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INTRODUCCIÓN
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¿¿¿Cargos???

Robin Carrell es profesor de la Universidad de
Cambridge y director de uno de los grupos más com-
petitivos del Cambridge Institute of Medical Rese-
arch de Cambridge (Reino Unido). A lo largo de su
extensa carrera profesional ha conseguido unir dos
aspectos difíciles de conjuntar: clínica e investiga-
ción. Su formación como médico hematólogo le ha
marcado en su posterior dedicación científica y ha
permitido que todo su trabajo como investigador en
aspectos tan básicos como la estructura cristalográ-
fica nunca perdiera de vista el objetivo final de toda
investigación biomédica que es la de aplicarla al ser
humano y en concreto a la corrección de alteraciones
que llevan al desarrollo de enfermedades. Su ejemplo
es modelo de trabajo en la medicina del siglo XXI.

Desde un punto de vista cuantitativo, el Dr. Carrell
ha publicado más de 250 artículos. Pero las cantida-
des no son buenos indicadores. Merece la pena des-
tacar más la calidad de sus trabajos. Pocos son los
que pueden presentarse con más de 20 trabajos pu-
blicados en revistas de la calidad básica de Nature o
Science, 16 artículos en revistas punteras en medicina
como New England Journal of Medicine, Lancet o The Jour-
nal of Clinical Investigation, y cientos de trabajos en revis-
tas bioquímicas, estructurales, o hematológicas de
alto factor impacto (JBC, Blood, PNAS, etc.). Como es
obvio de tal calidad, muchos de sus trabajos han sido
referencias claves en el campo en que ha trabajado.

El inicio de su carrera se centró en el estudio de la
hemoglobina con el premio Nobel Max Perutz, para
pasar posteriormente a trabajar en hemostasia. En
los últimos 15 años, el profesor Carrell ha aportado
datos de enorme importancia que permiten conocer
las razones por las que las serpinas han sido las mo-
léculas seleccionadas por la evolución para contro-
lar rutas proteolíticas críticas para la vida, como la
cascada de la coagulación. Sus aportaciones al co-
nocimiento de la antitrombina, en especial, pero

también del inhibidor del activador del plasminóge-
no tipo 1 (PAI-1) y el cofactor II de heparina, son
cruciales. En sus trabajos demuestra la complejidad
estructural de estas moléculas y su mecanismo de
acción, y aporta nuevos conceptos como los de fle-
xibilidad estructural, o cambios conformacionales
implicados en mecanismos patológicos, que hoy son
elementos de referencia en el campo de la hemosta-
sia, la clínica trombótica (en especial el diseño de
fármacos) y la biología estructural.

Todos estos méritos han sido reconocidos inter-
nacionalmente con multitud de premios y mencio-
nes, entre las que destacamos la reciente medalla
de la Sociedad Internacional de Trombosis (ISTH)
que recibió en París el año 2001.

El profesor Carrell ha conseguido marcar hitos en
la historia de la coagulación, anticoagulación y
trombosis, precisamente el título de la lección, con
la que estoy seguro vamos a comprender mejor pro-
cesos complejos y cruciales para la vida del ser hu-
mano, pero que también son responsables de la pa-
tología tromboembólica, la principal causa de
morbimortalidad en nuestra sociedad. En su confe-
rencia también vamos a comprobar como toda la
investigación básica tiene verdadera aplicación. Y so-
bre todo, vamos a disfrutar con la forma tan senci-
lla, visual y didáctica con la que el profesor Carrell
explica mecanismos tan complejos como la coagu-
lación, anticoagulación y trombosis.

El profesor Carrell reúne todas las cualidades que
a uno le gustaría que le reconociesen públicamente.
También destaca su faceta humana. Robin Carrell es
un verdadero English Gentleman. Su atención, educa-
ción y trato humano deja huella en aquellos que lo
hemos conocido personalmente. Merece la pena
darse unos paseos por el Trinity College de Cam-
bridge en su compañía para disfrutar de su enorme
calidad personal y humana.
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Introduction
The last twenty years has seen the solving of the

major molecular mechanisms that control coagula-
tion and anticoagulation. It has long been realised1,2

that these mechanisms can be modulated to meet
the special requirements of tissues such as the mi-
crocirculation, which require principally anticoagu-
lant activity, and the arterial circulation, which gives
a high priority to coagulation and the prevention of
haemorrhage. We can now see in structural detail
how this modulation takes place, with the heparans
and thrombodulin that line the microvasculature,
switching antithrombin to an active inhibitory form,
and converting thrombin from a coagulant protease
to one that activates the anticoagulant protein C
pathway. This modulation occurs through a series of
often subtle changes in conformation which togeth-
er given an extraordinary complexity of interactions.
The advantage of such complexity is in the ability to
finally balance the coagulation processes. But the
disadvantage is the vulnerability of these intricate
mechanisms to mutations and acquired changes.
The consequence of these aberrations is thrombosis.

How antithrombin works
Antithrombin is a member of the serpin family of

protease inhibitors. The serpins have evolved an ex-
traordinary mechanism, comparable to that of a
mousetrap, that allows complete inhibition of their
target proteases3-6. Antithrombin circulates in a
metastable state with its reactive centre, like the bait
of the mousetrap, exposed exteriorly and containing
a sequence that acts as a specific substrate or bait
for coagulation proteases and, in particular, for fac-
tor Xa and thrombin (fig. 1A). As shown in fig-
ure 1B, cleavage of the reactive centre by the pro-
tease unleashes the spring formed by the reactive
centre loop, with the loop moving on its proximal
hinge to enter the main sheet of the molecule as its
central strand. In doing so, the protease is displaced
to the other end of the molecule with an accompa-
nying destruction of some 40 % of the structure of
the protease. This gives the total and effectively irre-
versible inhibition required to halt the proteolytic
cascades that otherwise lead to thrombosis. 

How heparin modulates anticoagulation
Antithrombin exists in the circulation in a rela-

tively inactive form with the key arginine at its reac-
tive centre being obscured by an internal orienta-
tion. It is only when antithrombin binds to the
heparans of the microcirculation that the reactive
loop changes conformation to fully expose the argi-
nine and hence give the active inhibitory form
(fig. 2A). The exposure of the reactive loop and the
activation of antithrombin is a consequence of the
binding of a precisely defined pentasaccharide
fragment7,8 present in both heparans and in thera-
peutic heparin preparations. The pentasaccharide,
which is highly negatively charged, binds to a patch
of positively charged arginines and lysines on the
side of molecule as indicated in fig. 2B. This bind-
ing has two consequences. As well as activating
antithrombin as an inhibitor of factor Xa, it also
provides the attachment site for longer heparin
molecules that can link to an exosite on thrombin
and hence bridge and catalyze the thrombin-an-
tithrombin complex (fig. 2B). 

Hence it can be seen how the fractionated heparins
can have selective functions. The low molecular
weight/high affinity heparins will contain a relatively
frequent presence of the critical pentasaccharide and
hence will be particularly effective inhibitors of factor
Xa. Whereas the higher molecular weight heparins will
be less selective for factor Xa, but because they are
long enough to bridge the complex they will be effec-
tive activators of the inhibition of thrombin. 

Therapeutic heparin
Heparin does not naturally exist as such in the

circulation. Therapeutic heparin is a highly sulphat-
ed and heterogeneous glycosaminoglycan derived
from the intestine of pigs. It was previously used in
unfractionated form with an average of 45 saccha-
rides per chain. But only 1 in 3 of these chains con-
tained the specific pentasaccharide. More recently
heparin has been fragmented to yield low molecu-
lar weight/high affinity forms that range from 6 to
30 saccharide units. Although these are less effi-
cient in bridging the thrombin antithrombin com-
plex, they mostly contain the pentasaccharide se-



quence and hence give more effective inhibition of
factor Xa.

Within the last two or three years, synthetic he-
parins9 have become available for clinical use, with
the natural pentasaccharide sequence giving an ef-
fective Xa inhibitor suitable for subcutaneous ad-
ministration. This pentasaccharide (fondaparinux)
has 100 % bioavailability and a half-life of 17 hours.
In another form, the modification of the natural se-
quence of the pentasaccharide by the addition of
an extra sulphate gives exceptionally strong binding
to antithrombin and results, therapeutically, in a
long-acting Xa inhibitor. Further synthetic heparins
are likely to become available including longer chain
forms that will inhibit thrombin as well as Xa. The
special advantage of the synthetic heparins is their
extraordinary specificity, with the expectation that
they are unlikely to form the secondary interactions
that result in platelet interactions with the risk of
thrombocytopaenia.

Thrombin: a coagulant and an anticoagulant
Few molecules have been better structurally stud-

ied than that of thrombin10,11. As summarised by
Huntington and Baglin12, the structures show how
evolution has adapted the molecule to give interac-
tions that alter and modulate its proteolytic func-
tion. The active site of thrombin is buried in a valley
formed by two flanking loops (60-Loop and gam-
ma-Loop in fig. 3A). These loops limit access to the
active site and hence determine the specificity of
cleavage by thrombin. Also shown in figure 3A are
the anion-binding exosites I and II. Exosite I binds
fibrinogen and is responsible for the sequestration
of thrombin in fibrin clots. This binding site is also
competed for by thrombomodulin, which as well
as blocking the binding fibrinogen switches the
cleavage preference of thrombin to the anticoagu-
lant protein C. Exosite II has a key inhibitory role in
providing the site that heparin binds to in the bridg-
ing complex with antithrombin (fig. 2C). Inevitably
the story is even more complicated than this. For ex-
ample, exosite I is competed for not only by fibrino-
gen and thrombomodulin, but also by the protease
activated receptors (PARs) of the platelets. In this
way, thrombin specificity is affected by multiple in-
teractions, depending on its tissue location and to
what it is bound.

Thrombin inhibitors
The principal inhibitor of thrombin in the plasma

is antithrombin. Therapeutically, however, there is
now much interest in specific inhibitors, several of
which are derived from blood sucking parasites and
bats. A number of peptide inhibitors have individ-
ually evolved that bind to thrombin and block its
activity as illustrated diagrammatically in figure 3B.
Examples are hirudin, a 65-residue polypetide from
the medicinal leech, that reacts with both the reac-
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Figure 1. A) Antithrombin circulates with its reactive centre
arginine (at top) obscured by its internal orientation. The
reactive loop is partially inserted into the main sheet of the
molecule with the strands of the sheet being held together by
the encircled shutter region that triggers the opening of the
sheet. B) Inhibition occurs when the protease cleaves the
reactive centre with (on the right) the insertion of the loop into
the main sheet and displacement of the protease to the other
end of the inhibitor with consequent loss, by the protease, of
ordered structure (shaded).
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tive site and exosite I. From this, various recombi-
nant modified hirulogs have been developed, such
as hirugen. The availability of crystallographic
structures has also allowed the design of synthetic
peptides, such as PPACK, that specifically block the
active site. From these derivatives have been devel-
oped, including melagatran, a small inhibitor of
thrombin, available in an orally available prodrug
form as ximelagatran. Similarly, an arginine-based
compound, argatroban, is now in use for the treat-
ment and prevention of heparin induced thrombo-
cytopaenia. 

Conclusions: Aberrations and thrombosis 
As summarised above, knowledge of the struc-

tural changes involved in the control of coagula-
tion has opened new prospects for therapy. Clini-
cally, the new understandings also provide insights
into the aberrations that result in thromboembol-
ic disorders. This is readily demonstrated with re-
spect to antithrombin. As expected, mutations
that directly effect the inhibitory activity of an-
tithrombin, such as mutations at the active centre,
result in familial thromboembolism. Mutations at
the proximal hinge of the reactive loop, or of the
shutter that triggers the conformational change
(fig. 1A), slow the entry of the loop and diminish
the inhibitory activity of the antithrombin. But this
slowing also allows the main sheet of the molecule
to open and, as a consequence, the loop of an-
other molecule to insert to give intermolecular
linkage with a variety of disadvantageous conse-

quences13,14. Alternatively, mutations in the distal
hinge of the molecule allow the insertion of the
whole intact reactive loop to give the irreversible
and inactive latent form. This form preferentially
binds the most active isoform of antithrombin in
the plasma, �-antithrombin, with a consequent
vulnerability to severe episodic thromboembolism.
Mutations at the heparin binding site cause a mild
predisposition to thrombosis in the heterozygote
due to the lack of activation as an inhibitor of Xa
and to the failure to form the bridging complex
with heparin that accompanies the inhibition of
thrombin. Such mutations usually result in a low
affinity for heparin but unexpectedly, an even more
severe disease can result from mutations that in-
crease the affinity for heparin. These are frequent-
ly accompanied by a diminution of inhibitory ac-
tivity with the seriousness of the consequences
being due to the preferential binding of the mutant
antithrombin to the sites on the vasculature that
are normally occupied by the highly active � an-
tithrombin. These are just some of the changes
that result in disease. The reassuring development
is that we can now understand in detail how each
of these dysfunctions occur. The overall conclusion
is that – as with all complex mechanisms – every-
thing that can go wrong, will go wrong! 
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Figure 2. Heparin activation of antithrombin. (A) The obscured reactive centre arginine is revealed when (B) the heparin pentasaccharide
on the right binds to antithrombin and expels the reactive loop. (C) The complex of thrombin with antithrombin is induced and stabilised
by the bridging of longer chain heparins with exosite II on thrombin. 
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Figure 3. Thrombin inhibition. A) Shows the standard orientation of thrombin indicated by the compass above and showing the
occupied active centre guarded on each side by the marked loops. The exosites indicate the principal anion binding sites involved in the
interaction of thrombin with other modifiers and tissue components. B) A diagrammatic indication of the way that a range of small
molecules block the active site and/or binding sites on thrombin. A detailed description of this figure is given by Huntington and Baglin
in TRENDS in Pharmacological Sciences12, with whose permission this figure is reproduced.
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