorly water-soluble
proteins obtained by recombinant techniques. Most
of these proteins, such as interferons and inter-
leukins, are of high therapeutic interest. Polyproline
polymers have also found use in affinity chromatogra-
phy for the purification of platelet profilin. Recently,
dendrimers composed of polyproline branches have
been shown to be actively internalised by rat kidney
cells and to entrap the antibiotic ciprofloxacin.

Polyamino acids are most conveniently synthesised by
polymerisation of the corresponding amino acid N-
carboxyanhydride. However, the case of proline is
unique among coded amino acids as the a-amino
group is bound to the side chain, thereby yielding a
cyclic secondary amine (pirrolidine) and showing
some conformational restrictions. These features
probably underlie the poor synthetic yields obtained
using currently available methods for o:-amino acid N-
carboxyanhydride (NCA) formation. Generally speak-
ing, NCAs are achieved by treatment of the corre-
sponding amino acid with phosgene, the so-called
Fuchs method. In the case of proline, in contrast to
other amino acids, the N-carbamoyl intermediate
does not cyclise spontaneously, and the use of a non-
nucleophilic base, typically a tertiary amine, is
required for cyclisation to the NCA.

Procedures described in the literature require slow
addition of solutions of phosgene at low temperature
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and the use of tertiary amines, such as triethylamine,
which are difficult to remove and appear in variable
amounts in the final crystallised proline NCA product.
We are working on the preparation of Pro-NCA in high
yields and purities using solid triphosgene and poly-
mer-bound bases. We have recently reported a new
procedure for the preparation of proline NCA in high
yield and purity using polymer-supported tertiary
amines. The polymer-supported amine can be recy-
cled with a basic wash and filtration of the resin. The
procedure facilitates the efficient preparation of
polyproline polymers of potential therapeutic inter-
est (Gulin et al, 2006; see Figures 5 and 6.)

Computer-aided molecular design

One of the goals of computational chemists is to
automate the de novo design of bioactive molecules.
Despite significant advances in computational
approaches to ligand design and binding energy eval-
uation, novel procedures for ligand design are
required.

Several research groups currently focus on the devel-
opment of methodologies for the design of peptidic
drugs. Structure-based drug design is an example of
an effective technique, whereby the design process is
tackled as an engineering problem, and high-through-
put screening (HTS) of numerous compounds from
combinatorial libraries is performed against a known
target. We have recently proposed (Belda et al, 2005)
a new in silico approach, dubbed ENPDA (Evolution-
ary structure-based de Novo Peptide Design
Algorithm), which is a hybrid of the two aforemen-
tioned strategies. This approach allows the screening
of large numbers of candidate peptides that are
derived from a semi-rational process involving evolu-
tionary computation.
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Figure 5. Synthesis of Proline NCA.
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We use evolutionary algorithms to generate potential
peptide ligands of a given protein by minimising the
docking energy between the candidate peptide ligand
and a user-defined area of the target protein surface,
or surface patch. To achieve this goal, an algorithm
must address two main tasks. First, this high-dimen-
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Figure 6. Polymer-bound tertiary amines used for the preparation
of Proline NCA.
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Our research activities focus on the synthesis of biologically active compounds for the various stages of drug
development. Several of our projects address the development of basic synthetic methodology, with special
emphasis on asymmetric synthesis. Others are devoted to the synthesis of compounds of known therapeutic
interest, for which the emphasis is placed on the reliability, efficiency and scalability of the processes. Finally,
other projects concern drug discovery and aim to prepare chemical libraries for biological screening.

Asymmetric catalysis. Basic synthetic methodologies
New strategies in the Pauson-Khand reaction

The Pauson-Khand reaction (PKR) is one of the most
powerful reactions for the preparation of cyclopen-
tanic compounds. The PKR is a cobalt-promoted or
catalysed cycloaddition between an alkene and an
alkyne with insertion of a carbon monoxide molecule
to give a cyclopentenone. We use these cyclopen-
tenones as starting materials for the synthesis of bio-
logically active substances.

A ligand-based asymmetric version of the PKR must
include a diastereoselective coordination step of the
ligand with the cobalt carbonyl complex of the
alkyne. Over the last year, we have studied how non-
bonding interactions enhance the selectivity of this
coordination. Finding the key for a high selectivity
would open the door to development of a practical
asymmetric version of the PKR.

With our hemi-labile P,S-ligands (CamPHOS and
PuPHOS), we have disclosed how a non-classical
hydrogen bond contact within the ligand and the
dicobalt carbonyl substrate can dramatically increase
selectivity (Sola et al, 2005; Sola et al, 2006).
Although these results are significant due to the nov-
elty of our approach, the use of the resulting
diastereomerically pure complexes in the intermole-
cular PKR suffer several drawbacks. (See Figure 1.)

A new family of ligands for metal-catalysed
reactions
To overcome the problems associated with the afore-

mentioned approach, we designed a second genera-
tion of hemi-labile P,S-ligands. We synthesised these
unprecedented, chiral non-racemic N-phosphinosulfi-
namides, and found that these ligands bound to
dicobalthexacarbonyl complexes with high selectivi-
ty. The resulting complexes were successfully applied
to the asymmetric PKR. The importance of these
results led us to file a patent (Spanish application
EP2006-02665) for these compounds and their use in
PKR, before publishing the results. (See Figure 2.)
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Figure 1. Diastereoselective coordination of P,S-ligands directed by a non-classical
hydrogen bond.
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Figure 2. New N-phosphinosulfinamide ligand and their use in enantioselective Pauson-
Khand reactions.
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Figure 3. X-ray diffraction of a palladium complex of our N-phosphinosulfinamide

ligand.
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Figure 4. Complexes stabilized by hydrogen-bond interactions. An approach to new
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adduct.

Application of the new N-phosphinosulfinamide lig-
ands to other metal-catalysed processes is now being
studied in our labs. The chemical nature of these lig-
ands makes several coordination modes possible for a
determined metal centre. Thus, they can act as mon-
odentate ligands through phosphorous, or alterna-
tively, as bidentate ligands through either phospho-
rous-oxygen or phosphorous-sulfur. To date, we have
determined the structure of a palladium complex in
which the ligand acts as a monodentate ligand.
Interestingly, even in this case, these ligands provide
a highly asymmetric environment around the metal
centre. (See Figure 3.)

Assemblies of small molecules in asymmetric

catalysis
We are currently studying catalytic reactions that do
not use metal catalysts - also known as

organocatalysis - with the aim of developing useful
and clean asymmetric methodologies. One of our
approaches is to form 1:1 complexes of organic
molecules that could work in tandem as a catalyst. It
is known that 1,2-diamines and 1,2-diols form 1:1
complexes in solution and in solid state. We are now
exploring whether these 1:1 complexes can work as
catalysts in the asymmetric Diels-Alder reaction via
hydrogen bond activation of the substrates. We are
also exploring the activation of these reagents
through their complexing to chiral molecules via non-
bonding interactions. In particular, we are studying
the complex formation capacity of chiral piperazines
and their corresponding salts. The ultimate goal is to
activate oxidising agents such as oxone (sodium
peroxomonosulfate), and to use these complexes in
the asymmetric oxidation of pro-chiral substrates.
(See Figure 4.)

Synthesis of biologically active compounds
Synthesis of five-membered ring compounds

As mentioned above, one of the best ways to prepare
five-membered ring compounds is by the PKR.
Prostaglandins are among the most important
cyclopentanic compounds since they exhibit a wide
variety of functions and biological activities. Some
recently developed drugs are synthetic analogues of
prostaglandins. Phytoprostanes are not as well-
known. However, in the last few years, interest in
their biological activity has increased considerably.
These compounds have in common a cyclopentenone
or a hydroxycyclopentenone ring, making them suit-
able substrates for synthesis by Pauson-Khand chem-
istry. In collaboration with Prof P Evans (Trinity
College, Dublin), we have transformed the Pauson-
Khand adduct of trimethylsilylethyne and norbornadi-
ene into several dehydroisoprostanes (dPPJ1; see
Figure 5). We are currently working on the transfor-
mation of Pauson-Khand adducts into prostaglandines

@&



and phytoprostanes. We have also prepared a chemi-
cal library that has been tested in the search for spe-
cific inhibitors of beta-catenin.

Enantioselective synthesis of amino acids and
amino alcohols

Amino alcohol fragments are present in many natural
compounds such as aza-sugars, amino sugars, amino
acids or sphingosines. We are currently working on
the enantioselective synthesis of all these families of
compounds, by developing convergent approaches
based on the regioselective opening of epoxides, or
sulfates, prepared by Sharpless asymmetric epoxida-
tion (SAE) or dihydroxylations (AD).

We have recently published a methodology for the
preparation of a-hydroxy-B-amino acids (Alonso et al,
2005), which has been applied to a practical, scala-
ble synthesis of (2R, 3R)-2-amino-3-hydroxy-3-cyclo-
hexylpropanoic acid, a key component of the anti-
inflammatory and HIV antagonist drug ONO-4128
(Alonso et al, 2005; see Figure 6.)

One of our most useful approaches for the prepara-
tion of cyclic compounds is based on the use of unsat-
urated epoxides to take advantage of the ring-closing
metathesis (RCM) reaction. This year we have
described the enantioselective preparation of all
stereoisomers of 6-amino-cyclohex-3-ene-1,2-diols
(4-deoxy-3-conduramines), key building blocks for
the syntheses of a large range of natural products.
Moreover, diastereoselective dihydroxylation of the
compounds provided a new family of aminocyclitols
(deoxyinosamines; Alegret et al, 2006). These com-
pounds have been tested as potential B-catenin
inhibitors, as explained below. (See Figure 7.)

Synthesis of new chemical libraries

for drug-discovery

Synthesis of specific inhibitors of B-catenin

This project is being developed in collaboration with
Prof Mireia Dunach (UAB) and Prof Antonio Garcia de
Herreros (UPF).

The progressive accumulation of nuclear B-catenin
that deregulates cellular proliferation, differentia-
tion, and migration has been described as an initial
event for the development of colonic tumourigenesis.
In addition to its structural role in epithelial junc-
tions, B-catenin activates TCF-4-mediated transcrip-
tion of genes required for cell proliferation. (See
Figure 8.)

Our hypothesis is that tumour progression can be
arrested by blocking the aberrant transcription medi-
ated by B-catenin. Our main goal is to identify of
small molecules that specifically block [-catenin-
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Figure 7. Synthetic approach to deoxyconduramines and aminocyclitols.

Figure 8. Double role of f-catenin: as a regulator of adherent junctions and as a
transcriptional co-activator of genes involved in tumorigenesis.
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mediated transcription, which is essential for tumour
development. These molecules could therefore be
potentially active in colon tumour treatment.

We are searching for small molecules that do not
alter the interaction of B-catenin with: a) factors
involved in the establishment of adherens junctions
(E-cadherin, a-catenin) and b) factors involved in the
degradation complex (APC, axin). To this end, we
have prepared several chemical libraries that have
been screened in Dunach and Garcia de Herreros lab-
oratories. We have tested a library based on the PKR,
a library of amino alcohols, several non-natural
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This year we have started a new project in collabora-
tion with BCN-Peptides. A leader in API peptides, this
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several adequately protected mesityl amino acids,
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these new compounds is now being tested.
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The drug discovery process relies on the preparation of key bioactive compounds in pure form. Therefore, syn-
thetic and purification technologies are critical for the development of this kind of project. Exploration in new
reactivity pathways dealing with heterocycles (structures frequently found in drugs), new types of peptide-like
molecules and the efficient separation of enantiomers constitute methodological tools in the first steps of drug
discovery. Our main objective is to obtain new molecules to be applied in the biomedical field. To this end, our
approach is based on heterocyclic and peptide synthesis. Our main therapeutic targets are cancer, AIDS, and
infectious processes. Using several chromatographic and related technologies, we also study chiral molecules
as a tool in the separation of enantiomers and other products of high added-value. We focus on the develop-
ment of new synthetic pathways for the rapid and efficient synthesis of heterocyclic systems. In this regard,
we explore new multi-component reactions using nitrogen and oxygen heterocycles.

Conformationally constrained peptidomimetics

We select known peptides of structural and bioactive
interest to be used as models, and we synthesise
small libraries of constrained derivatives designed by
pharmaco-modulation. Once purified and fully char-
acterised, the new molecules are submitted to struc-
ture-activity relationship (SAR) studies in order to

improve the lead compounds. We are currently work-
ing on four peptide models of relevance in several
pharmacological fields. However, the synthetic meth-
ods, the structural studies, and the biological
approach are similar. In the case of antibiotics acting
on the prokaryote cell membrane, structural studies
have shown that some of the compounds aggregate,
a characteristic required for the activity. The first
collection of compounds has been sent to the
Hospital Clinic in Barcelona for biological activity
determination (MIC determination), and we are start-
ing assays on model liposome membranes (Lopez et
al, submitted). In the second line of research, on
inhibitors of the dimerisation of HIV1-PR, libraries
have been synthesised by combining solid phase syn-
thesis (SPS) and synthesis in solution (SS), and the
compounds have been tested in vitro and in vivo.
Most of the compounds inhibit HIV1-PR activity, and
our calculations indicate a dissociative behaviour.
However, only one compound showed some activity
on cells resistant to HIV1-PR, which indicates that
maybe the mode of action may not be that expected
(Pinyol et al, submitted). Additional research efforts
have addressed the synthesis of the lactams used.

Two other lines of research, pseudo-miraziridines and
pseudo-melanotans, seek to identify anticancer
agents. We have successfully synthesised lactams for
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Figure 1. Stereoview of cyclo(Phe-Pro-Lys-{Ser-Thr}-Ala-lle-Pro). The lactam ring
corresponding to {Ser-Leu} of this y-stylostatin is on the right side of the molecule.
The Ile-Pro w bond is in a trans conformation.



the production of pseudo-miraziridines, and library
production has started. All compounds will be sub-
jected to biological assays. For pseudo-melanotans,
we are currentlybuilding the lactams. Since the mod-
els have proved adequate, and the biological fields
are hot subjects in drug development because of
social health repercussions, we plan to continue
searching for improved derivatives. Two PhD theses
will be defended in a few months (Pinyol E and Lopez
P). (See Figure 1.)

Synthesis and reactivity of bioactive heterocycles

We study new reactivity pathways for relevant hete-
rocycles (pyridines, indoles, oxygen-heterocycles,
etc). Our main goal is to develop efficient synthetic
methodologies for the preparation of bioactive com-
pounds. Recently, we have started a project for the
incorporation of N- and O-heterocycles in multi-com-
ponent reactions (MCRs). In these processes, several
molecules react to afford a single product, thereby
increasing molecular diversity and exploratory power.
These features make this approach very powerful in
the development of SAR studies of drug-like com-
pounds. We have designed new multicomponent pro-
cedures with pyridine derivatives, the most frequent-
ly found subunit in drugs, (substituted pyridines,
quinolines and other azines, dihydroderivatives, etc)
and oxa-heterocycles (5- and 6-membered rings, such
as those present in carbohydrates and other bioactive
compounds). The MCRs we have developed fall into
two main classes: the Mannich-type processes
(Povarov-like reactions) and the isonitrile-derived
transformations (Ugi and Passerini reactions). These
two classes have in common the search for structural
diversity, selectivity and the practical character of
the protocols to be developed. In this regard, we
have reported the feasibility of using dihydropy-
ridines (NADH analogues) as the azine components in
MCRs (Carranco et al, 2005). The extension to oxygen
heterocycles included a 4-component reaction which
allowed the preparation of adducts derived from
cyclic enol ethers (including glycals), amines, aldehy-
des and nucleophilic reagents called terminators,
such as water, alcohols and thiols (Jiménez et al,
2005). For the Passerini and Ugi processes, we have
developed several interesting transformations of
dihydropyridines and cyclic enol ethers, which allow
the straightforward carbamoylations of these privi-
leged structures (Masdeu et al, 2006; Williams et al,
2006). We are currently exploring the bioactivity of
the scaffolds prepared in collaborations with the
groups led by Antoni Riera (IRB Barcelona) targeting
B-catenin antagonists, Ernest Giralt (IRB Barcelona)
aiming at the identification of proline oligopeptidase
inhibitors, and Pelayo Camps (University of
Barcelona) on the rapid synthesis of designed acety-
lcholinesterase inhibitors with anti-Alzheimer proper-
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ties. An overview of the structures available from the
MCRs is shown in Figure 2.

Enantioselective molecular recognition

Our main objective is to study the enantioselective
recognition mechanism and its application to the sep-
aration of enantiomers, both at the analytic and the
preparative level. This line of research involves the
use of low molecular weight chiral selectors (derived
from enantiomerically pure alpha-amino acids) and
chiral macromolecules (derived from polysaccha-
rides). In this regard, during the last year and taking
advantage of our previous experience in the derivati-
sation and manipulation of polysaccharide (cellulose,
amylose and chitosan) derivatives broadly used in
enantioselective HPLC, we have applied, for the first
time, this kind of material to the separation of the
enantiomers of several chiral drugs by Centrifugal
Partition Chromatography (CPC) (Pérez and
Minguillon 2006b; Pérez et al, 2006). CPC is a separa-
tion technique that involves two liquid phases which
has only recently been successfully applied to enan-
tioseparation (Pérez and Minguillon, 2006a; Delgado
et al, 2005). Our interest is also focused on the
preparation of materials for membrane separations.
Recently, a collaboration with C Palet’s group intro-
duced us to membrane technology and since then
diverse derivatised polymers have been prepared and
studied using this technology (Gumi et al, 2005; Cano
et al, 2006). Moreover, diverse chiral selectors
derived from L-proline have been used as carriers in
liquid membranes (Gutiérrez et al, 2006). The enan-
tiomeric transport observed using this set-up is close-
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Figure 2. Available scaffolds from the MCRs with O- and N-heterocyles.
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Figure 3. A) (left) Elution profile for the separation of pindolol enantiomers using a
centrifugal partition chromatography device (right). B) (right) evolution of
enantiomeric excess in the enantioselective transport of N-(3,5-dinitrobenzoyl)-(R)-
phenylalamine through membranes containing L-proline derivatives as chiral selectors.

ly related to the enantioseparation that occurs when
using CPC. Both are biphasic liquid systems that are
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easy scalable to preparative/industrial dimensions,
which accounts for the relevance of the preliminary
results obtained. In parallel, we are also involved in
the search for new chiral selectors. We have recent-
ly prepared and tested new polyproline-derived chi-
ral selectors in enantioselective HPLC (Sancho et al,
2006). The resulting chiral stationary phases showed
outstanding loading capacities (amount of racemate
that can be processed in a single run). This property
is of particular interest for preparative applications.
As for polysaccharide derivatives, the adoption of
helical conformations for this kind of chiral selector
allows the presence of multiple identical recognition
microenvironments, thereby explaining the high load-
ability characteristics of the two materials. At pres-
ent, we are also addressing the enantiorecognition
phenomenon from a more fundamental point of view.
Thus, the chiral selector/enantiomers association is
examined using several appropriate techniques avail-
able in our lab. Diverse NMR techniques, titration
experiments, large-small molecule saturation trans-
fer difference (STD) experiments among others, are
in course. (See Figure 3.)
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Colorectal Cancer (CRC) is one of the leading causes of death by cancer worldwide, killing around 400,000 peo-
ple each year. Most colorectal tumours develop as benign lesions but a small proportion progress to more malig-
nant stages when the appropriate alterations in oncogenes and tumour suppressor genes occur. The final and
deadliest step in CRC progression is the metastatic dissemination of colorectal cancer cells to other organs,
mainly the liver. Our lab studies the initiation of CRC and its progression from the early stages to the forma-
tion of aggressive tumours. We develop and examine cell and animal models that mimic this devastating dis-
ease. The ultimate goal is to obtain information that allows us to design new therapeutic and diagnostic tools.

Colorectal Cancer initiation and Wnt signalling
Around 70 % of all CRCs show homozygous inactiva-
tion of the Adenomatous Polyposi Coli (APC) tumour
suppressor gene. This genetic alteration results in the
activation of the Wnt signalling pathway and the con-
stitutive transcription by the B-catenin/Tcf complex.
Loss of APC function is present throughout the
sequence of intestinal carcinogenesis (ie, from
benign adenomas to fully malignant CRC and metas-
tasis). Even the earliest precursors of colorectal
tumours, the so-called dysplastic crypts, show muta-
tional activation of the Wnt pathway. In mice, acti-
vating mutations in Wnt signalling pathway compo-
nents lead to the formation of dysplastic crypts and
benign adenomas similar to the preneoplastic lesions
developed by humans. Together, these observations
have led to the notion that constitutive transcription
by the B-catenin/Tcf complex is the key step for ini-
tiation of CRC (reviewed in Sancho et al, 2003;
Sancho et al, 2004)

Given the relevance of Wnt signalling for CRC cancer,
we undertook the identification of the gene pro-
gramme targeted by B-catenin and Tcf in the intes-
tine. We identified a set of 100 genes which expres-
sion was driven by the B-catenin/Tcf complex in CRC
cells. We showed that this genetic programme is also
expressed by normal progenitor and stem cells of the
intestinal epithelium, which receive physiological
Whnt signals. Since this seminal finding, a main objec-
tive of our research has been to decipher the instruc-
tions given by B-catenin/Tcf to intestinal progenitors
and CRC cells. Our and other laboratories have shown
that B-catenin/Tcf appears to dictate three different
sets of instructions that collectively regulate the

biology of normal and transformed intestinal cells.

The core module of instructions enforces the undif-
ferentiated-proliferative phenotype of progenitor
crypt cells. Mice genetically manipulated to block j3-
catenin/Tcf activity in the intestine lack proliferative
progenitors (Korinek et al, 1998; Pinto et al, 2003).
Conversely, APC deficiency in the intestinal epitheli-
um leads to an enormous amplification of the progen-
itor compartment at expenses of the differentiated
compartment (Sansom et al, 2004). This core set of
instructions also determines the proliferative-undif-
ferentiated phenotype of CRC cells.

The second module of the B-catenin/Tcf programme
is necessary for Paneth cell maturation (van Es et al,
2005; Andreu et al, 2005). Paneth cells are a secreto-
ry cell type localised close to the bottom of the
crypts in the small intestine that display prominent
nuclear B—catenin localisation.

EphB receptors and cell positioning in the crypts

The third module of instructions controls the com-
partmentalisation of epithelial cells along the crypt
axis and regulates their ordered migration (Batlle et
al, 2002). The main effectors of this function are the
B-catenin/Tcf targets EphB2 and EphB3, two mem-
bers of the Eph family of receptors. Eph receptors
comprise the largest subgroup of receptor tyrosine
kinases characterised for binding to membrane teth-
ered ligands known as ephrins (Pasquale, 2005). Eph
receptors act as a pathfinding clues for migrating
cells or in the establishment of boundaries between
different cell populations during embryonic develop-
ment (Pasquale, 2005). This function has been associ-
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ated with their ability to provoke cell repulsion upon
activation by ephrin ligands. In the intestine, B-
catenin/Tcf drives the expression of EphB2 and EphB3
in epithelial cells located at the crypt base, ie, stem
cells and their immediate descendants as well as
Paneth cells. We demonstrated that EphB2/EphB3
double mutant mice show defects in cell positioning
in the crypts that include loss of the boundary
between the proliferative and differentiated com-
partments, abnormal migration of precursor cells
along the crypt axis and lack of compartmentalisation
of Paneth cells at the bottom of the crypts (Batlle et
al, 2002).

In our laboratory at the IRB we are trying to under-
stand the molecular basis of cell positioning mediat-
ed by EphB receptors in the intestinal epithelium. We
have recently generated an in vitro model that mim-
ics EphB-ephrinB interactions by epithelial cells. We
took advantage of the fact that several cell lines do
not express EphB or ephrinB molecules to generate
two populations of the same cell line that express
either EphB receptors (plus GFP) or ephrinB ligands
(plus RFP). Co-culture of EphB and ephrinB-express-
ing cells resulted in cell-cell contact activation of
EphB-ephrinB bi-directional signalling. Analysis of
cell dynamics in this in vitro model has revealed that
EphB signalling induces repulsion, restricts cell inter-
mingling and compartmentalises the growth of
epithelial intestinal cells (Figure 1, Palomo S,
Cortina S, Gallego L, Huma M, Jonkheer S, Soriano P,
Sancho E and Batlle E. EphB receptors suppress col-
orectal cancer by compartmentalising tumour cells,
submitted). We are currently using this model to
identify and dissect the functions of EphB down-
stream signalling.

EphB receptors and colorectal cancer progression

We initially suspected the role of EphB receptors as
suppressors of CRC progression after analysing the B-
catenin/Tcf target gene programme in a collection of
human CRC samples at different stages of malignan-
cy (Batlle et al, 2005). Dysplastic crypts and small
adenomas retained expression of most (3-catenin/Tcf
targets present in crypt progenitors pinpointing a
common tumour initiation mechanism through muta-
tional activation of the Wnt signalling pathway. These
initial lesions showed homogenous EphB2, EphB3 and
EphB4 expression in all cells at equivalent levels to
that of normal crypt progenitors. Strikingly, the
majority of colorectal carcinomas contained more
than 50% EphB receptor negative cells despite evi-
dent nuclear B-catenin localisation. (See Figure 2.)

Does loss of EphB expression confer any advantages
to CRC cells? The results of our genetic experiments
were unequivocal. We engineered mice where the
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APCmin mutation was placed in a genetic background
with low EphB activity. APCmin/+ mice develop benign
intestinal lesions such as dysplastic crypts and adeno-
mas as a result of constitutive activation of the Wnt
signalling pathway. In the absence of EphB activity,
tumour progression in the large intestine of APCmin/+
mice is strongly accelerated resulting in the develop-
ment of aggressive colorectal adenocarcinomas.
Therefore, while constitutive activation of the Wnt
signalling pathway is required for the initiation of
tumourigenesis (transition from normal epithelium to
early adenoma stage), not all the instructions codi-
fied within the B-catenin/Tcf crypt progenitor pro-
gramme promote tumourigenesis. Rather, the module
that specifies cell positioning seems to block tumour
progression beyond the earlier stages.

Tumour compartmentalisation: a new mechanism
of tumour suppression?

At the onset of tumourigenesis, APC mutant-cells are
confined to the epithelium within the so-called dys-
plastic crypts. These tumour-founder cells expand
laterally and repopulate the surrounding crypts with
their mutant descendants. It is during this initial
phase that EphB+ tumour cells are continuously in
contact with normal epithelial cells expressing
ephrinB ligands. An attractive hypothesis that we are
currently testing is that tumour cells are forced to
respect the boundaries imposed by EphB-ephrinB
interactions much like normal progenitors and paneth
cells are compartmentalised in the healthy tissue.
Silencing of EphB receptors would generate a subset
of tumour cells with unrestricted capacity for repop-
ulating the epithelium. Alternatively, EphB receptors
could also suppress tumour progression in more
advanced stages. Thus, a fundamental issue is to
identify the ephrinB+ territories that restrict the
colonisation of EphB+ tumour cells during CRC pro-
gression. We have analysed the expression patterns
of all ephrin ligands in a panel of intestinal tumour
samples from patients. We have identified four
potential sites of ephrinB-EphB interactions; the nor-
mal epithelium, mesenchyme, blood vessels and

Figure 1. Examples of co-cultures of epithelial cells infected with lentivirus bearing
GFP, EphB2-GFP or ephrinB1-RFP cDNAs. A dramatic cell sorting and compartmentalisa-

tion occurs in EphB-GFP/ephrinB1-RFP co-cultures (arrows).

@

| RFP I GFP RFFP { EFHB2 | EFNB1 / EPHB2



IRB Barcelona Annual Report 2005-2006

][ EphBd ]
=
- J
iy .- I e

&‘ )\

1. & i
Sy 2 o gt " e
e 3 e ag Al
A B & g

x 1' *-;:.,,g vﬁ"f‘

Figure 2. An early colorectal adenoma (dashed line) showing prominent nuclear
B-catenin (b) accumulation and expression of EphB receptors (c and d). The arrows
indicate normal crypt progenitor cells which also stain positive for EphB receptors.

lymph nodes. We are studying the relevance of the
different EphB-ephrinB interactions for tumour pro-
gression by generating in vitro and in vivo models
that mimic these scenarios.

The mechanism of EphB silencing during tumour
progression

While genetic alterations or epigenetic silencing in
individual EphB genes have been identified in a frac-
tion of CRCs, our observations indicate that EphB2,
EphB3 and EphB4 are co-ordinately silenced in the
majority of CRC samples (Batlle et al, 2005). Thus, it
is unlikely that mutations, LOH or methylation
account for the coordinated silencing of all three
EphB genes during CRC progression. In the great
majority of cancers downregulation of EphB recep-
tors occurs at the mRNA level (Batlle et al, 2005).
EphB expression is fully dependent on B-catenin/Tcf
activity yet many CRCs and cell lines downregulate
EphB levels despite constitutive activation of the Wnt
signalling pathway. Together, these observations
point to a common mechanism of transcriptional
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Last year alone, more than half a million people worldwide died of Colorectal Cancer (CRC), making CRC the
second cause of death by cancer. Most sporadic colorectal cancers arise from adenomas that initially are benign
and occur frequently: approximately 50% of the Western population develops an adenoma by the age of 70.
However, the development of a full-blown malignant colorectal tumour is a progressive process that often takes
several years. During this period, the progression of the disease appears to follow a precise series of molecu-
lar events, requiring the accumulation of mutations in proto-oncogenes and tumour suppressor genes in these
initially benign lesions. Access to specimens of CRC at different stages of the malignancy has allowed the analy-
sis of the molecular alterations most frequently associated with each step of the disease (reviewed in Sancho
et al, 2004). Our research aims to decipher the molecular instructions that underlie the signalling pathways
that are altered in CRC and are responsible for the initiation and the progression of the disease.

WNT signalling and the initiation of CRC

Around 70% of sporadic colorectal tumours show bial-
lelic inactivation of the APC gene (Adenomatous
Polyposis Coli). A high percentage of remaining
tumours show activating mutations in B-catenin or
axin. These molecules are all components of the Wnt
signalling pathway. Activating mutations of the Wnt
signalling pathway are the only known genetic alter-
ations present in early premalignant lesions in the
intestine, such as aberrant crypt foci and small ade-
nomas. In various animal models, activating muta-
tions in this pathway effectively initiate tumourigen-
esis in the intestine in a process characterised by the
formation of displastic cripts and adenomas similar to
those found in humans. Therefore, it is widely
accepted that constitutive activation of Wnt sig-
nalling caused by mutations in components of the
pathway is responsible for the initiation of CRC
(reviewed in Sancho et al, 2004). (See Figure 1.)
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Mutations in Wnt signalling components that lead to
CRC result in the stabilisation and accumulation of (3-
catenin in the nucleus, and, as a result in increased
transcriptional activation mediated by the j-
catenin/TCF complex. Therefore, the transactivation
of B-catenin/TCF target genes is believed to repre-
sent the primary transforming event in CRC. A few
years ago we undertook the identification of the
genetic programme driven by B-catenin and Tcf in
CRC cells. We engineered CRC cell lines bearing acti-
vating mutations of the Wnt pathway, which allowed
us to block the constitutive B-catenin/Tcf mediated
transcription in an inducible manner (Van de
Wetering et al, 2002).

Gene expression profile analysis of CRC tumour cells
before and after blockage of B-catenin/TCF activity
revealed a set of approximately 100 target genes. We
have analysed the expression pattern of these mole-
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Figure 1. Genetic alterations frequently associated with CRC tumour progression.
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cules in tumours and confirmed that are consistently
expressed in dysplastic crypts and adenomas.
Strikingly, we found that the same genetic pro-
gramme was expressed in normal non-transformed
intestinal progenitors cells at the bottom of the
crypts (Van de Wetering et al, 2002). (See Figure 2.)

These observations were unexpected since at the
time it was believed that de novo activation of wnt
signalling in tumour cells was the initial event trig-
gering transformation. Our additional research
efforts demonstrated the presence of B-catenin, and
thus physiological wnt signalling, in the nucleus of a
few cells at the bottom of the crypts where the intes-
tinal progenitors reside. These findings led us to pro-
pose that in CRC the first step towards malignancy
consists of the acquisition of a crypt progenitor-like
phenotype (Van de Wetering et al, 2002). Our hypoth-
esis has signified a milestone in the field and has
completely changed views on the initiation of CRC.

Animal models in which Wnt signalling has been
genetically manipulated support this notion. Mice
deficient for Wnt signalling in the intestine, either
through the expression of a transgene encoding the
Wnt signalling inhibitor Dickkopf (DKK) or TCF4-defi-
cient mice lack progenitors in crypts (Pinto et al,
2003; Korineck et al, 1998), whereas conditional
deletion of the tumour suppressor APC leads to an
abnormal expansion of the progenitor compartment
of the crypts, at the expense of the compartment
containing differentiated cells (Sansom et al, 2004).
(See Figure 3.)

In addition, we have described that blockage of Wnt
signalling in CRC cells leads to cell cycle arrest and
differentiation, despite the presence of multiple
other mutations in other pathways, indicating that -
catenin/TCF activity is the main mediator of CRC
cell proliferation. Amongst the target genes under
the control of B-catenin and TCF, we identified the
oncogene c-myc as the critical molecule for prolifer-
ation of CRC cells through the repression of the cell
cycle inhibitor p21ciei/waft (Van de Wetering et al,
2002). Consistent with c-myc being an essential
executor of B-catenin/TCF instructions in the mainte-
nance of the progenitor proliferative phenotype,
mice deficient for c-myc in the intestine show a rapid
loss of progenitors in intestinal crypts (Muncan et al,
2006).

Having identified that the initial event triggering
transformation is the blockage of founder tumour
cells into a progenitor phenotype, our lab now seeks
to identify differences between the true physiologi-
cal progenitors and initial founder mutant cells.
During this year we have started a project to identi-
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Figure 2. Expression pattern of EphB2 (A,B) and Carbonic Anhydrase Il (C,D) in early
tumour lesions. EphB2, an example of a target gene under the control of p-
catenin/ TCF, is expressed by tumour cells from displastic crypts (A, black arrows), but
also by normal progenitor cells at the bottom of intestinal crypts (B, black arrows). In
a complementary fashion, the differentiated marker carbonic anhydrase Il is expressed
only in the top half of the crypts and surface epithelium (C,D black arrows), and is
absent from tumour lesions (C, white arrows). This expression pattern is observed for
the B—catenin/Tcf target genetic programme identified so far.

fy tumour-specific molecular targets susceptible to
being targeted by the pharmaceutical industry. These
will be particularly useful for patients suffering
Familial Adenomatous Polyposis (FAP). These patients
inherit a mutation in APC and as a result of a loss of
heterozygosity (LOH), they develop hundreds of
polyps in the intestinal tract and therefore, are pre-
disposed to the development of malignant CRC. Our
studies are also oriented towards the identification of
the nature of the founding CRC cell and the mecha-
nisms by which it escapes cell renewal. These studies
may shed additional light on specific pathways that
may be targeted to block CRC progression. Likewise,
in collaboration with Dr. Eduard Batlle’s laboratory,
we intend to identify the core set of instructions
imposed by Wnt signalling mutations that remains
unaltered throughout the carcinogenetic process.
This will be addressed through systematic analysis of
CRC samples at distinct stages of the disease. The
results from this analysis will yield crucial data
regarding molecular targets for CRC at all stages of
the malignancy.
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Figure 3. Schematic representation of a colon crypt in relation to wnt signalling and
proposed model for the initiation of colorectal cancer. The proliferative compartment
of intestinal crypts is maintained by the target gene program directed by [-catenin/Tcf
in response to wnt signals. When these cells physiologically down-modulate p-
catenin/Tcf activity, they cease proliferation and differentiate. Cells mutant in
components of wnt signalling (APC, [-catenin, axin) become independent of these
signals, exhibit constitutive activation by p-catenin/Tcf, and are blocked in a progenitor

proliferative phenotype.
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TGF-B signalling during CRC progression

In recent years, some of the leading scientific teams,
including ours, have pointed out that the emerging
and progression of CRC can be explained by some
concepts from the Darwinian evolution model. Under
this view, the sequence of mutations acquired during
CRC progression (Figure 1) can be understood as if
colorectal tumours evolve through a series of bottle-
necks or restriction points at which only those cell
cells acquiring the correct mutational event expand
and progress to the next stage of malignancy. Our

cwmr:rf:ﬂ:;;mm research activities seek to determine how the acqui-
phenotype sition of mutations in other signalling pathways may

modulate the initial progenitor phenotype imposed
by Wnt signalling in order to overcome the bottle-
necks associated with CRC progression.

One of the most prevalent types of mutations found
during CRC progression are those that inactivate the
TGF-B signalling pathway (reviewed in Grady and
Markowitz, 2003). Our lab currently focuses on the
role of TGF-f signalling in CRC progression. The TGF-
B pathway is involved in numerous processes in the
development and homeostasis of adult tissues. TGF-3
ligands activate the signalling pathway by binding to
TGF-B receptor type Il homodimers. Ligand-bound
receptor |l recruits TGF-B receptor | homodimers,
which are subsequently transphoshorylated and thus
activated by receptor type Il. Phosphorylation of the
intracellular mediators smads by activated receptor |
allows dimer formation with smad-4 and transloca-
tion to the nucleus where the specific outcome of the
signalling will depend on the cell type and the con-
text of the cell itself (reviewed in Shi and Massagué,
Cell 2003). Mutations found in CRC affect mainly TGF-
B receptor type Il and the intracellular smads, smad-
2 and smad-4, abolishing transcriptional activation or
repression mediated by TGF-j.

We are currently studying the transcriptional events
M controlled by TGF-B in CRC cells. We have already
" identified changes in approximately 500-genes in

» '“' response to TGF-B. Unsupervised analysis of a collec-

8 tion of tumours of known transcriptomes on the basis
of the TGF-B signature obtained in our laboratory
perfectly discriminates adenomas from carcinomas,
implying that these genes may contain the informa-
tion that drives the adenoma/carcinoma transition.
We are now dissecting this information in order to
identify TGF-B genes that play an executive role in

this transition. (See Figure 4.)

Figure 4. The TGF-j signature discriminates between adenomas and carcinomas.
Unsupervised clustering analysis of a collection of tumours of known transcriptomes on
the basis of target genes controlled by TGF-f3 signalling, clearly classifies adenomas and

carcinomas in two separate branches.
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Intricate signalling networks control cell division, differentiation, movement, organisation and death. Cancer
cells disobey these signals during tumour progression and metastasis, which is the final step in 90% of all fatal
solid tumours. Metastasis is therefore a grave public health problem and consequently a field of considerable
pharmaceutical interest. A major research focus of our group is to identify and study the genes and functions
that allow tumour cells to achieve metastatic colonisation of vital organs.

Our research focuses on the growth factors, signalling pathways, and gene expression programmes underlying
cancer cell metastasis. We study the ways in which cancer cells evade tumour suppressor mechanisms and
engage in metastatic behaviour. Focusing on a TGF-3 cytostatic programme involving the transcriptional regu-
lation of cell cycle inhibitors and growth-promoting factors, we are investigating how tumour cells evade these
gene responses in order to pursue metastatic behaviour. By combining in vivo selection of human metastatic
cells, transcriptomic profiling and functional testing, we identify genes that selectively mediate breast metas-
tasis to specific organs. Gene transfer techniques and RNAi-mediated gene silencing are used to functionally
validate candidate genes. We are encouraged by the recent validation of these findings in clinical samples.

Several of these genes encode products that are susceptible to therapeutic targeting.

The Tumour Metastasis Laboratory (Metlab), part of
IRB Barcelona’s Oncology Programme focuses on the
molecular mechanisms involved in metastasis. The
activities in this research group began in June 2006.

Current research builds, in part, on recent progress in
the analysis of the TGF-B cytostatic programme and
its evasion in metastatic breast cancer. This line of
research seeks to clarify the role of C/EBPJ transcrip-
tion factor in the TGF-B cytostatic programme in
epithelial cells. Recent results have provided a new
approach to study the molecular mechanisms that
regulate this programme. The TGF-B signalling
process is based on the formation of a TGF-B-activat-
ed receptor complex that phosphorylates SMAD tran-
scription factors, which in turn assemble molecular
complexes that regulate the expression of target
genes. Several of these gene responses act in concert
to cause cell cycle arrest. This TGF-§3 cytostatic pro-
gramme includes repression of the proliferation-pro-
moting genes c-MYC and ld1, as well as induction the
cyclin-dependent kinase (CDK) inhibitors p15INK4b
and p21CIP1 (Massagué and Gomis, 2006). Repression
of c-MYC and ld1 is mediated by a complex of SMAD
with E2F4/5 and ATF3, respectively.

FoxO factors were identified as partners of TGF-f3-
activated SMAD3 in the induction of the CDK inhibitor,

p21CIP1, in epithelial cells. In recent work, we have
taken a genetic approach to identify other TGF-J3 tar-
get genes that are regulated by a common
SMAD3/FoxO transcription complex. By using siRNA
techniques coupled with gene expression microarray
data analysis, 10 new genes whose TGF-f3 expression
is induced by the same complex were identified
(Gomis et al, 2006a). p15INK4b (Gomis et al, 2006a)
stands out among these genes. Surprisingly, a
detailed analysis of the p15INK4b promoter led to the
identification of the role of C/EBPB in p15INK4b
induction by TGF-B (Gomis et al, 2006b).

Breast cancer cells are refractory to TGF-f-mediated
growth arrest, which leads to further tumour progres-
sion and metastasis. The molecular characterisation
of TGF-B-mediated cytostasis in keratinocytes has
positioned C/EBPB at the core of this response.
Furthermore, deregulation of C/EBPP mediates eva-
sion of the TGF-B-induced cytostatic effects in
metastatic breast cancer cells. We found that the
transcription factor C/EBPJ is essential for not only
the induction of the cell cycle inhibitor p15INK4b by
a FoxO-Smad complex but also for the repression of
c-MYC by an E2F4/5-Smad complex.

Interestingly, the p15INK4b and c-MYC gene respons-
es, which are central to the TGF-f cytostatic pro-
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gramme, are selectively missing in primary metastat-
ic breast cancer cells from half of the patients with
advanced-stage diseased that we analysed.
Remarkably, this loss coincides with increased
expression of the C/EBPB inhibitory isoform LIP,
which has been implicated in tumour progression. By
normalising the LIP:LAP ratio, we restored these
TGFp cytostatic gene responses and growth inhibition
in primary metastatic cells derived from patients.
Building on this work, we will determine the mecha-
nism by which LIP expression is deregulated in
metastatic breast cancer cells.

Thus, using biochemical and molecular biology tech-
niques, primary human breast cancer cell cultures
and animal model studies, we examine the molecular
mechanisms that lead to the deregulation of the
C/EBPB function and consequent loss of the TGF-B
cytostatic response in cancer cells. In addition, our
lab activities focus on extending these findings to
other cell types in which the TGF-B cytostatic
response is either permanently or temporally absent.

The second research project initiated in our lab seeks
to identify gene groups that drive metastatic cells to
one tissue or another. Particularly, we focus on
metastatic suppressor genes and their functions in
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the metastatic process. Our initial studies are devot-
ed to the group of metastatic suppressor genes
required for breast to lung metastasis, identified in
Dr. Joan Massagué’s lab (Minn et al, 2005). For this
purpose, we use the MDA-MB-231 breast cancer cell
line model and its derivatives #4175 and #1833, which
have a strong metastatic capacity to lung and bone.
Furthermore, we are also screening new metastatic
cell populations from pleural effusions derived from
breast or lung cancer patients to identify new
metastatic gene signatures. For this purpose, on the
basis of collaborations with clinical and basic investi-
gators at the Hospital Clinic, in Barcelona, and the
Memorial Sloan-Kettering Cancer Center, in New York,
the MetLab team has initiated the isolation of
metastatic cells from pleural effusions derived from
lung and breast cancer patients. These cells are
labelled with the GFP-Luciferase-TK protein fusion
and, once injected in mice, are visualised by biolumi-
nescent techniques. From these metastatic cell pop-
ulations, highly aggressive subpopulations with tro-
pism to specific tissues will be isolated. These sub-
populations will be used to identify and validate
metastatic gene signatures by means of gene expres-
sion profile analyses and biochemical, cellular and
molecular biology techniques.
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