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ADAM a disintegrin and metalloprotease 
AGAO Arthobacter globiformis amine oxidase 
BSAO bovine serum amine oxidase 
CuAO copper-containing amine oxidase 
ECAO Escherichia coli amine oxidase 
EgFABP1 Echinococcus granulosus fatty-acid-binding protein 1 
FABP fatty-acid-binding protein 
FAD flavin-adenine dinucleotide 
GLUT glucose transporter 
GST glutathione transferase 
2HP 2-hydrazinopyridine 
HPAO Hanensula polymorpha amine oxidase 
iLBP intracellular lipid binding protein 
MAO monoamine oxidase 
NCS non-crystallographic symmetry 
PAO polyamine oxidase 
PDB Protein Data Bank 
PEG polyethylene glycol 
PPLO Pichia pastoris lysyl oxidase 
PSAO Pisum sativum amine oxidase 
SSAO semicarbazide-sensitive amine oxidase 
TPQ topaquinone, 2,4,5-trihydroxyphenyl-alanine quinone 
VAP-1 vascular adhesion protein-1 
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1. Introduction 

Proteins are involved in nearly every biological process and thus constitute 
one of the principal components of life. This group of macromolecules in-
clude enzymes that catalyze important chemical reactions in the cell as well 
as proteins that are involved in transport and storage of various ligands. Pro-
teins located in the cell membrane can act as gates that regulate the in- and 
outlet of specific molecules or are involved in signal transduction between 
the cell and its surroundings. Filamentous proteins make up the cytoskeleton, 
a cellular scaffold that maintains the shape of the cell, are involved in intra-
cellular transport of vesicles and organelles and play an important role in cell 
division. This wide variety of roles requires a large diversity in the make-up 
of proteins, each one adapted to its specific function. 

The function of most proteins is tightly coupled to their three-dimensional 
structures. Enzymes often rely on an active site that can stabilise the reac-
tants, transport proteins require an appropriate fit to the ligand and receptors 
must be able to bind their counter-molecules. Hence, structural information 
about a protein, either on its own or in complex with substrates, inhibitors, 
ligands or other macromolecules, can provide valuable clues that help us 
understand their function and mechanism of action.  

X-ray crystallography is one of the methods used in the field of structural 
biology to elucidate the three-dimensional structure of macromolecules. In 
this thesis the structure of two medically relevant proteins has been studied, 
namely of Echinococcus granulosus fatty-acid-binding protein 1 (EgFABP1) 
and of human semicarbazide-sensitive amine oxidase (SSAO), an enzyme 
that is also known as vascular adhesion protein-1 (VAP-1). 

1.1 Scope and outline of the thesis 
The results of the present investigations are described in two parts: chapter 3 
covers EgFABP1 and chapter 4 SSAO. The second chapter provides a short 
introduction to X-ray crystallography, the method that was used in this thesis 
to study the structures of EgFABP1 and SSAO. Finally, in chapter 5 some 
possible directions for further studies on SSAO are discussed. 



8

1.1.1 EgFABP1 
Echinococcus granulosus is a tapeworm that has livestock and sometimes 
humans as an intermediate host. Like other parasitic tapeworms, this organ-
ism cannot synthesise most of the lipids it requires, so these molecules must 
be aquired from the environment or the host. A 15 kDa protein identified as 
a marker of the asexual reproductive phase was shown to be involved in 
acquisition, storage and transport of lipids. This protein, termed EgFABP1, 
belongs to a family of proteins known to bind fatty acids, although their pre-
cise role is not known. We have determined the structure of this protein, and 
the results from this study are presented in chapter 3. 

1.1.2 SSAO 
Semicarbazide-sensitive amine oxidase (SSAO; EC 1.4.3.6), a.k.a. VAP-1, is 
a multifunctional protein that belongs to a family of copper-containing 
amine oxidases and catalyzes the oxidative deamination of primary amines 
to aldehydes, hydrogen peroxide and ammonia. The human enzyme exists as 
a membrane-bound protein in adipose, smooth muscle and endothelial cells, 
and in a soluble form in plasma. SSAO has been implicated in a number of 
diverse physiological processes such as regulation of glucose metabolism in 
adipocytes, differentiation from pre-adipocytes to mature adipose cells, and 
the leukocyte extravasation process. Increased levels of soluble SSAO have 
been detected in, e.g., diabetes mellitus and congestive heart failure and 
some of the complications associated with diabetes might be caused by toxic 
products of SSAO-catalysed reactions. 

SSAO is a complex protein and there are many questions to answer re-
garding the function and role of this enzyme. Knowledge of the structure of 
human SSAO would provide answers to some of these questions. In addi-
tion, the structure would contribute valuable information for the develop-
ment of specific inhibitors that might be used to alleviate some of the com-
plications associated with diabetes or as anti-inflammatory drugs. The results 
from our structural studies of SSAO are presented in chapter 4, and some 
possible directions for future investigations are presented in chapter 5. 
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2. Structure determination by X-ray 
crystallography

The three-dimensional structure of a protein is crucial for its function. Ac-
cordingly, knowledge about the structure can give valuable clues to under-
stand how a protein works. In this thesis, X-ray crystallography has been 
used to determine the structures of two proteins that are known as SSAO and 
EgFABP1.

Crystallography is an indirect experimental method that uses the diffrac-
tion patterns resulting from the interaction of X-rays with the electrons in the 
molecule to determine the relative position of its atoms. The X-ray scattering 
from a single molecule is much too weak to detect using current techniques 
and therefore crystals, which consist of millions of ordered copies of the 
same molecule(s), are used to amplify the signal. 

This chapter provides a very brief introduction to the X-ray crystallo-
graphic techniques that were used to obtain the structures described in this 
thesis.

2.1.1 Protein production and crystallisation 
A essential step on the way to solving a structure by X-ray crystallography is 
to obtain at least one diffracting crystal. Crystals are essentially highly or-
dered aggregates in which the molecules are stacked following a specific 
pattern.

In order to obtain crystals, a highly pure sample of soluble protein must 
be available. The protein can be purified from its original source but usually 
it is over-expressed as a recombinant protein. Some proteins can be ex-
pressed in E. coli (Paper I) but in other cases eukaryotic expression systems 
are required to get a correctly folded protein with the proper post-
translational modifications (Paper II).

In this thesis, the vapour-diffusion technique has been employed to get 
the protein into crystalline form. A solution of the purified protein is mixed 
with a crystallisation solution consisting of some precipitating agent, e.g., a 
salt or PEG (polyethylene glycol), and possibly other additives at a certain 
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pH. This mixture is equilibrated against the crystallisation solution in a 
sealed system; often a small drop of the mixture is put on a glass slip used to 
cover a vial containing approximately 1 ml of crystallisation solution. As the 
concentration of protein and precipitant increases in the mixture, crystals 
may begin to form. If they do not, parameters such as pH, salt, precipitating 
agent, temperature etc. can be varied in an effort to find conditions in which 
the protein will form crystals.  

2.1.2 Data collection and structure determination by molecular 
replacement 
Once diffracting crystals have been obtained, they can be irradiated with X-
rays and the diffraction patterns resulting from the scattered waves are col-
lected on a detector. The intensity and position of the spots in the diffraction 
pattern is determined by the structure of the molecules and by the way in 
which the molecules are stacked in the crystal. 

The distribution of the electrons in the crystal can be calculated according 
to:

(xyz) = 1/V h k lF(hkl)e2 i(hx+ky+lz) + i

where (xyz) is the electron density in a certain point (xyz), V is the vol-
ume of the unit cell, F(hkl) is the amplitude of a reflection,  is the phase 
angle and h, k and l are the so-called Miller indices. When waves scattered 
from the interaction of X-rays with a crystal hit the detector it is only possi-
ble to measure the intensities, which are used to deduce values for the ampli-
tudes. The phase information is lost but in order to calculate the electron-
density distribution, this information must be retrieved.  

If structures of homologous proteins are known, these can be used to ob-
tain an estimate of the phases. This relies on the assumption that the ho-
mologous proteins have a similar three-dimensional structure. If the mole-
cules are arranged in a similar fashion in the crystal as in that of the homolo-
gous protein, an initial estimate for the phases can be obtained by calculating 
them directly from the known structure. However, usually the molecules are 
not stacked in the same pattern. In that case, the homologous protein struc-
ture must be positioned in the same way as the target molecule before the 
initial phases can be calculated. The method employed to position the ho-
mologous protein is called molecular replacement (Rossman & Blow, 1962). 
This method tries to determine both the orientation and the position of the 
homologous structure that is most compatible with the experimental data.      

When no homologous structures are available, a number of other methods 
can be applied such as Multiple/Single Isomorphous Replacement 



11

(MIR/SIR) and Multiple/Single-wavelength Anomalous Dispersion 
(MAD/SAD). However, as these methods have not been used in the present 
work they will not be covered in this brief introduction. 

The diffraction data in this work were processed either with the HKL 
package (Otwinowski & Minor, 1997), or with MOSFLM (Leslie, 1992) and 
SCALA (Evans, 1997). The molecular replacement problems in this thesis 
were solved using AMoRe (Navaza, 1994). 

2.1.3 Model building, refinement and validation 
Once estimates of the phases have been obtained these are used together 
with the amplitudes to calculate electron density maps that reveal how the 
electrons are distributed in the crystal and, thus, where atoms are located. A 
model of the protein needs to be built in the map, and depending on the qual-
ity and resolution of the diffraction data as well as the quality of the initial 
phases, this can be a fairly easy or a rather painstaking process. If the resolu-
tion is high and the data are of good quality, an initial model can be gener-
ated automatically as in Paper I. If the resolution is low or the phases are 
poor, it can be very difficult to interpret the electron density and the model 
building must be done “manually”, as in Paper IV.

Cycles of manual rebuilding to fix errors and to complete the model as 
phases get better, are alternated with cycles of automatic refinement. The 
aim of refinement is to minimize the discrepancy between the observed and 
calculated data and to impose restraints, e.g., to maintain reasonable values 
for bond lengths and angles. Throughout the rebuilding and refinement proc-
ess the so-called R-value is calculated to monitor how well the model ex-
plains the experimental data. A fraction of the observed data (typically 5-
10%) is deliberately not used in the refinement and can therefore be used to 
calculate as a less biased free R-value (Brünger, 1992). The final model is 
also validated by examining how well it fits with our expectations of and 
knowledge about protein structures. Parameters that have not been used ex-
plicitly during in the refinement are most useful for this purpose, e.g., the 
main-chain  and  torsion angle pairs that have a known distribution in the 
Ramachandran plot (Ramachandran et al., 1963).  

In this thesis, ARP/wARP (Perrakis et al., 1997) was used to build almost 
the entire model in Paper I. Manual building (Paper IV) and inspection of 
all models was done in O (Jones et al., 1991). Refinement of the models was 
carried out with REFMAC 5 (Murshudov et al., 1997) and CNS (Brünger et
al., 1998). The structures were validated using O, OOPS2 (Kleywegt & 
Jones, 1996) and What If (Vriend, 1990). 
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3. Echinococcus granulosus fatty-acid-binding 
protein 1 (Paper I)

3.1 Background 
Cystic echinococcosis, also known as hydatid disease, is caused by the para-
site Echinococcus granulosus. Although the disease is rarely lethal, cystic 
echinococcosis is a major public health problem, and it is also an economic 
problem as it affects cattle in the areas where it is endemic (Eckert et al.,
2000). According to the World Health Organization there are areas of high 
endemicity in southern South America, the Mediterranean coast, the south-
ern part of the former USSR, the Middle East, south-western Asia, northern 
Africa, Australia, New Zealand, Kenya and Uganda (WHO, July 2005). 

Knowledge about the various phases in the life cycle of E. granulosus and 
about factors that initiate the different stages are important for efforts to con-
trol echinococcosis. Echinococcus granulosus fatty-acid-binding protein 1 
(EgFABP1; previously known as E. granulosus differential factor 1, EgDf1) 
was identified as an early marker of the asexual reproductive phase in the 
complex life cycle of the parasite and this protein has been suggested as a 
candidate for a vaccine against hydatid disease.  

3.1.1 Cystic echinococcosis  
E. granulosus belongs to a group of tapeworms that contains four different 
species. Two of these, E. granulosus and E. multicolaris, cause major para-
sitic zoonoses (Craig et al., 2003).  

The adult cestode (Figure 3.1) is up to 7 mm long and consists of, usually, 
3 segments (proglottides) and the scolex. The scolex contains a number of 
attachment organs and the remaining segments are mainly reproductive fac-
tories, ranging from immature, via mature to gravid proglottides. The gravid 
proglottides disintegrate and release eggs that are passed to the faeces of the 
definitive host (Dubinsky et al., 1998; Zhang et al., 2003). 
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Figure 3.1 The adult E. granulosus worm. (A) Scolex. (B) Scolex and three proglot-
tides. Photos kindly made available by Dr Steve J. Upton, Kansas State University 
(http://www.ksu.edu/parasitology/). 

The egg hatches and releases an oncosphere, i.e., a larval tapeworm in an 
embryonic envelope. The oncospheres are roughly spherical and grow into 
bladders, the hydatid cyst. In the cyst protoscolices are formed, which can 
develop into adult tapeworms in the definitive host (Gottstein & Reichen, 
2002; Craig et al., 2003).  

Figure 3.2 The life cycle of E. granulosus. The figure is reproduced with permission 
from DPDx, CDC's Web site for parasitology identification 
(http://www.dpd.cdc.gov/dpdx). 
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Two mammalian hosts are used in the life cycle of E. granulosus (Figure 
3.2). The protoscolices (a larval stage that can either develop into an adult 
worm or into a new metacestode) are attached to the intestines of dogs or 
other canines, which are the definitive hosts. After a few months they have 
matured to adult tapeworms, and eggs produced by the adult tapeworm are 
spread in the environment via the infected dog’s faeces.  The eggs of the 
parasite are passed on to the intermediate host - cattle, horses, sheep and 
occasionally humans - where they hatch into embryos in the intestine. These 
embryos are transported by the blood stream to different organs in the body, 
and the embryos develop into cysts containing numerous protoscolices. If the 
cysts are ingested by a dog, a new cycle will begin (Gottstein & Reichen, 
2002; Craig et al., 2003). 

E. granulosus causes the disease cystic echinococcosis in humans. The 
symptoms of the disease are large cysts that can develop anywhere in the 
body but are most commonly found in the liver and lungs. The severity of 
the disease depends on where the cyst develops and on its size. The cyst 
itself is not harmful, but complications can arise due to pressure-related in-
jury. Further, if the cyst is ruptured, released protoscolices may cause new 
cysts, and since the cyst fluid is allergenic it can also cause allergic reactions 
(Gottstein & Reichen, 2002; Craig et al., 2003). 

A number of drugs are available for treatment of echinococcosis and other 
infections caused by helminths. However, the most common treatment of the 
condition is surgery to remove the cyst. This is usually complemented by 
medication to decrease the risk that remaining parasites will cause new cysts 
(Gottstein & Reichen, 2002). 

A vaccine against E. granulosus with the potential to offer up to 100% 
protection in sheep has been developed based on EG95, a small 16.5 kDa 
protein (Gauci et al., 2005). However, vaccines for species other than sheep 
are currently not available. A fatty-acid-binding protein from the fluke Schis-
tosoma mansoni is the base for a promising vaccine against schistosomiasis 
(Tendler et al., 1996) and it has been suggested that EgFABP1 could thus be 
a target for the development of a vaccine against echinococcosis (Chabal-
goity et al., 1997, 2001). Efforts to develop vaccines based on fatty-acid-
binding proteins from the parasites Fasciola hepatica, Schistosoma japoni-
cum and Fasciola gigantica have also been reported (López Abáné et al., 
2000; Liu et al., 2004; Martínez-Fernández et al., 2004; Azhahia Nambi et
al., 2005). 

3.1.2 Fatty-acid-binding proteins 
Transport of nutrients, both water-soluble and insoluble ones, is vital for a 
living cell. Fatty-acid-binding proteins (FABPs) belong to a family of intra-
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cellular lipid binding proteins (iLBPs; for reviews see Zimmerman & Veer-
kamp, 2002 and Haunerland & Spener, 2004). These are highly soluble pro-
teins of approximately 15 kDa that can accommodate one, and in some cases 
two, lipids inside the -barrel structure. In addition to the FABPs, the iLBP 
family also contains a number of retinoid-binding proteins, namely cellular 
retinoic-acid-binding proteins (CRABP-I and II) and cellular retinol-binding-
proteins (CRBP-I, II, III and IV). 

The full picture of the functions and roles of FABPs is still unclear. How-
ever, their importance for fatty-acid uptake and transport has been demon-
strated and they have been proposed to be involved in transport of fatty acids 
to specific metabolic pathways, modulation of gene expression, cell growth 
and differentiation, regulation of enzyme activities, promotion of cellular 
uptake and utilisation of fatty acids, and regulation of signal transduction 
(Storch & Thumser, 2000; Zimmerman & Veerkamp, 2002; Haunerland & 
Spener, 2004). 

Table 3.1 FABP types identified in mammals. The SwissProt accession numbers 
listed are for the human protein except in the case of T-FABP where the number 
refers to the rat homolog.

Type Abbreviation SwissProt number 
Liver FABP L-FABP P07148 
Intestinal bile acid-binding 
protein

I-BABP P51161 

Intestinal FABP I-FABP P12104 
Heart FABP H-FABP P05413 
Adipose FABP A-FABP P15090 
Epidermal FABP E-FABP Q01469 
Brain FABP B-FABP O15540 
Myelin FABP M-FABP P02689 
Testis FABP T-FABP Q68G09 

FABPs are found throughout the animal kingdom in both vertebrates and 
invertebrates. Nine homologs have been identified in mammals, which are 
named after the tissue where they were first identified (Table 3.1). However, 
this nomenclature is a bit misleading since several types of FABPs are ex-
pressed in most tissues. Based on their amino-acid sequences, the FABPs 
have been divided into three groups (Zimmerman & Veerkamp, 2002). L-
FABP and I-BAPB have a larger ligand-binding cavity than the others. This 
allows them to bind bulkier ligands such as acyl-CoA, heme and bile acids, 
and L-FABP can also bind two fatty acids (Thompson et al., 1997). I-FABP, 
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which constitutes a group by itself, binds a single fatty acid molecule but 
differs from the remaining FABPs in the ligand conformation. The remain-
ing group of FABPs all bind a single ligand in a U-shaped conformation.  

Although the level of sequence identity is rather low between members of 
the FABP family, their overall fold is highly conserved (reviewed in Ba-
naszak et al., 1994). The FABPs form ten-stranded -barrels that contain a 
large water-filled cavity that can enclose one or two ligands (Figure 3.3). 
The barrel is slightly flattened and consists of two almost orthogonal anti-
parallel -sheets. Two -helices form a lid that covers the entrance to the 
cavity. The volume and binding specificity of the cavity varies in different 
types of FABP. 

Figure 3.3 EgFABP1 has the 10-stranded -barrel fold typical of the family of in-
tracellular lipid-binding proteins. A bound palmitate molecule is shown as a ball-
and-stick model. This figure was created with MOLMOL (Koradi et al., 1996) and 
rendered with POVRAY (http://www.povray.org/). 

The fatty-acid ligand is buried in the cavity when it is bound, and motions 
in the protein are necessary to enable the ligand to enter or exit (Hamilton, 
2004). The entrance is thought to be located below the -helical region (Sac-
chettini et al, 1989), which is flexible according to NMR studies on I-FABP 
(Hodsdon & Cistola et al., 1997; Zhang et al., 1997). The -helices do not 
seem to be essential for binding of the fatty acid but could be of importance 
for interactions with membranes (Zimmerman & Veerkamp, 2002 and refer-
ences therein). The carboxylate group of the fatty-acid ligand interacts with 
an Arg-Arg-Tyr triad, the so-called “P2 motif” (Jones et al., 1988; Banaszak 
et al., 1994), in structures of M-FABP and the other members of the same 
group.  
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3.1.3 EgFABP1 
EgFABP1 was identified in the process of mapping the developmental stages 
of E. granulosus (Esteves et al., 1993). In that study, genes that are differen-
tially expressed in the protoscolices (a larval stage that can either develop 
into an adult worm or a new metacestode) were identified in the search for 
molecular markers representative for particular cells or phases.  

Sequence analysis of the gene revealed a 15.5 kDa protein of 133 amino 
acids homologous to the family of intracellular fatty-acid-binding proteins. 
Since E. granulosus, like other parasitic platyhelminths, is unable to synthe-
sise most of its lipids de novo, EgFABP1 was thought to be involved in the 
uptake of fatty acids from the host. EgFABP1 belongs to the group of heart-
FABPs (H-FABPs; Esteves et al., 1997; Santomé et al., 1998), proteins that 
have been implicated in the -oxidation system of fatty acids (Zimmerman 
& Veerkamp, 2002). However, this role is probably not attributable to Eg-
FABP1 as the -oxidation pathway has not been identified in cestodes. 

3.2 Crystallisation, data collection and structure 
determination 
EgFABP1 was expressed in E. coli and purified by our collaborators in Mon-
tevideo, Uruguay. Rectangular crystals could be obtained by the vapour-
diffusion sitting drop method in 30% (v/v) monomethyl PEG 5000, 0.1 M 
Tris-HCl pH 8.6 and 0.1 M unbuffered sodium acetate. The crystals (Figure 
3.4) were taken to beamline ID29 at ESRF (Grenoble, France) and complete 
data to 1.6 Å was collected. 

Figure 3.4 EgFABP1 crystals. 

The structure was solved by molecular replacement methods using 
AMoRe (Navaza, 1994) with the A chain of P2 myelin protein (PDB code 
1PMP; 44% sequence identity to EgFABP1) as the search model. 
ARP/wARP (Perrakis et al., 1997) traced 127 out of 133 residues and the 
remaining residues could be modelled in O (Jones et al., 1991). Refinement 
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was carried out with REFMAC 5 (Murshudov et al., 1997). The final model 
has an R-value for all data of 0.174, and the last recorded value of Rfree was 
0.214. The model is deposited in the PDB with access code 1O8V. 

3.3 The structure of EgFABP1 

3.3.1 Overall structure 
EgFABP1 folds into a -barrel built up with ten anti-parallel strands ( A- J)
typical for the iLBP family (Figure 3.3). The two approximately orthogonal 
sheets contain strands B to E and F to J, respectively. A is bent and 
participates in both sheets. A and B are connected via a helix-loop-helix 
moiety.  

Figure 3.5 (A) Electron density ( A-weighted 2mFobs-DFcalcmap contoured at a level 
of 1.0 ) for the unexpected fatty-acid ligand (modelled as palmitate) encountered in 
EgFABP1. (B) Interactions between the carboxylate group of the ligand and the R 
… R-x-Y motif with electron density as in (A). This figure, as well as Figure 3.6, 
was created using O (Jones et al., 1991) and MolRay (Harris & Jones, 2001). 

Although a delipidation step was included in the purification protocol, 
clear density for a fatty acid bound to EgFABP1 was observed in the maps 
(Figure 3.5), and a palmitic acid (16:0, where “16” is the number of carbon 
atoms and “0” the number of double bonds) molecule could be fitted into the 
unexpected density. The carboxylate head of the ligand interacts with the 
highly conserved P2 motif: Arg107, Arg127 and Tyr129. The ligand must 
have been picked up from fatty acids available in E. coli and the binding of a 
palmitic acid is in agreement with results from binding studies on EgFABP1 
(Alvite et al., 2001). In that study, EgFABP1 was shown to have a high af-
finity for palmitic acid although even stronger binding was found with 
longer fatty acids such as arachidonic acid (20:4). While there is no density 
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for a longer fatty acid in our maps, additional carbons in the tail could be 
disordered and hence not visible. Unexpected fatty acids bound in the -
barrel have been found previously (Jones et al., 1988; Cowan et al., 1993) 
and as a matter of fact most of the many FABP structures solved by X-ray 
crystallography in the PDB contain a fatty-acid ligand. Flexibility in the -
helical lid of the protein when there is no ligand bound might be an obstacle 
in the crystallisation of apo proteins. The suggested entrance gate for fatty 
acids consists of the -helical lid (residues 16 to 35) together with the loops 
between C- D (residues 56 to 58) and E- F (residues 74 to 78) and is 
closed in the structure. 

Clear density for a single heavy atom attached to the sulfur atom of Cys63 
was observed in the electron density maps (Figure 3.6). The modification 
was interpreted as sulfenic acid (S-hydroxy cysteine), which is the result of a 
reversible two-electron oxidation of the sulfhydryl group (Thomas et al., 
2001). Covalent modification of the corresponding cysteine in rat L-FABP 
has been observed previously but in that case it was modelled as a methyl 
group (Thompson et al., 1997).  

Figure 3.6 The modification at Cys63, modelled as sulfenic acid. The A-weighted
2mFobs-DFcalc electron density map is contoured at a level of 1.0 

3.3.2 EgFABP2 
Recently, a second fatty-acid-binding protein, EgFABP2, which has 76% 
sequence identity to EgFABP1, was identified in E. granulosus (Esteves et 
al., 2003). EgFABP1 and EgFABP2 are expressed in the same developmen-
tal stage and since almost all residues involved in ligand binding in Eg-
FABP1 are conserved in EgFABP2 they probably have similar fatty-acid-
binding properties. However, they might be under different expression con-
trol and thereby serve separate functions. Since these proteins appear to play 
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an important role, the existence of two rather similar homologues might also 
serve as a backup mechanism, and they may have overlapping functions with 
the possibility for compensatory over-expression of one homologue if the 
other is lost. Further, EgFABP1 and EgFABP2 have a pI of 7.7 and 6.4 re-
spectively. As discussed by Angelucci et al. (2004), the differences in pI and 
charge distribution on the surface may influence their interaction with mem-
branes.

Attempts to express, purify and crystallise this homologue were carried 
out, but despite the high level of sequence identity it was difficult to produce 
pure, soluble EgFABP2, and no crystals could be obtained. Therefore, a 
homology model was generated based on the structure of EgFABP1 using 
the program Modeller (version 6v2; Sali & Blundell, 1993) and the differ-
ences between the two homologues were investigated. 

The sequences of the two proteins differ in 33 of the 133 amino acids, but 
only 10 of these are non-conservative substitutions. The ligand-binding resi-
dues are almost fully conserved with only a single change from valine to 
methionine at position 36. One of the non-conservative substitutions is found 
inside the barrel: at the position of the modified cysteine (Cys63) a phenyla-
lanine is found in EgFABP2. However, it is not known if the oxidation of 
this cysteine has any physiological relevance in E. granulosus. The remain-
ing non-conservative substitutions all occur for solvent-exposed residues. A 
valine in the beginning of -helix 2 is replaced by a phenylalanine, and this 

-helical region has been shown to be important for the interaction with 
membranes in mutational studies (Zimmerman & Veerkamp, 2002 and ref-
erences therein). A tryptophan at the neighbouring position in Schistosoma 
japonicum FABP has been shown to insert in between the phospholipid tails 
and help membrane binding (Kennedy et al., 2000). This tryptophan corre-
sponds to a phenylalanine in both EgFABP1 and EgFABP2 and the addi-
tional aromatic residue in EgFABP2 might increase the strength of its inter-
actions with membranes. A lysine in the loop between C and D in H-
FABP has been shown to interact with the membrane and is suggested to 
drag the carboxylate of the fatty acid toward the FABP cavity (Herr et al., 
1996).  This lysine is conserved in the platyhelminth FABPs and corre-
sponds to Lys59. In the same loop, the nearby Thr57 in EgFABP1 is re-
placed by a lysine in EgFABP2 and this lysine might also play a role in the 
attraction of fatty acids into the barrel. Four of the non-conservative changes 
in the amino acid sequences are found in the loop between G and H:
Asp97Val, Asp98Gly, Thr100Asp and Val102Thr. This means that this loop, 
which is located at the helix side of the barrel, is slightly more negatively 
charged in EgFABP1.
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3.3.3 Comparison with the structure of Schistosoma mansoni FABP 
(Sm14)  
After the publication of our EgFABP1 structure, the structure of Sm14, a 
FABP from the platyhelminth Schistosoma mansoni was reported (Ange-
lucci et al., 2004). The structure of Sm14 has been solved in complex with 
oleic acid (18:1; PDB code 1VYF) and with arachidonic acid (20:4; PDB 
code 1VYG) at 1.85 and 2.4 Å resolution, respectively. Except for the dif-
ferent ligands, the two Sm14 structures are essentially identical. 

Overall, the structure of Sm14 is very similar to that of EgFABP1 with an 
RMSD value of 0.8 Å for 130 residues for both complexes (40% sequence 
identity). The only noteworthy differences in the backbone are found in the 
loops between B and C, F and G, G and H and in the N- and C-
termini. There is one insertion located in the loops between B and C and a 
deletion in the loop between F and G.

Structural and biochemical data implies that EgFABP1 and Sm14 have 
similar fatty-acid-binding characteristics. The ligand-binding site is almost 
entirely conserved between Sm14 and EgFABP1, including some of the 
waters. Two of the side-chains, Phe16 and Met20, have slightly different 
conformations and Pro76 is a serine in Sm14. In binding studies on Eg-
FABP1 and Sm14 both show the strongest affinity for arachidonic acid 
(20:4) and oleic acid (18:1) (Alvite et al., 2001; Angelucci et al., 2004). 

3.3.4 FABPs from other platyhelminths 
A comparison of the FABP sequences from a number of platyhelminths re-
veals that the residues involved in ligand binding in EgFABP1 are highly 
conserved in EgFABP2, Sm14, SjFABP1 and SjFABP2 (Schistosoma ja-
ponicum FABP1 and FABP2). However, the FABPs from Fasciola hepatica
and Fasciola gigantica do not contain the characteristic fatty-acid-binding 
P2 motif (R … R-x-Y). In these proteins, the second arginine is either an 
asparagine or a threonine, and the tyrosine is replaced by a leucine in some 
species. In fact, hardly any of the residues that are involved in ligand binding 
in EgFABP1 are conserved in these two proteins. Hence, these proteins 
probably have substantially different ligand-binding characteristics (and 
functions) than EgFABP1. 

3.3.5 Homology models of FABPs 
A homology model of EgFABP1 based on the structure of P2 myelin protein 
was reported prior to the release of our structure (Paulino et al., 1998). P2 
myelin has 44% sequence identity to EgFABP1 and was used as a search 
model when the structure of EgFABP1 was solved by molecular replace-
ment. The homology model was generated by replacing residues in P2 mye-
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lin with the corresponding ones in EgFABP1, and subjected to molecular 
dynamics simulations. Evaluation of the model shows that whereas the crys-
tal structures of EgFABP1 and P2 myelin protein have an RMSD of 0.8 Å 
for 129 residues, the homology model and the crystal structure of EgFABP1 
have an RMSD of 1.7 Å for 119 residues. In other words, the molecular dy-
namics step introduced such large movements in the model’s backbone that 
the template structure (P2 myelin protein) is more similar to the crystal 
structure of EgFABP1 than the homology model. The use of molecular dy-
namics for refinement of homology models has so far not been as successful 
as anticipated (Moult, 2005). The causes are still being debated in the field, 
but three explanations for the failure have been proposed: inadequate sam-
pling of alternative conformations, insufficiently accurate description of the 
inter-atomic forces, and too short trajectories (Moult, 2005). 

EgFABP1 was submitted to CASP5 (Critical Assessment of techniques 
for protein Structure Prediction; http://PredictionCenter.org/casp5/) to see 
how comparative modelling methods have improved (target number T0137), 
and 147 groups submitted a homology model of EgFABP1. The best predic-
tion has an RMSD of 0.7 Å to the crystal structure and, somewhat surpris-
ingly, this is also the only model with a completely correct sequence align-
ment. 94 Of the models have an RMSD  1.0 Å, 128 have an RMSD  2.0 
Å, 13 models have an RMSD between 2.0 and 6.0 Å and 9 models have an 
RMSD > 10 Å. The worst model actually has an RMSD of 22 Å and not a 
single residue correctly aligned. Although the worst models probably are 
automatically generated, it is astonishing that some modelling methods per-
form so poorly in this fairly easy homology modelling case. 

Table 3.2 Comparison of the two Sm14 structures, our Sm14 homology model and 
the structure of EgFABP1, which we used as a template for the modelling. Listed are 
the RMSD values (Å) and, in parentheses, the number of equivalenced residues.  

 1VYF 1VYG EgFABP1 
Sm14 model 0.99 (133) 0.98 (133) 0.34 (132) 
EgFABP1 0.77 (130) 0.77 (130) - 
1VYG 0.28 (133) - - 

Based on the EgFABP1 structure, we generated models for a number of 
platyhelminthic FABPSs using Modeller (version 6v2; Sali & Blundell, 
1993). This included a model of Sm14 and the crystal structure of this pro-
tein is now available (PDB codes 1VYF and 1VYG; Angelucci et al., 2004). 
Comparison of our homology model with the crystal structures of Sm14 and 
EgFABP1 reveals that the homology model is less similar to the crystal 
structures of Sm14 than the template EgFABP1 (Table 3.2). The largest de-
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viations between the Sm14 structures and the model are found in the N- and 
C-termini and between F and G where there is an insertion in Sm14. If the 
5 poorest matching residues (1, 88-90, 133) are omitted, the RMSD between 
model and crystal structure is 0.65 Å and 0.66 Å for 1VYF and 1VYG, re-
spectively.   

3.4 Conclusions 
We have determined the crystal structure of EgFABP1, a fatty-acid-binding 
protein from Echinococcus granulosus, a parasite that causes hydatid dis-
ease, at 1.6 Å resolution. The crystal structure reveals that EgFABP1 has the 
10-stranded -barrel fold typical of the iLBP family. Unexpected density for 
a ligand was observed in the maps, which was interpreted as a palmitic acid. 
The carboxylate group of the fatty acid interacts with the P2 motif, a con-
served triad R..R-x-Y. The hydrophobic tail of the ligand assumes a fairly 
flat, U-shaped conformation and has relatively few interactions with the 
protein. Analysis of the sequences from a number of platyhelminth FABPs 
indicates that the Fasciola proteins might not be able to bind charged ligands 
and that they are possibly capable of binding either more than one ligand, or 
more bulky ligands than EgFABP1.  
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4. Human semicarbazide-sensitive amine 
oxidase

4.1 Background 
Semicarbazide-sensitive amine oxidase (SSAO) is a multifunctional protein 
with both enzymatic and adhesive capabilities. SSAO was initially thought 
to be a detoxifying enzyme, even though the reaction products can be more 
toxic than the substrates. However, the physiological substrate of SSAO was 
not known and for a long time the interest in the role of the protein was 
rather low. In the last 10-15 years, the interest in the human enzyme has 
been rekindled as it has been shown to be involved in a number of physio-
logically important processes. Smith and co-workers (1998) discovered that 
the enzyme also has adhesive properties when one of the molecules identi-
fied in the leukocyte extravasation process, vascular adhesion protein–1 
(VAP-1), was shown to be identical to SSAO (Salmi & Jalkanen, 2001). 
Furthermore, SSAO activity has been implicated in the regulation of adipo-
cyte differentiation and glucose transport (Zorzano et al., 2003), regulation 
of blood pressure (Göktürk et al., 2003a; Vidrio et al., 2003) and elastic fiber 
organisation (Langford et al., 1999; Göktürk et al., 2003a; Sibon et al.,
2004).  

SSAO/VAP-1 is a homodimeric sialoglycoprotein of 170-180 kDa be-
longing to the family of the copper-containing amine oxidases (CuAO, EC 
1.4.3.6; Salmi & Jalkanen, 1996; Smith et al., 1998). The active site contains 
a copper ion that is essential for the auto-catalytic post-translational modifi-
cation of a tyrosine residue to the topaquinone (TPQ) cofactor (DuBois & 
Klinman, 2005). SSAO exists both as a type II membrane protein, attached 
to the cell surface by an N-terminal helix, and as a soluble enzyme circulat-
ing in the blood stream. The soluble protein is thought to be released by pro-
teolytic cleavage of the membrane-bound form (“shedding”; Göktürk et al., 
2003a; Abella et al., 2004; Stolen et al., 2004). 

Amine oxidases carry out the oxidative deamination of amines to alde-
hydes and can be divided into two main groups based on whether the cofac-
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tor is a flavin adenine dinucleotide (FAD) or a quinone (Lyles, 1996; Jal-
kanen & Salmi, 2001). The group of FAD-containing amine oxidases in-
cludes monoamine oxidase (MAO) A and B and polyamine oxidase (PAO) 
and although there is some overlap in substrates compared to the quinone-
containing enzymes, their localisation and proposed roles are different. The 
quinone-containing enzymes have historically been defined by their sensitiv-
ity to semicarbazide (Lewinsohn, 1984). This group of semicarbazide-
sensitive amine oxidases includes three different families, namely diamine 
oxidase, lysyl oxidase and copper-containing monoamine oxidase. However, 
the name semicarbazide-sensitive amine oxidase (SSAO) usually only refers 
to the latter. Here, the term SSAO will be used to denote the copper-
containing monoamine oxidase. 

The physiological substrate of SSAO is not yet known, but the endoge-
nous compounds methylamine and aminoacetone have been suggested as 
plausible candidates (Lyles, 1996; Yu et al., 2003; O’Sullivan et al., 2004). 
Free aminogroups on proteins and aminosugars might also be substrates 
(Salmi et al., 2001; Göktürk et al., 2003a; Koskinen et al., 2004; Sibon et
al., 2004). A good but non-physiological substrate often used in assays is 
benzylamine (Lyles, 1996). 

Increased plasma SSAO activity has been reported in a number of dis-
eases (for reviews see Boomsma et al., 2003; Yu et al., 2005). A rise in 
SSAO activity has been observed in both insulin-dependent and non-insulin-
dependent diabetes (Boomsma et al., 1999). Some of the complications as-
sociated with diabetes, such as retinopathy, nephropathy, neuropathy, 
atherosclerosis and cardiovascular complications, may be caused by toxic 
products of the SSAO-catalysed reaction (Ekblom, 1998; Karádi et al., 2002; 
Salmi et al., 2002; Göktürk et al., 2003b). Elevated levels of activity have 
also been found in patients with congestive heart failure (Boomsma et al.,
1997) and cirrhotic liver inflammation (Kurkijärvi et al., 2000; Boomsma et 
al., 2003). 

Knowledge of the three-dimensional structure of human SSAO may aid 
efforts to identify physiological substrates and would increase our under-
standing of this multifunctional protein. Moreover, SSAO is an interesting 
drug target for anti-inflammatory treatment (Merinen et al., 2005; Stolen et
al., 2005; Vainio et al., 2005) and for the reduction of the vascular complica-
tions associated with diabetes. The structure of human SSAO would provide 
valuable information for the development of specific inhibitors of this en-
zyme. 



26

4.1.1 Physiological roles of SSAO 
Transport of lymphocytes between the blood stream and inflamed tissues is 
essential for a functioning immune system. Extravasation is the process in 
which circulating leukocytes are slowed down and moved into the affected 
tissue. When an inflammation starts, a signal is sent out to the endothelial 
cells lining the blood vessels to express adhesive molecules on their surface. 
Interactions between these adhesive molecules and molecules on the surface 
of the leukocyte slow down the white blood cell and it starts to roll on the 
vessel wall. Finally, the leukocyte is introduced into the tissue by transmi-
gration. SSAO/VAP-1 has been identified as one of the proteins participating 
in the leukocyte-extravasation process (Smith et al., 1998; Salmi & Jalkanen, 
2001). Formation of a transient covalent bond (a Schiff base) between SSAO 
and an accessible amino group on the leukocyte has been proposed to be 
involved in the tethering (Salmi et al., 2001), and it has been shown that 
SSAO activity is necessary for the transmigration step to occur (Koskinen et
al., 2004). 

Glucose transporter 4 (GLUT-4) is involved in glucose uptake in adipo-
cytes and muscle cells. This uptake is regulated by relocalisation of the 
transporter between vesicles tightly packed with GLUT-4 molecules and the 
plasma membrane. The relocalisation of GLUT-4 to the plasma membrane, 
and hence the glucose uptake, is stimulated by insulin. SSAO has been found 
in the membrane of GLUT-4 vesicles in rat adipocytes (Enrique-Tarancón et
al., 1998).  Incubation of these adipocytes with benzylamine and a low con-
centration of vanadate has been shown to increase glucose transport (Enri-
que-Tarancón et al., 1998). This increase was completely eliminated in the 
presence of the SSAO inhibitor semicarbazide. Since addition of catalase 
had the same effect, it was suggested that hydrogen peroxide, one of the 
products of the SSAO-catalysed reaction, is involved (Enrique-Tarancón et
al., 1998). Further, SSAO mRNA levels increase during the conversion from 
preadipocytes to mature adipose cells (Moldes et al., 1999) and the protein 
has been suggested to be involved in adipocyte differentiation. 

4.1.2 The structure of CuAOs 
The three-dimensional structures of CuAOs from a number of different or-
ganisms have been described (Table 4.1). Recently, BSAO was the first 
mammalian CuAO structure to be reported (Lunelli et al., 2005), and its 
sequence is 83% identical to that of human SSAO. The level of sequence 
identity between human SSAO and the other five CuAOs is 20-27%. A hex-
agonal crystal form of full-length human SSAO/VAP-1 (diffracting to 3.2 Å 
resolution) has been reported (Nymalm et al., 2003) and coordinates have 
recently been released (PDB codes 1PU4, 1US1) but this structure has not 
yet been described. 
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Table 4.1 Known CuAO crystal structures.  

Enzyme Organism PDB code Reference 
ECAO Escherichia coli 1OAC Parsons et al., 1995 
PSAO Pisum sativum 1KSI Kumar et al., 1996 
AGAO Arthobacter globiformis 1AV4 Wilce et al., 1997 
HPAO Hanensula polymorpha 1A2V Li et al., 1998 
PPLO Pichia pastoris 1N9E Duff et al., 2003 
BSAO Bos taurus 1TU5 Lunelli et al., 2005 

The overall structure of the CuAOs is well conserved (Figure 4.1). They all 
consist of three domains called D2, D3 and D4, but the first CuAO structure 
to be solved, that of ECAO, also contained a fourth domain, D1. These four 
domains together give the ECAO homodimer the shape of a mushroom. This 
metaphor is commonly used to describe the structures of all CuAOs, even 
when they lack the stalk domain. Together, D2, D3 and D4 form the cap of 
the mushroom. D4 is the largest domain and contains the active site. Its ap-
proximately 400 residues form a -sandwich that is involved in the dimer 
interface, although the D1 domain also contributes to the interface in the E. 
coli structure. Two arms from each monomer wrap around the other mono-
mer. D2 and D3 are two smaller  domains located at the brim of the cap.  

Figure 4.1 The structures of ECAO (PDB entry 1OAC; left) and BSAO (PDB entry 
1TU5; right).  ECAO is the only CuAO structure that has a fourth domain, D1, 
which forms the stalk of the mushroom. This figure, as well as Figures 4.5, 4.6, 4.8, 
4.9 and 4.10, was generated using PyMOL (DeLano, 2002). 

The active site is located in domain D4 and contains the TPQ cofactor and 
a divalent copper ion coordinated by three histidine residues. A conserved 
water, Wa, acts as an axial ligand and in some structures an equatorial water, 
We, has been observed as well (Brazeau et al., 2004). Structural studies have 
revealed that the TPQ cofactor is rather dynamic and two conformations 
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have been observed. In the “on-copper” conformation, TPQ is in direct con-
tact with the copper via O4, whereas in the “off-copper” conformation TPQ 
O2 forms a hydrogen bond to Wa (DuBois & Klinman, 2005).  

4.1.3 A versatile active site 
Molecular oxygen is a common electron acceptor in biological redox reac-
tions and it can undergo a two-electron reduction to hydrogen peroxide or a 
four-electron reduction to water. Redox enzymes that catalyze these reac-
tions need an electron acceptor or donor to add or remove electrons respec-
tively, and require either a transition metal or an additional organic molecule 
(as in the case of the FAD-containing amine oxidases). In SSAO, the organic 
cofactor was found to be a 2,4,5-trihydroxyphenylalanyl quinone (TPQ; 
Figure 4.2) derived from a tyrosine residue (Janes et al., 1990). Proposals for 
the catalytic mechanism of the CuAOs based on biochemical studies have 
been assessed by structural studies and this has provided valuable informa-
tion on the conformational flexibility of the TPQ cofactor, shed light on 
plausible oxygen binding sites, and identified structural intermediates in the 
reactions (Brazeau et al., 2004; DuBois & Klinman, 2005).  

Figure 4.2 The TPQ cofactor of SSAO, a post-translationally modified tyro-
sine. E denotes the enzyme. 

The auto-catalytic formation of the cofactor from a tyrosine residue re-
quires molecular oxygen and a divalent copper ion adjacent to the active site 
(reviewed in Brazeau et al., 2004 and DuBois & Klinman, 2005). In the pro-
posed mechanism, the protein binds O2, which promotes the creation of a 
tyrosinate with enough free radical character to add an oxygen atom at posi-
tion C3 (this corresponds to C5 in the final TPQ, as dictated by chemical 
conventions). The resulting dopaquinone condenses with Cu-bound wa-
ter/hydroxide to form 2,4,5-trihydroxyphenylalanine, which is then trans-
formed to TPQ in a two-electron oxidation and yields hydrogen peroxide as 
a by-product. The role of the copper ion in the biogenesis is thought to be 
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activation of the substrate by creation of a charge-transfer complex with the 
tyrosine precursor. 

In the reaction catalysed by CuAOs (Eq. 1; Mure et al., 2002), primary 
amine groups of monoamines (R-CH2-NH3

+) are oxidised to the correspond-
ing aldehyde (R-CHO). Two electrons are transferred to molecular oxygen in 
a ping-pong reaction producing hydrogen peroxide, aldehyde and an ammo-
nium ion. The reaction can be divided into two half-reactions, the substrate 
amine oxidation (reductive half-reaction, Eq. 2) and the dioxygen reduction 
(oxidative half-reaction, Eq. 3). The role of the cofactor (C7H4O3

-) is to store 
the two electrons and two protons derived from the substrate for delivery to 
O2. While the reductive half-reaction is well characterized, details of the 
oxidative half-reaction and, in particular, the role of Cu2+ are still being de-
bated.

R-CH2-NH3
+ + H2O + O2  R-CHO + NH4

+ + H2O2  (1) 

E-C7H4O3
- + R-CH2-NH3

+  E-C7H6O2-NH2 + R-CHO  (2) 

E-C7H6O2-NH2 + O2 + H2O  E-C7H4O3
- + NH4

+ + H2O2  (3) 

4.2 Expression, purification and characterisation of a 
truncated, soluble human semicarbazide-sensitive amine 
oxidase (Paper II)
A truncated, soluble variant of SSAO comprising residues 29 to 763 was 
expressed in mammalian HEK293 cells. SSAO was cloned into the vector 
downstream of a secretion signal sequence to obtain the protein in the cul-
ture medium and in fusion with GST. A 3C protease site was inserted be-
tween SSAO and GST to enable specific cleavage at residue 29. The GST-
SSAO fusion protein could be purified from the medium by an affinity 
chromatography step using GSTrap. Following cleavage with GST-tagged 
3C protease, SSAO could be collected in the flow-through from a second 
GSTrap run. Finally, a gel-filtration step was carried out. 

Initial characterisation showed that the protein was glycosylated, dimeric 
in solution and indeed contained residues 29 to 763. Benzylamine, an exoge-
nous substrate, was used to assay the enzymatic activity. The presence of 
copper was confirmed by atomic adsorption spectroscopy. The biogenesis of 
the TPQ cofactor was confirmed using a method based on a detectable max
shift of TPQ-hydrazone (Klinman & Mu, 1994). CuAOs react with hydra-
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zine and derivatives thereof to yield a covalent adduct with the quinone. Two 
different adduct species are formed with distinct absorbance spectra. A hy-
drazone is formed in a rapid, spontaneous step. By addition of 1-2M KOH or 
by incubation at 60 C, the absorbance maximum can be shifted to a longer 
wavelength. This shift is thought to occur as a result of a hydrazone to azo 
conversion (Saysell et al., 2000). The hydrazine derivative 2-
hydrazinopyridine (2HP) was used to confirm the formation of the cofactor 
in the purified protein. Addition of 2HP to SSAO gave a max of 430 nm and 
incubation at 60 C resulted in a shift to 520 nm. This is in agreement with 
previous results obtained with CuAOs from Escherichia coli and pea seed-
ling where max of 420-430 nm was observed for the hydrazone and 520-530 
nm for the azo adduct. 

4.3 Crystallisation and structure determination
(Paper III)
In this work the structures of the holo enzyme and a complex with the sui-
cide inhibitor 2HP were determined. Since the fold of the large D4 domain 
of the CuAOs is well conserved, the structure could be solved with molecu-
lar replacement techniques. However, it turned out that the crystals were 
twinned, which complicated the solution of the holo enzyme structure.  

4.3.1 Crystallisation and structure determination of the holo enzyme  
Crystals appeared in several drops in the first screens. However, suitable 
cryo-conditions could not be found and the crystals died after a few degrees 
of data collection at room temperature. Therefore, a protein sample was sent 
to the high-throughput crystallisation facility at the Hauptman-Woodward 
Institute, Buffalo (Luft et al., 2003). This yielded hits in conditions suitable 
for direct cryo-cooling. After some optimization, crystals suitable for data 
collection could be obtained by the hanging-drop vapour-diffusion method in 
0.1 M KBr, 0.1 M acetate pH 5.0 and 38% PEG1000 at 288 K (Figure 4.3).  

Figure 4.3 SSAO holo enzyme crystals. 
Their approximate dimensions are 0.3 x 0.15 
x 0.01 mm3.

The first usable, though weak and anisotropic, dataset to 3 Å was col-
lected at ID14-1, ESRF, Grenoble. After indexing and merging the data in 
point group P422, molecular replacement methods were used to solve the 
structure. A dimer of the D4 domain from PSAO (the structures of the more 
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closely related BSAO and VAP-1 were not available at the time) was used as 
the search model (PDB code 1KSI; Kumar et al, 1996) and a solution was 
found in space group P43212 with one dimer in the asymmetric unit. The 
maps looked promising and density for expected features in domain D4 was  
observed, e.g., the copper in the active site. However, density for domains 
D2 and D3 was not interpretable even after several rounds of rebuilding and 
refinement.  

To investigate whether the domains could be shifted with respect to each 
other in human SSAO compared to PSAO, rigid-body refinement with the 
monomer split up into the three domains and a linker was attempted. When 
data extending only to 5 Å was used, a small improvement in the R-values 
was observed, but when more data was included the R-values increased in-
stead both with Refmac5 (Murshudov et al., 1997) and CNS (Brünger et al.,
1998). At this stage we decided to test if the crystals could have been 
twinned. As twinning is impossible in P43212 the crystal had in that case to 
belong to the lower symmetry point group P4. 

A crystal is said to be twinned when it contains substantial populations of 
at least two domains that have different orientations. These domains are re-
lated by some symmetry operation that does not belong to the crystal’s ac-
tual space group. Hence, the resulting diffraction pattern is composed of the 
superimposed diffraction from all domains. Merohedral twinning can occur 
when the lattice has higher symmetry than the crystal point group and this is 
possible in the tetragonal, trigonal, hexagonal and cubic systems. The twin-
ning operator will belong to a higher point group than the true space group 
and must be purely rotational in protein crystallography since proteins are 
chiral molecules. 

Merohedral twinning cannot be detected by inspection of the diffraction 
pattern. Instead, the intensity distribution must be analysed to detect this 
phenomenon. The diffraction intensities normally follow the Wilson distri-
bution (Wilson, 1949), but in the case of twinning the intensity distribution 
will be distorted in a predictable way. The recorded diffraction intensities 
from a twinned crystal are the sum of the intensities of the reflections related 
by the twin operator according to:  

  I1 = J1 + (1- )J2
  I2 = (1- )J1 + J2

where I1 and I2 are the measured intensities, J1 and J2 are the true intensities 
and  is the twinning fraction, i.e., the relative population of the smallest 
domain. The equations can be solved for J1 and J2 if an estimate of  can be 
obtained. However, the detwinning procedure will introduce an error that 
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will be larger as  approaches 0.5, and when  = 0.5 the equations are inde-
terminate. The probability that two strong or two weak reflections are related 
by the twin law is rather low and consequently a larger number of reflections 
will have an intensity value in the medium range in data from a twinned 
crystal than in data from an untwinned crystal. This leads to a sigmoidal 
shape of the cumulative intensity plot (Rees, 1980).  

Yeates (1997) developed a method to estimate the twinning fraction by 
considering the ratio H = | I1 - I2 | / (I1 + I2). The cumulative distribution of 
the ratio is linear and has slope 1/(1-2 ) for acentric reflections, which can 
be used to estimate the twinning fraction. Use of this method, as imple-
mented in the Merohedral Crystal Twinning Server (Yeates, 1997), resulted 
in an estimated twinning fraction of 0.4 for our holo enzyme dataset. 

Analysis of twinning can be complicated by phenomena such as pseudo-
symmetry, pseudo-centering and anisotropy. For this reason, Padilla & 
Yeates (2003) developed a method to detect twinning that is insensitive to 
these phenomena. The ratio L = | I1 - I2 | / (I1 + I2) is analysed where I1 and I2
are reflections that are proximally located in reciprocal space (in contrast to 
the previously described method, where reflections that are related by the 
twin law are selected). <|L|> and <L2> have characteristic values for un-
twinned and perfectly twinned data, and vary between those values for 0 < 
< 0.5. A plot of the cumulative probability distribution N(|L|), i.e., the prob-
ability that |L| will take a value less than some given value, is used to com-
pare the distribution of the experimental intensities to the reference values 
for untwinned and perfectly twinned data. This method, as implemented in 
DATAMAN (Kleywegt & Jones, 1996), revealed that the data detwinned 
with set to 0.4 still looked twinned in the Padilla-Yeates plot. We therefore 
detwinned the data using a range of different values for  and an estimate 
for the true twinning fraction was obtained by selecting the value of for
which the Padilla-Yeates curve coincided with that for untwinned data. In 
this way, the twinning fraction was estimated to be 0.25, i.e., considerably 
lower than the value of 0.4 estimated using the older method (Figure 4.4). 
Using the reprocessed and detwinned data, the structure was solved in space 
group P43 by molecular replacement. The solution contained two dimers in 
the asymmetric unit.  
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Figure 4.4 Local intensity statistics plot (Padilla & Yeates, 2003) calculated with 
DATAMAN. The diagonal shows the theoretical relationship for untwinned data and 
the curved line that for perfectly twinned data. The curves for the 3Å holo enzyme 
data set are shown as  x . The upper curve (black) shows the curve for the twinned 
holo enzyme data set. The middle (grey) and lower curves (light grey) show the data 
set after detwinning using an assumed twinning fraction of 0.25 and 0.4, respec-
tively. Clearly, a twinning fraction of 0.25 has resulted in a data set that behaves 
almost the same as untwinned data. 

Analysis of the packing in P43 revealed that it is very similar to the pack-
ing in P43212. A small translational offset in the c direction of 0.03 in frac-
tional coordinates of the operator that relates the dimers in P43 breaks the 
P43212 symmetry. This pseudo-symmetry probably explains the high esti-
mate for the twinning fraction that was obtained from the Merohedral Crys-
tal Twinning Server. 

Later, a data set to 2.5 Å was collected at ID14-1, ESRF, Grenoble, 
France. This crystal suffered from the same problems as the earlier crystal 
(twinning, pseudo-symmetry and anisotropy) and the twinning fraction was 
estimated to be 0.3 using the procedure described above. 
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4.3.2 Preparation of the 2HP complex 
Crystals of SSAO complexed with the irreversible inhibitor 2HP were pre-
pared by soaking holo crystals in 40 % PEG1000, 0.1 M acetate pH 5.0, 80 
mM KBr, 5 mM CuCl2 and 8 mM 2HP for five days. Data extending to 2.9 
Å were collected at beamline ID14-1, ESRF, Grenoble, France. The crystals 
were essentially isomorphous to those of the holo enzyme and the data was 
indexed and merged in P43. This crystal was twinned as well and the twin-
ning fraction was estimated to be 0.28 using the method described in section 
4.3.1. The structure could be solved by isomorphous replacement using the 
polypeptide chains of a near-final model of the holo enzyme structure as the 
starting model.  

4.4 The structure of SSAO (Paper IV)

4.4.1 Overall structure 
As expected, SSAO forms a homodimer that is similar in overall architecture 
to the previously reported CuAO structures (Figure 4.5). The monomers are 
composed of three domains called D2, D3 and D4 with the dimer interface 
located between the sandwiches of the two D4 domains. D4 is the largest 
domain and comprises residues 323 to 761, and includes the active site and 
two hairpin structures that wrap around the neighbouring monomer. Two 
smaller  domains, D2 and D3, flank the dimer and comprise residues 58 
to 162 and 172 to 283, respectively. The N- and C-termini are not observed. 
However, persistent density was observed for some entity bound to Cys 748 
in D4, and this was interpreted as a disulfide bridge between Cys 41 and Cys 
748. The disulfide bridge links the N- and the C-terminus and the polypep-
tide thus forms a ring. The two rings in the dimer are interlocked, a topology 
that was also observed in the PPLO structure (Duff et al., 2003).  

Overall, the ordered parts of the holo and the 2HP structures are very 
similar (the RMSD value is 0.4 Å for 669 C  atoms in a comparison of the 
A monomers). However, a number of additional copper ions have been mod-
elled in the 2HP structure. Furthermore, residues 727 and 728 have a differ-
ent conformation in the 2HP structure and residues 729 to 761 are not ob-
served at all. 
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Figure 4.5 Overall structure of human SSAO. Domain D2 is shown in green, do-
main D3 in red and domain D4 in grey (monomer A) or orange (monomer B), and 
carbohydrates are shown as purple sticks. The lipid bilayer (Tieleman et al., 1998) is 
shown merely to illustrate the putative position of the molecule with respect to the 
membrane and the grey cylinders represent the membrane-bound helices. The posi-
tions of the active site entrance, the vicinal disulfide bridge and the RGD motif are 
indicated. The insets show (A) the active site and (B) the view of the molecule look-
ing from above towards the membrane.  

4.4.2 The active site and an adduct with the irreversible inhibitor 2HP 
Structural studies of CuAOs have shown that the TPQ cofactor exists in one 
of two conformations. It has been observed in the so-called “on-copper” 
(inactive) conformation where it is in direct contact with the copper via O4 
or in the “off-copper” (active) conformation where TPQ O2 forms a hydro-
gen bond to Wa, a conserved water coordinating the copper ion. The TPQ 
cofactor in SSAO is in the “off-copper” conformation (Figure 4.8) and is 
even more tilted towards the active site base, Asp 386, than in previous “off-
copper” structures. Moreover, the distance between TPQ O4 and a conserved 
tyrosine (Tyr 372 in SSAO) is elongated to around 5 Å compared to ~2.4 Å 
in previous “off-copper” structures (DuBois & Klinman, 2005). This tyro-
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sine has been implicated in steering the cofactor into a favourable conforma-
tion.

Figure 4.6 Stereo view of the active site of SSAO showing the TPQ cofactor and the 
copper site.  The A-weighted 2mFobs-DFcalc electron density map is contoured at a 
level of 1.0 

Primary amines are the substrates of SSAO. 2HP (Figure 4.7) belongs to a 
group of irreversible substrate-like CuAO inhibitors in which the carbon to 
which the amino group is normally attached  has been replaced by nitrogen.  
This prevents completion of the reaction and, thus, product release. The 2HP 
adduct can exist in the form of a hydrazone or azo product. In the crystal, the 
2HP adduct is expected to exist predominantly in the hydrazone form, which 
resembles a substrate Schiff base. Asp 386, the presumed catalytic base, 
forms hydrogen bonds to N2 and N3 and a stacking interaction between Tyr 
384 and the pyridine ring of 2HP stabilises the conformation. In previous 
structures of 2HP adducts with ECAO (Wilmot et al., 1997; Mure et al,
2005a) a short hydrogen bond (2.3 Å) is observed between TPQ O4 and Tyr 
372, but in our structure this distance ranges between 3.4 Å and 3.8 Å in the 
various monomers. Unfortunately, although the structure provides a useful 
model for the substrate Schiff base, the limited resolution and poor density 
for the 2HP moiety preclude more detailed conclusions. 

Figure 4.7 Structure of the hydrazone 
form of the adduct of the TPQ cofactor 
and the irreversible inhibitor 2-hydrazino-
pyridine (2HP). E denotes the enzyme.  
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4.4.3 The lake 
A water-filled cavity, often referred to as the “lake”, that connects the active 
site with the external solvent is enclosed in the dimer interface as has been 
observed in all previous CuAO structures (Figure 4.8). This void is thought 
to function as an in- and outlet for small reagents and reaction products such 
as dioxygen, hydrogen peroxide and ammonia (Wilce et al., 1997; Duff et
al., 2003; Lunelli et al., 2005). Beyond the wide mouth at the surface, the 
opening is divided into three small channels that continue into one central, 
larger cavity and two channels, one on each side. The side channels are con-

nected to the copper site and have His 684, 
which coordinate the copper ion, as one of the 
bounding residues. 

Figure 4.8 The cavity in 
the dimer interface that 
may function as an in- 
and outlet for small re-
agents and reaction prod-
ucts. The side channels 
are in contact with the 
copper site. The inset 
shows the location of the 
cavity in the SSAO 
dimer. 

4.4.4 N-glycosylation sites 
Sialylated carbohydrates attached to the surface of SSAO are involved in the 
adhesive function of SSAO/VAP-1 (Salmi & Jalkanen, 1996). There are six 
potential N-glycosylation sites on full-length SSAO, all of them located on 
the surface of the protein. At five of these sites electron density is visible for 
a carbohydrate moiety attached to the asparagines (Figure 4.9). Asn 137 is 
positioned on the brim of the mushroom cap in D2, and Asn 232 and Asn 
294 are located under the cap below domain D3. The active site entrance is 
lined with sugars attached to Asn 232, and Asn 592 and Asn 666 are found 
in D4 at the top of the mushroom cap. There is no density for any sugar at-
tached to Asn 618 but it is located on the surface at the top of the mushroom-
shaped molecule and could also be a glycosylation site.  
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Figure 4.9 Density for carbohydrates is visible at five out of six potential N-
glycosylation sites. (A) A-weighted (2mFobs-DFcalc) density for Asn 137 and the 
attached carbohydrate moieties in the B monomer. The electron density map is con-
toured at a level of 1.0 (B) Overview of the carbohydrate moieties modelled at the 
various N-glycosylation sites in monomer D. Abbreviations used: GlucNac, N-
Acetyl D-glucoseamine, Man, D-mannose, Fuc, L-fucose. 

4.4.5 Amino acid composition 
Human SSAO contains rather few lysines (1.8% versus 5.4% on average for 
proteins in the Uniref50 database) and many prolines (7.9% versus 5.2%) 
and the numbers are similar for BSAO. Comparisons with ECAO, AGAO, 
HPAO, PSAO and PPLO show that AGAO has a similarly low lysine con-
tent, albeit compensated by a large number of arginines, and all except 
PPLO have a high proline content. This observation is somewhat intriguing 
since lysine residues are potential substrates of SSAO. Andrade and co-
workers (Andrade et al., 1998) compared the amino acid composition on the 
surface of nuclear, cytoplasmic and extracellular proteins and found that 
extracellular proteins in general have a lower number of charged residues on 
the surface, and in particular the lysine content was reduced compared to 
cytoplasmic and nuclear proteins. All compared CuAOs have an excess of 
acidic residues, ranging from a surplus of 9 (HPAO) to 59 (PPLO). How-
ever, SSAO is a sialoglycosylated protein and the charged carbohydrate 
moieties will also affect the electrostatic character of the surface. Many of 
the prolines are found in the linker between domains D3 and D4 and near the 
C-terminus. These stretches are located on the membrane-side of D4, have 
relatively high temperature factors (especially the C-terminus) and they are 
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predicted to be disordered by the PONDR1 server (Li et al., 1999). In addi-
tion to these regions, residues 29 to 48, 107 to 117, 144 to 149 and 635 to 
648 are listed as potentially disordered regions. No density is observed for 
residues 29 to 38 and 43 to 57. The remaining three stretches have relatively 
high temperature factors and surround a cavity at the top of the mushroom 
between domains D2 and D4. The entrance to this cavity is lined with nega-
tively charged residues (Glu 158, Glu 634 and Glu 640) and the area is en-
circled by the carbohydrates attached to Asn 137, Asn 592 and Asn 666.  

4.4.6 Leu 469 – an additional “active site gate” in SSAO and BSAO? 
Residues from domains D2, D3 and D4 as well as the C-terminus of the 
neighbouring monomer form the surface of the flattened funnel that leads to 
the active site. Most of the residues lining the funnel are hydrophobic or 
aromatic and the funnel is rather wide and open to the solvent as in BSAO 
and PPLO. However, at the end of the funnel the accessibility to the active 
site is restricted by the presence of a leucine residue (Leu 469), as is the case 
in BSAO. Other CuAO structures have a glycine at this position or an 
alanine residue in the case of HPAO. 

Figure 4.10 Stereo view of the narrow entrance to the active site. The end of the 
funnel is delimited by Tyr 384, Leu 468 and Leu 469 in SSAO (dark grey), which 
corresponds to Tyr 383, Met 467 and Leu 468 in BSAO (light grey).  

This leucine residue has different conformations in SSAO and BSAO and 
in the former it almost entirely blocks access to the active site (Figure 4.10). 
Changes in the conformation of this leucine might well regulate the accessi-

1 Access to PONDR® was provided by Molecular Kinetics (6201 La Pas Trail - Ste 160, 
Indianapolis, IN 46268; 317-280-8737; E-mail: main@molecularkinetics.com ). VL-XT is 
©1999 by the WSU Research Foundation, all rights reserved. PONDR® is ©2004 by Mo-
lecular Kinetics, all rights reserved. 
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bility of the active site and Leu 469 may thus play a similar role as the con-
served tyrosine (Tyr 384) that has been proposed to be an “active site gate” 
in previous studies (Wilce et al., 1997). 

4.4.7 Disulfide pairings 
SSAO contains four disulfide bridges in the holo enzyme structure: a vicinal 
bridge from Cys 198 to Cys 199, a stabilising bridge from Cys 404 to Cys 
430 observed in all structures except ECAO, a loop-forming bridge between 
Cys 734 and Cys 741 (that helps to orient the hairpin loop containing the 
RGD motif; see below) and a bridge between N- and C-terminus (Cys 41 
and Cys 748). In PDB entry 1US1, the latter form a link between the two 
monomers in the C-terminus (Cys A748 and Cys B748). However, whereas 
1US1 contains the full-length protein, we used a truncated form (residues 29 
to 763). Hence, the disulfide bridge we observe between Cys 41 and Cys 748 
could be an artefact of our protein production protocol.  

If Cys 748 forms a link between the two monomers in the full-length pro-
tein, this leaves Cys 22 and Cys 41 in both monomers that could form addi-
tional disulfides. However, Cys 22 is located in the putative transmembrane 
helix. Thus, in the full length protein Cys 41 of both monomers could form 
an additional inter-chain disulfide. It is likely that SSAO contains a protease 
cleavage site in the linker between the transmembrane helix and domain D2 
(residues 28 to 58). Hence, a disulfide pairing of Cys 41 from both mono-
mers might function to properly expose such a site. 

4.4.8 Could hydrogen peroxide be involved in the regulation of SSAO 
function by a redox switch mechanism? 
Cysteine residues with lowered pKa values can be oxidised by hydrogen 
peroxide (Rhee et al., 2003). If any of the cysteine residues in SSAO are 
vulnerable to oxidation by hydrogen peroxide in their reduced form, this 
could be part of a redox switch controlling conformational changes at the 
surface of the protein. SSAO activity is known to be required for the trans-
migration step in leukocyte extravasation (Koskinen et al., 2004) and stimu-
lates glucose uptake in adipocytes (Zorzano et al., 2003). Hydrogen peroxide 
is one of the products of the SSAO catalyzed reaction, and since catalase 
abolished the effect of SSAO activity in adipocytes, hydrogen peroxide was 
suggested to play a role in the mechanism stimulating glucose uptake (Zor-
zano et al., 2003). In the light of these observations, it is tempting to specu-
late that conformational changes on the surface of SSAO induced by its 
product hydrogen peroxide could actually play a role in this protein’s 
mechanism of action. The most likely candidate to be involved in such a 
switch is the bridge from Cys 198 to Cys 199 as vicinal disulfide bridges 
previously have been shown to be involved in redox switch mechanisms 



41

(Carugo et al., 2003). Clearly, testing of this hypothesis requires further 
studies.

4.4.9 The RGD motif 
SSAO contains the classical integrin-binding sequence RGD (Rouslahti, 
1996) at residues 726 to 728, which are found at the surface in the vicinity of 
the active-site entrance (Figure 4.5). The motif is presented on the tip of a 
hairpin loop and the conformation resembles the one found in trimestatin, an 
integrin-binding protein found in snake venom (PDB entry 1J2L; Fujii et al., 
2003). However, the significance of this motif in SSAO is not known. The 
motif could be involved in integrin-mediated cell attachment but neither 
alterations in this sequence nor pre-treatment of lymphocytes with a peptide 
containing the RGD motif abolished lymphocyte adhesion, although com-
plete deletion diminished the binding (Salmi et al., 2000). 

The source of the soluble enzyme circulating in the blood stream is 
thought to be membrane-bound SSAO that is released into the blood stream 
by a metalloprotease (Göktürk et al., 2003a; Abella et al., 2004; Stolen et al., 
2004). ADAMs (a disintegrin and metalloprotease), a family of multi-
domain proteins that contain a metalloprotease domain, are involved in ecto-
domain shedding and contain an integrin-binding motif (Bridges et al., 
2005).  It is thought that integrins could target ADAMs to the substrate pro-
tein. Hence, by analogy, it is possible that the RGD motif might be involved 
in the release of membrane-bound SSAO into the blood stream.  

4.5 Conclusions 
A method for the production of an enzymatically active, truncated and solu-
ble form of human SSAO has been developed. Production of highly pure and 
soluble SSAO facilitates investigations of this enzyme and efforts to eluci-
date the chemical nature of its physiological substrate(s), as well as the de-
velopment of selective inhibitors. Highly pure and soluble protein is also a 
prerequisite for crystallisation and structural studies. Furthermore, in our 
protocol SSAO is expressed as a GST-fusion protein and the tag could be 
used for immobilisation of this enzyme on solid supports to study, for exam-
ple, protein-protein interactions and enzyme characteristics.  

Diffracting crystals were obtained and the holo enzyme structure was 
solved and refined to 2.5 Å. However, the crystals suffered from twinning, 
anisotropy and pseudo-symmetry, and a procedure to reliably estimate the 
twinning fraction  under such conditions was developed, based on a 
method described by Padilla & Yeates (2003). Additionally, the structure of 
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the 2HP adduct of SSAO, which closely resembles the substrate Schiff base, 
was solved and refined to 2.9 Å.  

The structure revealed a number of interesting features. A leucine residue 
(Leu 469) located at the end of the funnel that leads to the active site ob-
structs access to the active site in its present conformation. This leucine resi-
due could function as an “active site gate” by assuming different side-chain 
conformations. Cys 198 and Cys 199 form a vicinal disulfide bridge, a rare 
structural element often concerned with function and we speculate that it 
could be involved in a redox switch regulated by hydrogen peroxide. Reduc-
tion of this bridge might alter the shape of the surface in the vicinity of the 
active site entrance. An RGD-motif, which is a known integrin-binding se-
quence, is presented on the tip of a hairpin loop on the surface and could be 
involved in integrin-mediated cell attachment or in shedding of the mem-
brane-bound form of SSAO.   

Glycosylation, which is crucial for lymphocyte binding by SSAO/VAP-1, 
was observed on five out of six potential N-glycosylation sites. No density 
was observed for any carbohydrate moiety attached to Asn 618 but it is lo-
cated on the surface and hence a potential glycosylation site. The carbohy-
drate structure attached to Asn 232 influences the appearance of the entrance 
to the active site and might thus modulate the substrate specificity. 
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5. Perspectives 

In science, new findings often raise as many new questions as they answer. 
The results presented in chapter 4 provide a basis on which further experi-
ments can be designed to gain a deeper insight into the function and role of 
SSAO/VAP-1. 

The identification of the physiological substrate(s) of SSAO is of great in-
terest. Methylamine and aminoacetone have been put forward as plausible 
candidates (Lyles, 1996; Yu et al., 2003; O’Sullivan et al., 2004), and so 
have free aminogroups on proteins and aminosugars (Salmi et al., 2001; 
Göktürk et al., 2003a; Koskinen et al., 2004; Sibon et al., 2004). As the en-
trance funnel is spacious, it can hold relatively large substrates and can 
probably accommodate a lysine-exposing peptide. Lysine-containing pep-
tides have been shown to inhibit SSAO/VAP-1-dependent lymphocyte roll-
ing (Yegutkin et al., 2004) but further experiments are needed to identify 
physiological substrate sequences. The present holo enzyme structure can be 
used for docking experiments and, in combination with structural studies of 
complexes and biochemical experiments, might give clues about the nature 
of the physiological substrate. Furthermore, development of specific SSAO 
inhibitors is desirable as they have potential as anti-inflammatory drugs 
(Merinen et al., 2005; Stolen et al., 2005; Vainio et al., 2005) and they might 
also be able to alleviate some of the complications associated with diabetes. 
The structure of the 2-hydrazinopyridine adduct has also been determined. 
This adduct is analogous to the substrate Schiff base reaction intermediate in 
its hydrazone form (presumed to be predominant in the crystal) and informa-
tion about the active site in this structure might be useful in the inhibitor 
design process. It would also be interesting to study the possible role of Leu 
469 as an additional “active site gate”, for instance by site-directed 
mutagenesis.  

An RGD motif was found to be exposed on the surface of SSAO. It could 
be involved in integrin binding and thus play a role in integrin-mediated cell 
attachment. However, we propose an alternative role for this motif. It is not 
known how the shedding of SSAO from the membrane is regulated or 
achieved, but ADAM metalloproteases have been proposed to be targeted to 
the substrate in an integrin-mediated mechanism (Bridges & Bowditch, 
2005). The RGD motif might therefore be involved in the shedding process. 
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Further experiments are needed to elucidate the role of this motif, for exam-
ple by studying how the shedding is affected by mutations in the RGD se-
quence.

Based on our structure, we propose possible roles for a number of disul-
fide bridges in SSAO. We speculate that the vicinal disulfide bridge from 
Cys 198 to Cys 199 could be involved in a redox switch regulated by hydro-
gen peroxide, one of the reaction products. This is in agreement with the 
observation that hydrogen peroxide has been shown to regulate disulfide 
bridge formation in peroxiredoxin I and II (Rhee et al., 2003) and with the 
fact that the redox status of vicinal bridges is important for the function of a 
number of proteins (Carugo et al., 2003). However, the pKa of the free cys-
teines must be determined to find out if they are vulnerable to oxidation by 
hydrogen peroxide. It seems reasonable to assume that reduction of this 
bridge would alter the shape of the surface in the vicinity of the active site 
entrance.  Moreover, it is likely that the bridge from Cys 734 to Cys 741 
stabilises the conformation of the RGD motif. A protease cleavage site is 
probably located between the putative transmembrane helix and domain D2, 
and we suggest that a disulfide bridge between Cys A41 and Cys B41 may 
be involved in exposure of such a site to enable shedding. Structural studies 
of recombinant SSAO mutants in which various disulfide bridges have been 
eliminated would shed light on how they influence the structure. These mu-
tants could also be used to study how the presence or absence of the various 
disulfide bridges influences shedding and leukocyte binding.  
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Summary in Swedish 

Denna avhandling presenterar resultaten från strukturella studier av två me-
dicinskt relevanta proteiner, Echinococcus granulosus fatty-acid-binding 
protein 1 (EgFABP1) och humant semicarbazide-sensitive amine oxidase 
(SSAO). EgFABP1 spelar en viktig roll för dvärgbandmasken, en parasit 
som orsakar både hälsoproblem och ekonomiska förluster i många delar av 
världen. SSAOs roll i kroppen är inte känd till fullo men man vet att protei-
net är inblandat i transport av leukocyter till skadad vävnad samt i reglering-
en av glukosupptag i fettceller och i differentieringen av dessa celler. De 
vaskulära skador som följer med diabetes skulle till viss del kunna orsakas 
av produkter av SSAOs enzymatiska aktivitet. 

Proteiner tillhör de grundläggande byggstenarna i cellen. De är involvera-
de i de flesta cellulära processer, till exempel som katalysatorer av kemiska 
reaktioner, till förvaring och transport av molekyler (som syre och närings-
ämnen), i överföring av signaler inom och mellan celler, och för att bygga 
upp strukturer och ge stadga.  

Ett proteins funktion är tätt kopplat till dess tredimensionella form. Kun-
skapen om ett proteins struktur kan därför ge värdefull information för att 
förstå vilken funktion ett protein har samt dess roll i cellen. Den strukturella 
informationen kan också vara till stor hjälp när läkemedel utvecklas som 
skall binda specifikt till ett visst protein. I denna avhandling har röntgenkris-
tallografi använts för att karaktärisera två medicinskt relevanta proteiner 
strukturellt.

EgFABP1 är ett protein med förmågan att binda och transportera fettsy-
ror. Proteinet finns hos dvärgbandmasken (Echinococcus granulosus) och 
uppfyller där en viktig funktion eftersom parasiten själv inte kan tillverka 
alla de fettsyror den behöver. I stället plockar bandmasken upp de nödvändi-
ga molekylerna från värdorganismen. Dvärgbandmasken använder sig av två 
olika värdorganismer under sin livscykel. Den första delen av livscykeln 
lever parasiten i får eller andra klövdjur, och i vissa fall människa, för att 
sedan utvecklas till en färdig bandmask i framförallt hundar. I människa och 
klövdjur orsakar parasiten stora vätskefyllda cystor som innehåller förstadier 
till den fullvuxna bandmasken. Cystorna kan leda till tryckskador när de blir 
stora samt orsaka allergiska reaktioner om vätskan läcker ut. Denna infektion 
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är en av världens mest spridda zoonoser, dvs. en sjukdom som kan överföras 
mellan djur och människa.

I försöken att öka förståelsen för hur dvärgbandmasken fungerar har vi 
bestämt strukturen av proteinet EgFABP1. Resultaten visar att EgFABP1 
formar en tunnliknande struktur i likhet med besläktade proteiner. Jämförel-
ser med ett antal fettsyrebindande proteiner från relaterade parasiter visar att 
proteiner från Echinococcus och Schistosoma troligtvis har liknande fettsy-
rebindande egenskaper. Fettsyrebindande proteiner från Fasciola däremot 
binder troligtvis inte laddade ligander och de kan eventuellt rymma fler än 
en ligand, eller binda större ligander än EgFABP1.  

SSAO är ett protein med dubbla funktioner, och som det verkar, flera rol-
ler. Enzymet katalyserar omvandlingen av primära aminer till aldehyd, am-
monium och väteperoxid och den enzymatiska aktiviteten har visat sig på-
verka glukosupptaget i fettceller samt differentieringen av dessa celler. 
SSAO, som även benämns VAP-1 (vascular adhesion protein-1), har också 
visat sig ha adhesiva egenskaper och delta i processen som leder leukocyter 
från blodomloppet till den skadade vävnaden. SSAO finns bunden till cell-
membranen i glatt muskulatur, endotelceller och i fettceller samt i en löslig 
form som cirkulerar i blodet. 

Förhöjd SSAO-aktivitet har observerats i ett antal sjukdomstillstånd så-
som diabetes och hjärtsvikt. De kärlproblem som förknippas med diabetes 
skulle till viss del kunna vara orsakade av reaktiva ämnen som produceras i 
den av SSAO katalyserade reaktionen. Om så är fallet skulle hämmare av 
SSAO kunna minska dessa sidoeffekter. Hämmare av SSAO/VAP-1 har 
även potential som anti-inflammatoriska läkemedel.  

I den här studien presenteras en metod för rekombinant produktion och 
rening av en enzymatiskt aktiv och löslig variant av humant SSAO. Tillgång 
till rent och lösligt protein är värdefullt för funktionella studier samt för ut-
veckling av specifika hämmare. Vidare ger det en möjlighet att kristallisera 
proteinet för att kunna studera dess struktur. Analysen av strukturen visar att 
proteinet som förväntat formar en homodimer, där varje monomer är upp-
byggd av tre domäner kallade D2, D3 och D4. N-glykosylering (d.v.s oligo-
sackarider bundna till asparaginer i sekvensen Asn-X-Ser/Thr på proteinets 
yta) är avgörande för SSAO/VAP-1s interaktion med lymfocyter. 5 Utav de 
6 asparaginer som ingår i en Asn-X-Ser/Thr-sekvens är glykosylerade i 
strukturen. Den 6:e asparaginen återfinns på proteinets yta och skulle därmed 
kunna vara glykolyserad även om det inte observerats i strukturen.  

Substratet når det aktiva centret genom en relativt öppen trattliknande in-
gång som är uppbyggd av komponenter från D2, D3, samt D4 från båda 
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monomererna. I slutet av tratten sitter dock en leucin (Leu 469) som starkt 
begränsar öppningen till det katalytiska centret och denna aminosyra skulle 
kunna medverka i en reglering av tillgängligheten. Vi har även studerat 
strukturen av enzymet med den irreversibla hämmaren 2-hydrazinopyridine 
bunden till proteinet. Det ger en bild av hur ett av intermediaten i den kataly-
serade reaktionen ser ut. Tillsammans så ger dessa resultat värdefull infor-
mation i sökandet efter det naturliga substratet samt för utvecklandet av spe-
cifika hämmare.
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