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ABSTRACT 
 My initial aim was a functional analysis of the conserved Op18/stathmin family of 
microtubule-regulators, which includes the ubiquitous cytosolic Op18 protein and the neural 
membrane-attached RB3 and SCG10 proteins. The solved X-ray structure has shown that these 
proteins form a complex with tubulin αβ-heterodimers via two imperfect helical repeats, which 
result in two head-to-tail aligned heterodimers in a tandem-tubulin complex. We have analyzed 
GTP exchange and GTP hydrolysis at the two exchangeable GTP-binding sites (E-site) within the 
tandem-tubulin complex. A comparison of Op18, RB3 and SCG10 proteins indicates that 
Op18/Stathmin family proteins have evolved to maintain the two heterodimers in a configuration 
that restrains the otherwise potent GTPase productive interactions facilitated by the head-to-head 
alignment of heterodimers in protofilaments. We concluded from these studies that tubulin 
heterodimers in complex with Op18/stathmin family members are subject to allosteric effects that 
prevent futile cycles of GTP hydrolysis. 

To understand the significance of the large differences in tubulin affinity of Op18, 
RB3 and SCG10, we have fused each of the heterodimer-binding regions of these three proteins 
with the CD2 cell-surface protein to generate confined plasma membrane localization of the 
resulting CD2 chimeras. We showed that, in contrast to CD2-Op18, both the CD2-SCG10 and 
CD2-RB3 chimeras sequester tubulin at the plasma membrane, which results in >35% reduction 
of cytosolic tubulin heterodimer levels. However, all three CD2-chimeras, including the tubulin 
sequestration-incompetent CD2-Op18, destabilize interphase microtubules. Given that 
microtubules are in extensive contact with the plasma membrane during the interphase, these 
findings indicate that Op18-like proteins have the potential to destabilize microtubules by both 
sequestration and direct interaction with microtubules.  

Sm16/SmSLP (Stathmin-Like Protein) has been identified as a protein released 
during skin penetration of the Schistosoma mansoni parasite. This protein has been ascribed both 
anti-inflammatory activities and a functional similarity with the conserved cytosolic tubulin-
binding protein stathmin/Op18. However, our studies refuted any functional similarity with 
stathmin/Op18 and we found instead that Sm16/SmSLP is a lipid bilayer binding protein that is 
taken up by cells through endocytosis. 
 To study immuno-modulatory properties of Sm16/SmSLP, we designed an 
engineered version with decreased aggregation propensity, thus facilitating expression and 
purification of a soluble Sm16 /SmSLP protein from the eukaryotic organism Pichia pastoris. 
Determination of the hydrodynamic parameters revealed that both the recombinant and native 
Sm16/SmSLP is a ~9-subunits oligomer. The recombinant protein was found to have no effect on 
T lymphocyte activation, cell proliferation or the basal level of cytokine production of whole 
human blood or monocytic cells. Interestingly, however, recombinant Sm16 was found to 
potently inhibit the cytokine response to the Toll-like receptor (TLR) ligands lipopolysaccharide 
(LPS) and Poly(I:C). Since Sm16 specifically inhibits degradation of the IRAK1 signaling protein 
in LPS stimulated monocytes, it seems likely that inhibition is exerted proximal to the TLR-
complex. 
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1. GENERAL INTRODUCTION 
1.1  Background to the divergence of the present thesis work 
The initial aim of this thesis work was a molecular dissection of tubulin/microtubule directed 
activities of Op18 family members. At that time these members included four proteins found in 
vertebrates, which are all highly homologous in their tubulin binding region, and a much less 
homologous protein from the human parasite Schistosoma mansoni. This parasite protein has 
been given several names but in a report published 1999 it was termed Schistosoma mansoni 
Stathmin-Like Protein, which was abbreviated SmSLP. According to this report, SmSLP fulfilled 
all criterias for being a divergent member of the Op18/Stathmin family. This parasite protein had 
also been independently studied by others under different names. It has been termed Sm16 (Mol. 
weight ~16kDa) by one group that had reported immunosuppressive activities, which made it 
even more interesting to evaluate the proposed functional similarity to the Op18/Stathmin family. 
 The original study on SmSLP, which demonstrated tubulin binding and 
destabilization of microtubules, employed a partially purified preparation derived from the 
parasite. We therefore felt that it was important to repeat these studies using a purified 
recombinant preparation (termed by us Sm16/SmSLP). To express this parasite protein in E. coli 
proved very difficult. Moreover, the purified protein appeared very different from the established 
Op18/Stathmin family members since it was extremely prone to aggregate, which precluded a 
biochemical characterization of the Sm16/SmSLP protein with the native amino acid sequence. 
To solve these technical problems a massive amount of work over several years was put in. 



  

 
 

8

Ironically, when we were finally in a position to critically address the relationship between 
Op18/Stathmin proteins and the Sm16/SmSLP protein, we found that Sm16/SmSLP was a 
structurally distinct protein and that the original description of tubulin binding and microtubule 
destabilizing activities was incorrect. However, by studying the action of the recombinant 
Sm16/SmSLP protein (at this point only termed Sm16) on various types of blood derived cells, 
we obtained interesting data that became the start of a new project. Hence, our ambition to 
characterize a “divergent member” of the Op18/Stathmin family resulted in the divergence of the 
present thesis project. 
 
1.2  Tubulin heterodimers are the subunits of microtubules 
Tubulin is a heterodimer consisting of an α- and β-subunit (Fig. 1, (Nogales et al., 1998). Each 
subunit has a molecular mass of ~50-kDa and are structurally very similar with an identity of 
~40%. The tubulin subunits consist of three functional domains. An N-terminal domain with the 
GTP-binding-site, an intermediate domain containing the taxol binding site, and finally the C-
terminal domain that has been suggested to bind to motor proteins (Nogales et al., 1998). 

Both subunits of the tubulin heterodimer have a GTP-binding site. The GTP bound at the 
α-subunit is buried in the interface between the two heterodimers. This GTP has no regulatory 
function and is never exchanged or hydrolyzed (Spiegelman et al., 1977). However, the GTP 
bound to the β-subunit is in a rapid equilibrium with the free GTP pool as long as the heterodimer 
is non-polymerized. The GTP-binding site of the β-subunit is therefore called the exchangeable 
site (E-site, se Fig. 1). Upon polymerization into microtubules, the E-site bound GTP becomes 
hydrolyzed and trapped in the polymer (Fig. 2. David-Pfeuty et al., 1977).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Structure of α/β tubulin heterodimer. Protein Data Base ID: 1TUB, E. Nogales, K and K. H. 
Downing 
 
 

E-siteE-site
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The α- and β-tubulin subunits in animals are encoded by 5 to 10 distinct but 
homologous genes, which make up the tubulin isotypes. The most variable part of these isotypes 
are the 15 most C-terminal amino acids, which are located on the outer surface of the 
microtubules. This variable part explains tubulin isotype specific differences in microtubule 
properties, for example variable sensitivity to the microtubule stabilizing anti-cancer drug taxol 
(Ranganathan et al., 1998). 
 Microtubules are built from protofilaments that are arranged to form a hollow tube 
(Fig. 2). The protofilaments are formed by head to tail association of tubulin heterodimers where 
the β subunit head is interacting with the α-subunit of the neighboring heterodimer. Since all the 
protofilaments in a microtubule are arranged in the same direction, microtubules are polar 
structures with an exposed α-subunit at one end, termed the minus-end, and a β-subunit at the 
other end, termed the plus-end. Microtubules usually consist of 13 protofilaments in intact cells, 
while microtubules formed in vitro is built up of 14 protofilaments. The reason for this difference 
is that microtubules in intact cells are nucleated at the centrosome through a template-like 
molecular complex, which contains a paralogue of α- and β-tubulin termed γ-tubulin (reviewed in 
Oakley, 2000). 

Microtubule polymerization in intact cells involves addition of GTP-containing 
heterodimers at the plus-end (Fig. 2). Only tubulin heterodimers that have GTP bound to their E-
site can polymerize, but following incorporation into microtubules GTP is hydrolyzed. The 
mechanism of hydrolysis involves GTP hydrolysis at the exposed E-sites at the microtubule tip, 
which is triggered by a catalytic Glu residue in a loop located on the α-subunit of the incoming 
heterodimer. The GTP-hydrolysis results in a conformational change such that the heterodimer 
change from a straight to a curved configuration, which destabilizes the microtubule structure 
since the protofilament strive to peel off. However, the microtubule structure is stabilized at the 
minus end by attachment to the centrosome and at the plus end by a single or several layers of 
GTP tubulin heterodimers termed the GTP-cap. When this cap is stochastically lost, the 
microtubule rapidly depolymerizes, which can be visualized by electron microscopy as curved 
protofilaments at the tip. The transition between polymerization and depolymerization is termed a 
catastrophe. By an unknown mechanism, a depolymerizing microtubule may acquire a GTP-cap 
and thereby initiate a new cycle of polymerization, which is termed a rescue. Thus, microtubules 
switch stochastically between growing and shrinking phases, which involve binding and 
hydrolysis of GTP at the E-site of β –tubulin, and this behavior is known as dynamic instability. 
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Fig. 2. Dynamic instability of microtubules. Microtubules switch stochastically between growing and 
shrinking phases. This behavior, known as dynamic instability, is based on the binding and hydrolysis of 
GTP at the nucleotide exchangeable site (E-site) in β-tubulin. Only tubulin heterodimers that have GTP in 
their E-site can polymerize, but following incorporation into microtubules GTP is hydrolyzed. The 
microtubule structure is stabilized at the minus end by attachment to the centrosome and at the plus end by 
a layer of GTP tubulin heterodimers termed the GTP-cap. When this cap is stochastically lost, the 
microtubule rapidly depolymerized. Transition between polymerization and depolymerization is termed 
catastrophe and the opposite is termed rescue. 
 
1.3   Phosphorylation-responsive regulation of microtubule dynamics by Op18 
Op18/Stathmin (Op18) is a cytosolic phospho-protein that was independently identified by many 
groups. Op18 has therefore been given several names such as p17/prosolin (Braverman et al., 
1986), P19 (Pasmantier et al., 1986)Stathmin (Sobel et al., 1989), p19/metablastine (Schubart et 
al., 1987) and(Schubart et al., 1992), 19K (Gullberg et al., 1990), Oncoprotein 18/Op18 (Hailat et 
al., 1990) and leukaemia associated protein p18/Lap-18 (Mock et al., 1993). During 1996 it was 
reported that Op18 binds tubulin and increases the frequency of catastrophes during microtubule 
assembly in vitro (Belmont and Mitchison, 1996). It was also reported that Op18 destabilized 
microtubules in intact cells and that the destabilizing activity is inactivated by phosphorylation 
during mitosis (Marklund et al., 1996).  
 Given that Op18 binds to tubulin, the catastrophe-promoting activity of Op18 
observed in vitro has been controversial since it is difficult to exclude that such an activity is an 
indirect effect of Op18-mediated tubulin-sequestering (Curmi et al., 1997). There are currently 
three models on how Op18 regulates microtubule dynamics. The first infers that Op18 acts as a 
pure tubulin-sequestering protein (Jourdain et al., 1997), (Curmi et al., 1997). The second model 
infers that Op18 acts as a specific catastrophe promotor (Belmont and Mitchison, 1996). The third 
model, which is an extension of the second model, infers that Op18 mediates at least two distinct 
activities, namely (i) catastrophe-promotion, which requires the N-terminal part of Op18, and (ii) 
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a tubulin sequestering-like activity observed during MT-assembly in vitro, which requires the C-
terminal part of Op18 (Howell et al., 1999) and (Larsson et al., 1999). 
 Op18/stathmin is phosphorylated by a variety of extracellular signals and drugs 
such as hormones, phorbol esters and growth factors (Fig. 3). Serine-16 has been shown to be 
phosphorylated by the Ca2+/calmoduline dependent kinase IV/Gr (CaMKIV/GR) in T cells 
stimulated with either the calcium ionophore ionomycin or through the T-cell antigen receptor  
(Marklund et al., 1993a), (Marklund et al., 1994). It has also been shown that serine-16 is 
phosphorylated in response to activation of the small GTPases Rac and Cdc42 and their common 
downstream target, the serine/threonine kinase p65PAK (Daub et al., 2001). However, it is still 
unclear if Op18 is directly phosphorylated by the p65PAK kinase (Wittmann et al., 2004). 
Mitogen activated protein kinase (MAPK) has been shown to phosphorylate serine-25 in T cells 
stimulated with either phorbol ester or through the T-cell receptor (Marklund et al., 1993a) and 
(Marklund et al., 1993b). Protein kinase A (PKA) has been shown to phosphorylate serine-16 and 
63 in K562 cells expressing a constitutively active kinase derivative (Melander Gradin et al., 
1997). By analyzing the effect of site-specific phosphorylation of ectopic Op18, it has been 
shown that phosphorylation of serine-16 or serine 63 efficiently down regulates the microtubule-
destabilizing activity of Op18 (Melander Gradin et al., 1997) and (Gradin et al., 1998). 
Phosphorylation on these sites has also been shown to decrease the affinity to tubulin (Holmfeldt 
et al., 2001; Larsson et al., 1997).  

 
Fig. 3. Signal transduction and cell cycle regulated phosphorylation of Op18/Stathmin 
 
Phosphorylation-inactivation of Op18 is mediated by both cell cycle and cell surface receptor 
regulated kinase systems. The phenotype of "kinase target sites" deficient Op18 mutants in 
human cell lines reveals that phosphorylation-inactivation is essential to allow microtubules to 
segregate condensed chromosomes (Marklund et al., 1994), (Larsson et al., 1995) and (Marklund 
et al., 1996). The evidence for functional inactivation by extensive mitotic phosphorylation argues 
against an active role of Op18 during mitosis (Larsson et al., 1997). It has therefore been 
suggested that the primary role of Op18 is to regulate the microtubule-system in interphase cells 
in response to activation of cell surface receptor regulated kinase system (Melander Gradin et al., 
1997) and (Gradin et al., 1998).  
 
1.4   The physiological significance of Op18 
 A recent study by our research group has explored phosphorylation-regulated 
interplay between Op18 and the microtubule stabilizing protein MAP4 and the physiological 
significance of site-specific Op18 phosphorylation during signal transduction events (Holmfeldt 
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et al., 2007b). The experiments were based on RNA interference mediated depletion of Op18 and 
MAP4 and exchange of the endogenous Op18 proteins with phosphorylation-site deficient 
derivatives. The results showed that i) Op18 and MAP4 are major interphase-specific and 
counteracting phosphorylation-inactivated regulators of tubulin polymerization in all three cell 
models analyzed, ii) site-specific phosphorylation-inactivation of Op18 is the direct cause of 
hyper-polymerization of microtubules observed in response to cognate ectopic kinases, and iii) 
Op18 inactivation by phosphorylation at serine 16 and serine 25 is the direct cause of the 
demonstrated hyper-polymerization in response to T-cell antigen receptor triggering. These 
results provide the first formally proven example of a signal transduction pathway for regulation 
of interphase microtubules. 
 Our research group has also discovered that Op18 also has potential to act as a 
positive and reversible regulator of tubulin expression (Sellin et al., 2008). This study indicates 
that abundantly expressed Op18 regulates tubulin synthesis through the same basic autoregulatory 
mechanism as microtubule-poisoning drugs, which involve degradation of polysomal RNA 
(reviewed in (Cleveland, 1989). The implications of these results are that the microtubule 
destabilizing Op18 protein regulates tubulin expression and thus the level of tubulin heterodimers 
that can be incorporated into microtubule polymer, which establishes Op18 as the first identified 
global regulator of the microtubule-system. However, given that the expression levels of Op18 
varies enormously between various tissues and cell types, it seems obvious that Op18-mediated 
global regulation of the microtubule system is only of significance in cell types in which Op18 is 
abundantly expressed.  
 It was recently shown that the Op18 ortholog of Drosophila is essential for 
microtubule-dependent processes, namely maintenance of cell or cyst polarity, which is 
associated with ~2.5-fold less tubulin heterodimer content in Op18-deficient larvae (Fletcher and 
Rorth, 2007). However, Op18-deficient mice reproduce normally and the reported phenotypes are 
limited to neurological defects in adults (Liedtke et al., 2002),(Shumyatsky et al., 2005). This 
weak phenotype of mice seems in consistent with the dramatic increase in interphase microtubule 
polymers in human cell lines depleted of Op18 by stable expression of interfering short hairpin 
RNA (Holmfeldt et al., 2004), (Holmfeldt et al., 2006) and (Holmfeldt et al., 2007b). There is at 
present no obvious explanation for this apparent discrepancy in phenotypes. 
 Op18 is frequently up-regulated in a various malignancies, such as leukemias, 
lymphomas, neuroblastomas and prostatic adenocarcinomas (Brattsand et al., 1993), (Hanash et 
al., 1988), (Nylander et al., 1995), (Roos et al., 1993), (Hailat et al., 1990), and (Friedrich et al., 
1995). A somatic mutation of Op18 (Q18 E) has been identified in an esophageal 
adenocarcinoma. Expression of Op18 (Q18 E) in NIH/3T3 cells resulted in foci formation and 
tumor growth in mice (Misek et al., 2002). Our group has also analyzed the phenotype of the 
Q18 E mutation of Op18 and we found it had no major affect on tubulin binding (Holmfeldt et 
al., 2006). We found that the mutant Op18-Q18 E protein was more active with respect to 
microtubule-destabilization and it was only partially inactivated by phosphorylation during 
mitosis. These properties resulted in aberrant mitosis, chromosome loss and poly-polyploidization 
in cell expressing modest levels of Op18-Q18 E. Interestingly, by increasing the expression of 
the wild-type proteins to levels observed in some cases of acute leukemias, we observed the same 
mitotic defects. We interpreted these findings to suggest that both the Q18 E mutation and up 
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regulation of wild type Op18 in tumors may contribute to chromosomal instability (Holmfeldt et 
al., 2006), which is known to contribute to forward the tumor progression (Michor et al., 2005) 
 
1.5   The Op18/Stathmin family of proteins  
 Op18 is the prototype member of a family of tubulin binding proteins (Ozon et al., 
1997). The Op18/Stathmin family consists of four highly homologous members, namely Op18, 
SCG10, SCLIP and RB3. However, a major difference between these family members is that, 
while Op18 is cytosolic and abundant in several cell types of different tissue origin, the other 
family members are attached to intracellular membranes in primarily neural cell and appear to be 
expressed at low abundance (Mori and Morii, 2002). SCG10, SCLIP and RB3 all contain a 
hydrophobic N-terminal region that mediates membrane attachment (Fig. 4), while the rest of the 
sequence is ~90% homologous to Op18. SCG10 (originally termed “super cervical ganglion-10”) 
is expressed in neurons and anchored in the plasma membrane via a palmitoylation site located in 
the N-terminus (Di Paolo et al., 1997), (Antonsson et al., 1998). SCG10 has been shown to be to 
be located in the Golgi complex and highly enriched in axonal growth cones (Di Paolo et al., 
1997) and (Stein et al., 1988). SCG10, SCLIP and RB3 appear to have distinct but overlapping 
expression pattern in neural tissues and it seems likely that their function is similar. However, in 
contrast to SCG10 and RB3, SCLIP appears to be ubiquitously expressed but the abundance is 
low as compared to Op18 (Bieche et al., 2003). Based on RNA interference mediated gene-
product depletion is has been proposed that SCLIP and SCG10 have different but still 
complementary roles during neuronal differentiation (Poulain and Sobel, 2007). However, the 
role of the membrane attached members of the neuronal Op18/Stathmin family members has still 
not been critically addressed by targeted gene disruption in mouse. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Op18/Stathmin family members 
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1.6   Generation of tandem tubulin complexes by Op18/Stathmn family proteins 
The Op18 sequence  has a high content polar and small amino acid residues. This is a 
characteristic of intrinsically disordered proteins that lack a tertiary structure in solution (Dyson 
and Wright, 2005). Op18 in solution has indeed also been shown to be an unstructured protein 
with some α-helical elements (Steinmetz et al., 2000) and (Wallon et al., 2000). Upon tubulin 
binding, Op18 folds into an extended α-helix with a less defined N-terminal (Fig. 5,Gigant et al., 
2005) The extended α-helix comprise a tandem repeat of two weakly homologous α-helical 
regions. The ternary Op18:tubulin complex can be described as two tubulin heterodimers in a 
slightly curved head-to-tail alignment (i.e., tandem-tubulin dimers) with each one of the tandem 
Op18 helical repeats contacting one heterodimer. As shown in Fig. 5, this tandem-tubulin dimer 
complex is also stabilized by longitudinal α and β tubulin subunit interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Structure of the RB3 tandem Tubulin complex. RB3 is shown in black and tubulin in grey. 
Protein Data Base ID: 1SA1, R. B. Ravelli, et al. 
 
 
 
 Under condition of large excess of Op18 over tubulin heterodimers, there is still no 
detectable complexes of Op18 bound to a single heterodimer as evidences by either ultra 
centrifugation or size exclusion chromatography (Carlier et al., 1997) and (Jourdain et al., 1997). 
This phenomenon is explained by cooperative interactions within the ternary complex, i.e. Op18 
binds two tubulin heterodimers according to a two-site positive cooperative model, which 
minimizes the prevalence of complexes with single tubulin heterodimers (Larsson et al., 1999) 
and (Segerman et al., 2000). This cooperativity implies that the first tubulin binds to Op18 with 
low affinity, which generates a second tubulin binding site with higher affinity.  
 Within the microtubule polymer, hydrolysis of the E-site bound GTP of β-tubulin 
is triggered by the catalytic loop on the preceding α-tubulin subunit (Nogales, 2001). Our 
research group has shown that Op18 binding to tubulin inhibits GTP-exchange and at low 
concentrations of tubulin heterodimers the basal rate of GTP-hydrolysis is increased (Larsson et 
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al., 1999) and (Segerman et al., 2000). Based on the subsequently solved structure of the tandem-
tubulin complex (Gigant et al., 2000), it seems likely that the observed increase of the basal 
GTPase activity is the result of interactions between the E-site of β-tubulin and the catalytic loop 
on α-tubulin within the tandem-tubulin dimer complex. 
 
1.7   Biology of Schistosoma and Schistosomiasis 
Schistosoma mansoni belongs to phylum Platy helminthes under the class trematode, commonly 
referred to as blood fluke. There are three major species of Schistosoma, Schistosoma mansoni, 
Schistosoma japonicum and Schistosoma haematobium. Schistosomes have a complex life cycle 
(reviewed in Cherfas, 1991), involving two hosts, mammalian and fresh water snail (Fig. 6). Eggs 
from the mammalian hosts are released by feces into the water where they hatch to free living 
aquatic form termed miracidium. The miracidium infects freshwater snails and develops into a 
sporocyst. The sporocyst stage involves asexual multiplication and development into cercarias, 
which are subsequently released into the water. Cercarias are free-living and mobile and are 
actively searching for a human host to infect by penetration through the skin. The process of skin 
penetration is aided by release of proteases contained within vesicles in the acetabular glands of 
the cercaria. During the skin penetration the cercaria develops into schistosomula, which 
subsequently locates a blood or lymphatic vessel and thereafter migrates to the lungs. At this 
location the parasite undergoes further developmental changes that are necessary for the 
subsequent migration to the liver. After further maturation in the liver, the adult male and female 
worms attach into pairs and relocate to the mesenteric or rectal veins for sexual reproduction. The 
worms produce up to 300 eggs per day, which are have the ability to pass through the walls of 
blood vessels, and through the intestinal, and are finally released out from the body in feces. 
Average life span of the adult worm in the human body is four and a half years. 
 Schistosomiasis, commonly known as bilharzia, affects 200 millions people in the 
tropical regions. The cause of Schistosomiasis is eggs released by the worms that get trapped in 
the blood system of the human host where they will release antigenic substances that induce an 
immune response. It is primarily cellular infiltration that causes the disease. Moreover, eggs that 
accumulate in the liver may also cause high blood pressure through the liver and buildup of fluid 
in the abdomen and subsequent organ failure. Schistosomiasis can be cured by praziquantel, 
which is a drug that kills the adult worm. However, a preceding schistosome infection does not 
give any protection against re-infection, which is a commonly occurring problem.  
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Fig. 6. The life cycle of Schistosoma mansoni. Schistosoma mansoni has a complex life cycle, which 
requires two hosts. Infection of the mammalian host is initiated by cercaria, which penetrates the skin and 
transform into schistosomula. The schistosomula enter the vasculature and migrate to the portal system 
where it matures into the adult worm stage. The worms reproduce sexually and eggs are released by faeces. 
Eggs hatches in the water and miracidia infects snail. In the snail the miracidia transform into the Sporocyst 
stage, which reproduce asexually. Later Cercariae are released from the snail and a new infection cycle is 
initiated. 
 
1.8   The Sm16/SmSLP parasite protein: a proposed divergent member of the 
Op18/Stathmin family 
The Sm16/SmSLP protein has been identified in the excretory secretions derived from the 
acetabular glands of Schistosoma mansoni (Ramaswamy et al., 1995). Sm16/SmSLP appears 
highly conserved among Schistosoma since a data base search of the fully sequenced genome of 
Schistosoma japonicum reveals a 100% identical protein. The Sm16/SmSLP protein is stored in 
secretory vesicles in the acetabular glands of the cercaria and is secreted by holocrine release 
during skin penetration (reviewed in McKerrow, 1997). Sm16/SmSLP was initially identified as 
16.8 kDa protein in excretory secretions separated by SDS-PAGE (Ramaswamy et al., 1995). The 
original functional study of the protein involved excision of a ~16 kDa region of SDS-PAGE gels 
and subsequent elution of proteins (Ramaswamy et al., 1995). This implies a partial purification 
of denatured Sm16, which makes it unclear whether the reported activities reflect the activity of 
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the pure native protein. Nevertheless, this preparation was reported to down regulated IL-1α 
expression in LPS stimulated cultured human keratinocytes and to increase the expression of IL-
1RA, as well as suppress antigen-induced T lymphocyte proliferation. These results provided the 
basis for the proposal that Sm16 acts through an IL-1RA dependent mechanism. Moreover, it was 
subsequently reported that expression of Sm16 by intradermal gene delivery in mice suppress 
LPS provoked cutaneous inflammation (Rao et al., 2002). In addition, a general immuno-
suppressive activity manifested on the level of T-lymphocyte proliferation was also reported. 
However, the extent of suppression of inflammation and T-lymphocyte proliferation appeared 
modest and the result did not support the original proposal of an IL-1RA dependent mechanism.  
 Independently of the studies by Ramaswamy and co-workers outlined above, 
Sm16/SmSLP has also been identified as a developmental stage-specific protein and has been 
termed either SmSPO-1 (Ram et al., 1999) or SmSLP (Valle et al., 1999). In the latter study by 
Valle et al., Sm16/SmSLP is described as a protein that is abundant during the late sporocyst 
stage and that disappears a few days after penetration of the skin of the mammalian host. Most 
importantly, a ~26% homology with members of the Op18/Stathmin family prompted the authors 
to analyse tubulin binding and microtubule depolymerizing activities of a partially purified 
preparation of Sm16/SmSLP. Since the reported data suggested that the Sm16/SmSLP 
preparation shared these functional properties with Op18/Stathmin family proteins, the authors 
termed the protein Schistosoma mansoni Stathmin Like Protein, which was abbreviated SmSLP.  

The similarities and differences in the primary structures of Op18 and Sm16/SmSLP are 
outlined in Fig.7. Given the dedication of our research to Op18/Stathmin family proteins, the 
study by Valle et al. motivated us to prepare a recombinant Sm16/SmSLP protein for structural 
and functional studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Depiction of Sm16/SmSLP versus Op18. A significant homology (22 % identity, 1 gap 
introduced) is only observed within the 51 residues repeat 1, which contains one of the two tubulin 
contacting regions (see Fig.5). Thus, Sm16 is unlikely to form tandem-tubulin dimers. The 21 residues 
hydrophobic signal sequence is cleaved off the secreted form of Sm16. There is no homology in the N-
terminus except a proline rich sequence. 
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1.9   Innate immunity and the Toll-like receptor family 
Innate immunity protects the host from invading microorganisms. These potential pathogens are 
recognized by various types of pattern recognition receptors, which recognize specific molecules 
common to many pathogens. The response of the innate immune system is characterized by 
production of an array of chemokines and cytokines. Some of these soluble signaling substances 
serve to attract macrophages and neutrophils to the site of infection for subsequent phagocytosis 
of a pathogen such as bacteria. Many of the cells that mediate phagocytosis have also the ability 
to present pathogen-derived antigens for cells of the adaptive immune system, which provides a 
link between the ancient innate immune system and the adaptive immune system of vertebrates. 

The Toll-like receptor (TLR) family is the archetypical pattern recognition receptor type 
that is a member of a super-family of receptors that includes the interleukin-1 receptor (reviewed 
in Akira et al., 2006). At present the TLR family includes 10 members in humans. TLRs are 
expressed in a wide variety of cell-types, for example cells involved in immune function, such as 
lymphocytes and macrophages/antigen presenting cells, and in tissue that is exposed to the 
external environment such as the gastrointestinal tract and skin. All TLRs have in common a so 
called TIR (Toll-IL-1 receptor) domain in the cytosol that generates the signal cascade. The 
extracellular domain recognizes a molecular pattern characteristic for many pathogens. For 
example, TLR4 recognize LPS, TLR2 recognizes peptidoglycan and TLR3 recognizes double 
stranded RNA. Activation of TLRs involves ligand induced dimerization and an associated 
conformational change that will facilitate a structural reorganization of the cytosolic TIR domains 
to create a platform for an array of interacting signaling proteins, ( Fig. 8). The TIR domain 
initiates intracellular signaling through recruitment of different adaptor proteins, which will 
ultimately lead to activation of transcription factors such as NFκB and gene expression. There are 
five known adaptor proteins that associates with TLRs, namely MyD88, MAL, TRIF, TRAM and 
SARM. Different TLRs uses different adaptors but the MyD88 adaptor is the most common one. 

LPS is a major component of the cell wall of all gram negative bacteria and this bacterial 
toxin is probably the most potent and common activator of the innate immune response. LPS 
activates TLR4, which result in MAL dependent recruitment of MyD88 to the TIR domains of the 
TLR4 dimer (Fig. 8). This initiates a signaling cascade that includes MyD88 recruitment of the 
kinases IRAK1 and IRAK4 followed by phosphorylation of IRAK1 by IRAK4. Phosphorylation 
of IRAK1 results in binding to TRAF6, which implies that TRAF6 is recruited to the plasma 
membrane (Wesche et al., 1997). Phosphorylation of IRAK1 makes this protein to a substrate for 
the ubiquitination system and IRAK1 becomes consequently degraded by the proteasome within a 
relatively short time (Yamin and Miller, 1997) and (Li et al., 1999). Subsequent to IRAK1 
degradation, TRAF6 interacts with other signaling proteins at the plasma membrane that mediates 
activation of the transcription factor NFκB, which activates the production of pro-inflammatory 
cytokines such as IL-1 and TNF-α. 
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Fig. 8. Simplified scheme of TOLL 4 signalling. LPS binding results in recruitment of MyD88 via MAL 
to the TIR domain of the Toll receptor. IRAK-1 and 4 interacts with MyD88 followed by phosphorylation 
and activation of IRAK-1, which results in recruitment of TRAF-6. Thereafter, IRAK-1 and TRAF-6 are 
released from the receptor complex followed by degradation of IRAK-1. A multi-protein complex is 
thereafter formed that contain TRAF-6, TAK-1 and other proteins, for example ubiquitin ligases. The 
protein complex activates various transcriptions factors, for example NFκB. This result is transcription of 
genes involved in inflammatory response. 
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2. AIMS OF THE PRESENT STUDY 
 
Part I.  Functional consequences of tubulin binding by Op18/Stathmin family members  
 
i. Development of assays to study tubulin binding properties 
 
ii. Development of assays to study Op18/Stathmin modulation of GTP-exchange and   
                        hydrolysis of tubulin heterodimers. 
 
iii. Evaluation of tubulin-directed activities of the Schistosoma mansoni protein   
                       Sm16/SmSLP (Stathmin-Like Protein) 
 
Part II. Structure and function of the Schistosoma mansoni protein Sm16 (at this point 
shown to not be a “Stathmin-Like Protein) 
 
iv. Design of an engineered version of Sm16 with decreased aggregation propensity  
                        and increased expression as a recombinant endotoxin/pyrogen free soluble protein 
 
v. Structural characterization of Sm16 
 
vi. Characterization of immunomodulatory activities of Sm16 
 
 
RESULT AND DISKUSSION 
Part I: FUNCTIONAL CONSEQUENCES OF TUBULIN BINDING BY 
OP18/STATHMIN FAMILY MEMBERS  
 
3.   DEVELOPMENT OF AN ASSAY TO DETERMINE TUBULIN HETERODIMER 
BINDING AFFINITIES 
3.1   Introduction to the BIAcore system. 
BIAcore is a system designed to determine biomolecular interactions. All types of interactions 
have been studied by BIAcore, for example protein – protein, protein – nucleic acids, and protein 
– small molecules. In BIAcore applications, the “receptor-protein” is immobilized on a chip and 
the ligand flows over the surface and is thereby allowed to interact with the receptor. The 
interaction is monitored by a technique called Surface Plasmon Resonance (SPR). Polarized light 
is directed to a thin gold film under a matrix that contains the coupled receptor. The signal is 
measured as the difference in the angel of the reflected light on the sensor surface, i.e., the gold 
film. The level of SPR correlates with the amount ligand bound to the immobilized receptor on 
the sensor chip. Increasing amounts of ligand bound to the receptor results in a larger angel of the 
reflected light and an increase in the SPR signal, which is termed Resonance Units (RU). The 
signal is monitored at real time and the kinetics of binding can be determined with high precision. 
Each BIAcore chip is divided into four separated sensor surfaces; one surface is used as a 
reference and the other three surfaces can be coupled with different receptors. Thus, it is possible 
to simultaneously study the interaction of a given ligand with three distinct receptor-proteins.  
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 There are several options for the chemistry of receptor-protein immobilization on 
the chip. The most common option is to use amine coupling chemistry, which depends on 
available lysine residues on the receptor-protein. It is also possible to use free carboxyl groups or 
free cysteines. Another common strategy is to immobilize e.g., a monoclonal antibody that binds 
the receptor-protein with high affinity without interfering with its activity. As a general strategy 
to immobilize receptor-proteins containing an epitope tag, such as GST, an anti-GST monoclonal 
antibody is commercially available that will capture any GST-fused receptor-protein. Other 
strategies include coupling of streptavidin, which will efficiently couple any molecule containing 
biotin. 

The BIAcore system allows measurements in the temperature interval 5 to 40°C. There 
are no restrictions in what types of buffers that can be used. However substances in buffers with 
high refractive indexes, e.g., glycerol, results in a high background. Once the system for BIAcore 
analysis has been optimized, many interactions to a given receptor-protein can be rapidly 
analyzed with an extreme level of sensitivity and reproducibility. 
 
3.2   A strategy for immobilization of Op18/Stathmin family members by fusion to 
       cysteine-rich C-terminal protein 
The aim was to compare the tubulin binding affinities of distinct Op18/Stathmin family members. 
When proteins are randomly immobilized on a BIAcore chip, there is a distinct possibility that the 
coupling interferences with ligand binding. Interferences may be steric either by interference from 
the chip matrix or by masking of binding sites. To circumvent unpredictable steric interferences, 
it is desirable to specifically couple a defined part of the receptor-protein that is known to not be 
involved in the interaction. Our strategy was to fuse Op18/Stathmin family members at their C-
terminus with a cysteine rich small metallothionein-2 (MT-2) polypeptide. The C-terminal fusion 
was chosen because we know from previous pull-down assays that this does not interfere with 
tubulin binding and cysteine coupling was used since Op18/Stathmin family members does not 
contain cysteines.  
 Fusion to MT-2 resulted in decreased protein expression in E. coli but all fusion-
proteins were soluble and easy to purify. Since only ~10μg protein is required for coupling, the 
decrease in yield was of no importance. As expected, all full-length Op18/Stathmin family fusion 
proteins displayed tubulin binding activity and showed large differences in binding kinetics. 
However, the result from truncated Op18/Stathmin family members indicated that immobilization 
still interfered with tubulin binding, which I would believe is at least in part due to steric 
hindrance by the matrix and that coupling to a surface is always associated with some crowding 
effect. However, despite these problems, it was still possible to compare the relative association 
and dissociation kinetics of the three distinct members of the Op18/Stathmin family.  
 
3.3   Development of a competition assay for determination of bindings                          

  constants in solution. 
Since the strategy of directional coupling outlined above did not provide reliable affinity 
determinations, I developed a competition-assay. This assay implies that the receptor-protein and 
the ligand is mixed and the free ligand concentration is determined by a BIAcore chip that is 
coupled with the receptor-protein or some other protein that have the same ligand binding site as 
the receptor-protein. In the case of Op18/Stathmin family members, the chip was coupled either 
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with SCG10, which binds tubulin with high affinity, or Op18, which binds with ~10-fold lower 
affinity. The rational behind this procedure was that the high affinity binding of SCG10 was more 
efficient to determine low free tubulin concentrations, while Op18 was more efficient for 
determination of high free tubulin concentrations. Thus, the principle behind this assay is that the 
tubulin binding molecule on the chip is used to determine the free tubulin concentrations in the 
presence of various concentrations of Op18/Stathmin family members in solution.  
 In order to obtain quantitative data, a standard curve of plateau RU values 
corresponding to various free tubulin concentrations has to be prepared. To ensure equilibrium in 
the binding reaction, tubulin mixtures were incubated 5-10 min prior to injection. By 
determination of the free tubulin concentrations at various concentrations of Op18/Stathmin 
family members, equilibrium dissociation constants were determined by estimating the free 
tubulin concentrations required for 50% binding (i.e., the apparent affinity).  

This method proved to provide reproducible binding constants that corresponded to 
published results using alternative methods. However, accurate concentrations of both the 
receptor protein and ligand are required to determine the binding constant. The advantage of the 
present method is that one can be absolutely confident that the binding constants are 
physiologically relevant since the binding is assayed in solution. This method was used to 
estimate tubulin binding affinities in Paper I and in a study in which the effect of a tumor 
associated substitution of Op18 (Q18 E) was analyzed (Holmfeldt et al., 2006). 
 
4.TUBULIN HETERODIMER BINDING PROPERTIES OF OP18/STATHMIN FAMILY 
MEMBERS 
4.1   Kinetic analysis of Op18 family members interaction to tubulin  
The interaction kinetics between Op18/stathmin family members was studied by BIAcore using 
the general strategy outlined in 3.2. All Op18/stathmin family members were immobilized via 
their C-terminal Cys-rich fusion partner at the same density (i.e., same RU units) to allow for an 
unbiased comparison. Tubulin was found to bind Op18 with a very fast association and 
dissociation kinetics, while SCG10 displayed moderately fast association and dissociation 
kinetics. Interestingly, RB3 displayed extremely slow association and dissociation kinetics. It was 
clear already from these kinetic data that Op18 has much lower affinity for tubulin as compared 
to SCG10 and RB3. However, it is not possible by visual inspection of the kinetics to determine 
which of the SCG10 or RB3 proteins that has the highest tubulin affinity. I also noted during 
these analysis that the tubulin binding affinity of all three Op18/Stathmin family members is 
lower at 37 oC as compared to room temperature, which could be ascribed to that the dissociation 
rates increased at the higher temperature. 

Given the complexity of the two-site positive cooperativity in binding and that the 
coupling procedure by some mean interferes with binding (see section 3.2), it was not possible to 
obtain a good fit of the kinetic data to a mathematical model. Thus, accurate affinity constants 
could not be derived from this approach. 
 
4.2   The importance of pH, ionic strength and osmotic conditions for binding affinities   

   Op18/Stathmin family members. 
In Paper I we studied the effect of different buffer conditions on the kinetic of tubulin interactions 
of the Op18/stathmin family members. Op18 was found to be extraordinary sensitive to pH, ionic 
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strength and osmotic conditions, which indicate that charged amino acids are involved in the 
tubulin interaction. The large decrease of tubulin binding observed at pH 7.4 as compared to pH 
6.8, suggests that histidines are involved in the tubulin interaction. Thus, the pKa of the imidazole 
group of histidines is 6.0, which can be predicted to cause an alteration of the net charge of Op18 
between pH 6.8 and pH 7.4 and inspection of the Op18 sequence reveals four histidines at 
relevant positions.  

Addition of an osmolyte such as glycerol results in a surprisingly strong increase of 
tubulin affinity, which is mainly manifested as a decreased dissociation kinetic. Given that Op18 
primarily binds two tubulin heterodimers as a simple extended helix, it seems likely that the 
osmolyte act by altering the structure of tubulin heterodimers and thereby increase the stability of 
the Op18-tubulin complex. In fact, osmolytes such DMSO and glycerol greatly facilitates self-
nucleation of tubulin and osmolytes has also been shown to alter the structure of tubulin 
heterodimers (Lee and Timasheff, 1977). Given that the high concentrations of proteins and other 
biomolecules in the cytosol (~300 mg/ml), this effect of osmolytes seems likely to be of 
physiological significance.  
 In contrast to Op18, kinetic analysis of SCG10 binding to tubulin revealed by the 
criteria of plateau values a somewhat higher affinity at pH 7.4 as compared to pH 6.8. In addition, 
SCG10 binding was also much less sensitive to the ionic strength. Similarly, to Op18, RB3 
binding to tubulin was sensitive to pH and salt, but the effect were less dramatic. 

 To summarize, tubulin interaction with all three Op18/stathmin family members 
are dependent on the buffer conditions but Op18 shows by far the greatest dependency on pH, 
ionic strength and osmolyte conditions. It follows that the uncertainty of pH and osmotic strength 
in the cytosol, it is unfortunately very difficult to translate the affinity of Op18 as determined by 
BIAcore into estimations of tubulin complex formation in intact cells. In our attempt to mimic 
physiologically relevant conditions, we decided to use a PEM buffer, pH 7.4, containing 120 mM 
KCl. However, we did not add any osmolyte to the buffer and the estimated binding affinities 
may therefore be under-estimated as compared to the cytosol of intact cells. To ascertain that the 
affinity determinations are unbiased by steric interference, the binding-competition strategy was 
used. As expected the tubulin affinities of SCG10 and RB3 were 16- to 50-fold higher than the 
estimated 8 μM dissociation constant of Op18-tubulin binding.  
 
4.3   Determination of tubulin binding to CD2-chimeras in permeabilized cells 

To evaluate the physiologically significance of the higher affinities of SCG10 and RB3 as 
compared to Op18, an assay was developed to study tubulin binding in intact cells. For this 
purpose, the N-terminus of Op18/stathmin family members was fused to the extracellular and 
transmembrane region of the T cell specific CD2 surface protein, termed CD2-Op18/SCG10/RB3 
(Paper 1, Fig. 2A). This creates a chimeric Op18/stathmin protein that is localized on the 
cytosolic side in close proximal to the plasma membrane. To ascertain that the expressed CD2-
Op18 protein should not become inactivated by phosphorylation, during mitosis or in response to 
endogenous cognate kinases, we used the “non-phosphorylatable” CD2-Op18-tetraA derivative, 
which has all four potential phosphorylation sites exchanged to Ala residues. DNA constructs 
directing inducible expression of these hybrid proteins were transfected into the human 
erythroleukemia cell line K562. After 20h of induced expression, cells were permeabilized with 
saponin on ice, which depolymerize microtubules, and the amount of tubulin bound to plasma 
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membrane associated Op18/stathmin family members were analyzed by flow cytometry (Paper I, 
Fig. 2D). 

Permeabilization of cells in pH 7.4 buffers containing 120mM potassium chloride (i.e., 
same conditions as the BIAcore experiment, Paper I, Fig. 1E) revealed abundant binding to CD2-
SCG10 and CD-RB3 but binding to CD2-Op18-tetraA was undetectable. Under these conditions, 
SCG10 and RB3 were found to bind 20% and 30%, respectively, of all cellular tubulin 
heterodimers. In order to ascertain that tubulin bound CD2-Op18-tetraA chimera can be detected 
by the present method, we also analyzed binding using a buffer that we have established by in 
vitro analysis that promotes maximal Op18-tubulin binding affinity, namely high glycerol 
concentrations and no added salt to the PEM, pH 6.8, buffer. Under these non-physiological “high 
affinity” conditions, we observed tubulin binding by CD2-Op18-tetraA. This result shows that the 
present permeabilization and fixation protocol indeed allows detection of tubulin binding to the 
CD2-Op18-tetraA chimera. 

The binding data from intact cells correlates quite well with the affinities determined by 
BIAcore. The finding that CD2-RB3 binds significant more tubulin in permeabilized cells than 
CD2-SCG10 can be readily explained by the extraordinary high stability of RB3:tubulin complex 
since the assay measures the amount tubulin retained after permeabilization and subsequent 
fixation of cells (i.e., not the initial amount of bound tubulin). In any case, the data clearly reveal 
the significance of high affinity tubulin binding by both SCG10 and RB3 versus the 16- to 50-
fold lower affinity of Op18, as estimated by BIAcore (Paper I, Fig. 1).  

 
4.4   Analysis of tubulin binding of Op18/Stathmin family members in intact cells 

In the experiments outlined above (Paper I, Fig. 2), tubulin binding of CD2-chimeras was 
analyzed in saponin permeabilized cells, which allows control of pH, ionic strength and osmolyte. 
To investigate the extent of tubulin binding to CD2-chimeras under physiological conditions, we 
analyzed plasma membrane accumulation of tubulin in paraformaldehyde fixed cells. 
Quantification of plasma membrane-associated and non-polymeric cytosolic tubulin was obtained 
by labeling of fluorescence conjugated anti-α-tubulin followed by analysis with confocal 
microscopy. This approach allows quantification of fluorescence intensity at the plasma 
membrane and cytosol in well defined optical sections of a cell (Paper I, Fig. 3). To avoid 
interference with the quantification by the extensive microtubule array in interphase cells, the 
microtubule-system was completely depolymerized by incubation on ice prior to fixation. In the 
case of mitotic cells, which has the bulk of microtubules localized to their mitotic spindle, we 
were also able to obtain reliable estimates of cytosolic “free” tubulin without depolymerization of 
microtubules (Paper I, Fig. 4). This strategy allowed a critical test of the capacity of the three 
distinct Op18/Stathmin members to form tubulin complexes in intact cells, which can be assumed 
to be dependent on their relative affinity in a physiologically relevant context.  

By using either of the two strategies outlined above, analysis of the relative tubulin 
concentrations at the plasma membrane and cytosol in cells expressing CD2-SCG10 or CD-RB3 
it became evident that the affinity was sufficient to decrease the “free” cytosolic concentration by 
35 to 60%. It was also striking that both SCG10 and RB3 are efficient in accumulating tubulin at 
the plasma membrane. Interestingly, we did not detect any decreased “free” cytosolic tubulin 
concentration or tubulin accumulation in intact cells expressing CD2-Op18-tetraA. These results 
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establish the significance of the differences in tubulin affinities between SCG10/RB3 and Op18 
detected in vitro by BIAcore analysis. 

Given that both SCG10 and RB3 were found to efficiently concentrate tubulin to a 
cellular location, i.e., the plasma membrane, these proteins can be predicted to also increase the 
tubulin concentration at their natural intracellular locations, namely at the Golgi apparatus or 
along dendrites and axons in neural cells. These proteins are normally expressed at low 
concentrations (Bieche et al., 2003), which is by far sub-stoichiometric to tubulin heterodimers, 
which excludes that RB3 or SCG10 will have any influence on the free cytosolic tubulin 
concentration. It is therefore tempting to speculate that these proteins may function to accumulate 
tubulin at specific locations. This proposal certainly contrast to the proposed tubulin sequestering 
function of Op18/Stathmin family members (reviewed in Curmi et al., 1999), but seems still very 
likely in the light of the high tubulin affinity combined with low abundance and a very confined 
localization. However, it remains an open question whether the SCG10/RB3-tubulin complex as 
such exert some kind of activity or, alternatively, that the accumulated tubulin heterodimers may 
be liberated for polymerization.  
 
4.5   Mechanistic implications of a pronounced microtubule-destabilization in the absence of   
        detectable tubulin binding by CD2-Op18-tetraA 

The ~35% decrease of “free” cytosolic tubulin in mitotic CD2-RB3 expressing cells did 
not cause any mitotic arrest but a profound accumulation of prometaphase cells, which indicates 
that it takes more time to assemble a functional mitotic spindle under these tubulin sequestering 
conditions (Paper I, Fig. 7). It is notable that a kinase-target site deficient CD2-Op18-tetraA 
derivative, which is not phosphorylation-inactivated during mitosis (Marklund et al., 1996), has 
no effect on mitotic progression. This result is consistent with that Op18 does not have sufficient 
tubulin affinity to cause a detectable decrease of the “free” cytosolic tubulin concentration. 

In contrast to the lack of detectable interference with spindle assembly, interphase 
microtubules were almost as efficiently destabilized by CD2-Op18-tetraA as the cognate SCG10 
and RB3 derivatives (Paper I, Fig. 5). This result seemed initially inconsistent with that CD2-
Op18-tetraA fails to sequester tubulin heterodimers, as evidenced by confocal microscopy and 
lack of interference during mitosis. Thus, these results can only be explained by that CD2-Op18-
tetraA destabilizes interphase microtubules by a sequestering-independent mechanism. 

To explain how the non-phosphorylatable CD2-Op18-tetraA chimera destabilized 
interface microtubules, without interference with detectable destabilization of spindle 
microtubules, we proposed that microtubules proximal to the plasma membrane will become 
destabilized by encountering the CD2-Op18-tetraA protein (Paper I, see model in Fig. 8). This 
model would be consistent with that only interphase microtubules are destabilized by CD2-Op18-
tetraA since microtubules within the mitotic spindle has a well defined spatial distribution within 
the cytosol without contact with the plasma membrane.  

The density of the CD2-Op18-tetraA chimera at the plasma membrane can be predicted 
to be very high and, given that interphase microtubules to a large extent touches the plasma 
membrane, there seems to be ample opportunity for destabilizing interactions. The physiological 
significance of this type of microtubule destabilizing interactions is of course unproven, but the 
experiments in Paper I still reveal a potential for Op18 to destabilize interphase microtubules by a 
tubulin sequestering independent mechanism. Since CD2-Op18-tetraA is almost as efficient in 
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destabilizing interphase microtubules as the CD2-SCG10 and CD2-RB3 chimeras, it is suggest 
that this tubulin sequestering-independent mechanism is as efficient in destabilizing microtubules 
as sequestering of ~50% of the total pool of tubulin heterodimers (Paper I, compare Fig. 3 and 
Fig. 5). These results are consistent with that Op18 exerts catastrophe-promoting activity. 
 
5.   MODULATION OF TUBULIN GTP-METABOLISM  
5.1   Background 
Tubulin heterodimers in solution hydrolyze the exchangeable at a slow rate that is dependent on 
the tubulin concentration (Carlier et al., 1997). The mechanism involves random collision 
between heterodimers in solutions and hydrolysis is catalyzed by the same principle mechanism 
as during polymerization of tubulin heterodimers, namely interactions between the E-site bound 
GTP and the catalytic loop located on the α-subunit of a neighboring heterodimer. Since the 
collision dependent basal GTPase activity is dependant on the free tubulin concentration, the 
GTP-hydrolysis rate approaches zero at very low tubulin concentration. However, in the presence 
of Op18, the tubulin GTP-hydrolysis is increased at low tubulin concentrations and is 
independent of the tubulin concentration as long as the conditions favor Op18-tubulin complex 
formation (Segerman et al., 2000). This indicates that the GTP-hydrolysis is the result of GTPase 
productive interactions within the Op18-tubulin complex as depicted in Fig. 9. 
 
 
 
 
 
 
 
 
 
 
Fig. 9 -Model on inhibition of tubulin-GTP-exchange and stimulation tubulin-GTP hydrolysis. GTP-
hydrolysis is the result of GTPase productive interactions with catalytic loop located in the α subunits of 
tubulin and GTP in the β subunit. 
 
Analysis of a series of C-terminal truncated Op18 proteins has shown that loss of co-operative 
binding of two tubulin heterodimers is associated with a switch from stimulation to inhibition of 
the basal GTP-hydrolysis. A likely mechanism behind this switch is depicted in Fig. 10. Thus, by 
interacting of the N-terminal region and helix 1 of Op18, the catalytic loop of the α-tubulin end of 
the heterodimer is masked, which prevents GTPase productive random tubulin collisions. Within 
this model, one obvious function of the C-terminal helical repeats of Op18 is to increase the 
affinity for tubulin binding, which sequesters tubulin into a ternary complex. 
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Fig. 10 -Model on the mechanisms responsible for inhibition of basal tubulin-tubulin collision 
stimulated tubulin-GTP hydrolysis. 
 
5.2   Modulation of GTP-exchange and hydrolysis by Op18/Stathmin family members 
In Paper II we addressed whether the previously demonstrated stimulation of low rate tubulin 
GTP hydrolysis by Op18 is a conserved feature of Op18/stathmin family members. We therefore 
expressed the Op18/stathmnin-like regions of RB3 and SCG10 in E. coli, which implies removal 
of the hydrophobic membrane-targeting domains to create soluble recombinant proteins (see 
Paper II, Fig. 1). The purified Op18/stathmin-like proteins were mixed with tubulin containing [α-
32P]GTP at their E-site and single turnover GTP hydrolysis was analysis. As shown in (Paper II, 
Fig. 2A), all three Op18/Stathmin family members stimulated GTP hydrolysis ~3 fold as 
compared to basal hydrolysis of 5 μM tubulin. Moreover, analysis of the cognate N-terminal 
truncated proteins revealed in all cases that stimulation of GTP-hydrolysis is independent of the 
N-terminus (Paper II, Fig. 2B). These results show that tandem tubulin complex formation 
through helix 1 and 2 of Op18/Stathmin family proteins is sufficient for stimulation of low-rate 
tubulin GTP hydrolysis. Most importantly, by using high affinity conditions that ensure 
essentially complete tubulin complex formation, we were able to demonstrate that stimulation of 
GTP-hydrolysis within the tandem-tubulin complex is a highly conserved feature of 
Op18/Stathmin family members. 
 Analysis of inhibition of tubulin GTP-exchange by Op18/stathmine family 
members reveled in all cases a significant inhibition (Paper II, Fig. 2C and D). However, we 
observed large differences in the potency of inhibition. Interestingly, while SCG10 and RB3 have 
similar apparent affinities for tubulin (Paper I, Fig. 1), we observe a large difference in the 
potency by which tubulin GTP-exchange is inhibited. However, the observed GTP exchange 
inhibition of Op18, SCG10 and RB3 proteins correlates well with the rates of dissociation, as 
determined by BIAcore analysis in Paper I (Fig. 1 and Table I). Thus, BIAcore analysis showed 
that RB3 forms extraordinary stable tubulin complexes and this protein was also extraordinary 
efficient in inhibiting tubulin-GTP-exchange. This suggests that the stability of the ternary 
tandem tubulin heterodimer complex dictates the GTP-exchange inhibition.  
 Analysis of derivatives lacking the 45 residue N-terminal region revealed in all 
cases a pronounced decrease in the ability to inhibit tubulin GTP-exchange but the N-terminal 
truncated RB3 protein was still more efficient than the full-length Op18 protein (Paper II, Fig. 
2D). To address whether the importance of the N-terminus is limited to a general stabilizing 
effect of the tandem-tubulin complex, tubulin GTP-exchange was analyzed under conditions that 
promote maximal stability of the tubulin complex, namely incubation at 0 oC in a glycerol 
containing buffer (Paper II, Fig 3B). By using these stabilizing conditions, we found that the N-
terminal has a very modest effect on the GTP exchange inhibition, indicating that it only has an 
indirect stabilizing role. 
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 To experimentally address whether GTP is hydrolyzed at one or both of the E-sites 
of the ternary Op18-tubulin complex is required a high stability of the complex. Given the 
evidence outlined above that Op18/Stathmin family members modulate tubulin GTP-metabolism 
by the same principle mechanism, this question could be addressed by taking advantage of the 
extraordinary stable tubulin binding by the Op18/Stathmin-like region of RB3. To further 
facilitate distinction between GTP-hydrolysis and GTP-exchange at the two E-sites within the 
tandem tubulin complex, the rate of tubulin GTP-hydrolysis rate was artificially increased by 
addition of the tubulin binding drug nocodazole. This drug has previously been shown to increase 
the rate of GTP-hydrolysis by soluble tubulin ~5-fold (Mejillano et al., 1996) and this increase 
has also been shown to occur within the tandem tubulin complex (Larsson et al., 1999).  
 The conditions outlined above allowed dissection of both GTP-exchange and 
hydrolysis within a tandem tubulin complex that is formed by Op18/Stathmin family member. 
Given the known structure of the tandem-tubulin complex (see Fig. 5), we initially expected that 
only the GTP intercalated between the two heterodimers is hydrolyzed and trapped within the 
complex. However, while the data was consistent with that only one of the two E-sites bound 
GTP were hydrolyzed, we made the surprising discovery that GTP was trapped at both E-sites of 
the complex. Given that the E-site located at the C-terminal end of Op18/RB3 is exposed, the 
demonstrated trapping of this GTP can only be explained in terms of an allosteric effect on this 
heterodimer of the tandem-tubulin complex. It is tempting to speculate that such an allosteric 
effect is a consequence of a conformational change of the cognate heterodimer that ensures the 
integrity of the tandem-tubulin complex, i.e. that the exposed β-tubulin longitudinal surface does 
not interact with soluble heterodimers. 
 
5.3   Mutation analysis of hydrophobic patches 
Op18 has an extended amphipathic α-helical region with conserved clusters of hydrophobic 
amino acids. Interestingly, these hydrophobic residues are clustered as three “patches” in the first 
repeat of the helix (i.e., Helix 1, Paper II, Fig. 5A) and are conserved among Op18/Stathmin 
family members with some few conservative substitutions. Analysis of Op18 proteins with Ala-
substitutions at these patches revealed that these patched were important for tubulin binding 
affinity, inhibition of tubulin GTP-exchange, and most importantly, the GTP-hydrolysis rate 
within the tandem-tubulin complex. Thus, Ala-substitutions in a part of the helix that is proximal 
to the intercalated E-site of β-tubulin result in an increase of the rate of GTP-hydrolyze within the 
tandem-tubulin complex. These results serve as independent support to the proposed mechanism 
of GTP-hydrolysis within the tandem-tubulin complex (see Fig. 9), namely that GTP-hydrolysis 
is a consequence of a GTPase productive interaction within the complex. However, given the 
exceedingly slow rate compared to the tubulin polymerization induced GTP-hydrolysis that result 
from longitudinal interaction between heterodimer in a protofilament, it appears that 
Op18/Stathmin proteins have evolved to actively restrain GTPase productive interactions within 
the complex.  
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6.   FAILURE TO DETECT TUBULIN-HETERODIMER INTERACTION OF A   
      PROPOSED DIVERGENT MEMBER OF THE OP18/STATMIN FAMILY 
 
6.1   Summary of previously reported evidence for similarities between the parasite protein         
        Sm16/SmSLP and the Op18/Stathmin family. 
In the original identification of a cDNA encoding Sm16/SmSLP (Stathmin-Like Protein), this 
secreted protein from the helminth S. mansoni was proposed to be a divergent member of the 
Op18/Stathmin family (Valle et al., 1999). The supporting data included sequence homology and 
the demonstrated in vitro tubulin binding and microtubule depolymerizing activity. The amino 
acid sequences of human Op18 and Sm16/SmSLP proteins are 26% identical and the proteins 
have similar sizes. However, an obvious difference is that Sm16/SmSLP is a secreted protein, 
while Stathmin has a well characterized function as a microtubule regulator in the cytosol. The 
sequence homology is not sufficient to be certain about an evolutionary relationship but the large 
evolutionary distance between vertebrates and helminths has to be considered. With respect to the 
original report by Valle and coworkers (Valle et al., 1999), the sequence similarity combined with 
the functional characterization a (partially) purified preparation of Sm16/SmSLP protein from 
cercaria secretions, appeared to provide a strong case for a functional relationship with 
Op18/Stathmin family members. Thus, given the commitment of our research group to the 
functional characterization of Op18/Stathmin family members, it was of obvious interest to 
confirm and extent these previous studies. 
 
6.2.   Sm16/SmSLP secretion in a human cell line established the signal peptide cleavage site   
         (Paper III) 
Sm16/SmSLP has been identified as a protein secreted by cercariae during skin penetration (Rao 
and Ramaswamy, 2000; Valle et al., 1999). Secretion appeared to be mediated by a hydrophobic 
N-terminal signal peptide. During mRNA translation, a signal peptide directs the nascent protein 
chain into the endoplasmic reticulum. The signal peptide is cotranslationally cleaved by a signal 
peptidase and a secreted protein accumulates thereafter in exocytotic vesicles. In Paper III we 
expressed the full length protein in the human cell line K562. Western-blot analysis revealed that 
the expressed full-length protein migrates at a similar molecular weight as a Sm16/SmSLP 
protein derivative lacking the 22 first amino acids, which was consistent with cleavage of a signal 
sequence (Paper III, Fig. 1B). The expression of the full length protein was about 10 fold lower 
and we failed to detect any Sm16/SmSLP protein in the culture supernatant. To stabilize the 
secreted protein, we made a fusion with a 149 residue fragment of sequence termed “none related 
helix” (NRH), which was derived from the heavy chain of non-muscular myosin. This strategy 
was based on our previous finding that fusion with the NRH sequence significantly stabilized the 
Sm16/SmSLP protein expressed in E. coli. By expressing full length Sm16/SmSLP fused to 
NRH, we detected large amounts of the secreted Sm16/SmSLP protein in the culture supernatant 
(Paper III, Fig. 1C). N-terminal sequencing confirmed cleavage between amino acid 22-23, which 
was also predicted as the most likely cleavage site according to the SignalP 3.0 prediction server 
(http://www.cbs.dtu.dk/services/SignalP/). These results confirmed that the signal peptide 
mediates efficient secretion and established the specific cleavage site. 
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6.3.   Sm16/SmSLP secretion in a Human cell line revealed membrane binding properties   
         (Paper III) 
Immunofluorescence analysis of cells transfected with DNA encoding Sm16/SmSLP stabilized 
by fusion with the NRH helix revealed that the secreted Sm16/SmSLP-NRH protein accumulated 
to the plasma membrane of the transfected cells (Paper III, 3A and B). Expression of 
Sm16/SmSLP-NRH fusion proteins with a 47 residues C-terminal truncation showed that the 
observed plasma membrane association was dependent on the C-terminal end of Sm16/SmSLP. 
 The demonstrated plasma membrane binding indicated that Sm16/SmSLP may 
bind to lipid bilayers. By analyzing binding of recombinant versions of the secreted form of 
Sm16/SmSLP to protein-free liposomes, we could confirm that this was indeed the case (Paper 
III, Fig. 6A). Since heparin does not inhibit plasma membrane binding, we could conclude that 
Sm16/SmSLP binds lipid bilayers by a polyanion-independent mechanism, i.e., independently of 
negative charges at the polar lipid heads or proteoglycans present on the cell surface. In all these 
experiments we used Op18 as a comparison and, as expected, Op18 does not have detectable 
affinity for liposomes or plasma membranes. Thus, with respect to its lipid binding property, 
Sm16/SmSLP is clearly very different from Op18. 
 
6.4   Expression of a signal peptide deficient Sm16/SmSLP in human cells results in cytosolic   
        localization and rapid cell death by apoptosis (Paper III). 
In order to directly compare the functions of Sm16/SmSLP and with the cytosolic Op18 protein, 
we expressed a signal peptide deficient Sm16/SmSLP derivative (termed Sm16(23-117)) in a 
human cell line, which was predicted to be expressed in the cytosol. The native cDNA sequence 
of Sm16/SmSLP contains many rare codons and to optimize expression, we made a synthetic 
gene with optimized codons suitable both for mammalian cells and E. coli. The synthetic codon-
optimized DNA sequence provided a modest ~1.5-fold increased expression in human cell lines, 
while not at all improving the expression level in E. coli. By immunofluorescence, we confirmed 
that the expressed Sm16/SmSLP protein was located in the cytosol, i.e., the same location as 
Op18, which is the natural location of a physiologically relevant microtubule regulatory protein. 
To our initial surprise, we could not detect specific microtubule destabilization properties of 
Sm16/SmSLP. However, the majority of the cells showed condensed chromatin, which is a 
characteristic of apoptotic cells. We also detected a dramatic increase in cleaved Poly (ADP-
ribose) polymerase (PARP) and caspase 3, which revealed that Sm16/SmSLP induce a rapid and 
potent apoptotic response (Paper III, Fig. 3A). This response could be blocked by the general 
caspase inhibitor Z-VAD-FMK (Paper III, Fig. 3E). The apoptotic response was also observed in 
transfected Jurkat and DG75 cells, implying that the proapoptotic activity of Sm16/SmSLP acts in 
all types of human cells. It seemed clear that this activity of Sm16/SmSLP does not involve 
microtubule destabilization since microtubule stabilizing drugs did not inhibit the apoptotic 
response (data not shown) and complete microtubule destabilization by overexpressed Op18 does 
not cause detectable apoptosis (data not shown). Thus, the observed pro apoptotic activity of 
Sm16/SmSLP reveals a clear-cut functional difference in activity as compared to the microtubule-
destabilizing Op18 protein.  
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6.5   Expression of Sm16/SmSLP derivatives in E. coli 
In order to reproduce the tubulin-binding and microtubule-destabilizing activities of 
Sm16/SmSLP reported by Cioli and coworkers, we aimed to compare E. coli expressed 
Sm16/SmSLP with the cognate Op18 protein. Since tranfection experiments confirmed that 
residue 1-22 constitute a signal peptide that is co-translationally cleaved (Paper III), the signal 
peptide deficient derivative Sm16(23-117) was expressed in E-coli. However, expression of 
Sm16(23-117) in E .coli strain BL21 (DE3) using bacteriophage T7 expression plasmid pET-3d 
resulted in very poor protein yields. I also found that Sm16(23-117) expression attenuated 
bacterial growth, which indicates that the expressed protein was toxic to bacteria. However, by 
using the E. coli strain BL21 (DE3) pLYS the protein yield was increased to 0.2mg Sm16(23-
117) per liter of bacterial culture, which is acceptable but still 10- to 50-fold lower than the yield 
of most other recombinant proteins using this highly efficient production system. Also in the case 
of the E. coli strain BL21 (DE3) pLYS, I observed that induced expression of Sm16(23-117) 
attenuated bacterial growth. 
 By growing large volumes of E. coli strain BL21 (DE3) pLYS transformed with 
the pET3d-Sm16(23-117) plasmid, I was able to obtain significant amounts of the recombinant 
protein, but at this stage I noted severe problems with precipitation of the purified protein at 
physiological salt concentrations. However, if kept in 0.5M NaCl at pH 8.0 the protein was 
reasonably soluble but I still observed aggregation and consequent precipitation over time, which 
made the protein difficult to handle in most experimental systems. During my attempts to 
increase protein expression and solubility, various fusion partners were evaluated such as N-
terminal fusion to GST or the secreted ZZ-domain (ZZ-domain is the IgG binding domain of 
protein A 
http://www4.gelifesciences.com/aptrix/upp01077.nsf/Content/Products?OpenDocument&parenti
d=976048&moduleid=38878&zone=Proteomics) or a C-terminal fusion to the NRH-helix. By 
fusion to the NRH-helix, we obtained increased amounts of soluble protein, but the other fusion 
partners caused essentially complete degradation of the Sm16/SmSLP protein. 
 
6.6   Initial biochemical characterization of Sm16/SmSLP expressed in E. coli and human  
        cells 
During my initial search for similarities between Sm16/SmSLP and Op18, recombinant proteins 
were analyzed by size exclusion chromatography. Surprisingly, recombinant Sm16/SmSLP eluted 
with a broad peak at stokes radius of 6.3nm, which differ significantly from the predicted ~ 
1.7nm. Unstructured proteins, like Op18, elute at significantly higher stokes radius than globular 
proteins (18.7 kDa poly peptide, ≈3.55nm if unstructured and 1.8 nm if a globular). However the 
Sm16/SmSLP stokes radius was too large to be explained by lack of a defined tertiary structure. 
We also analyzed a purified preparation of a 27 residues C-terminally truncation Sm16/SmSLP 
protein, termed Sm16(23-90) by size exclusion chromatography. Interestingly, this protein eluted 
in two distinct peaks. The pooled fractions of each peak were analyzed on SDS-PAGE, which 
revealed a single protein band migrating on the same molecular weight. This was our first 
indication that Sm16/SmSLP is a multimeric protein that has potential to form various oligomeric 
forms.   
 
 



  

 
 

32

6.7   In vitro analysis of Sm16/SmSLP directed activities towards tubulin.  
Binding of E. coli produced Sm16(23-117) to purified tubulin was evaluated using two distinct 
strategies of BIAcore analysis. Firstly, Sm16(23-117) was immobilized to the chip, followed by 
injection of tubulin at various concentrations. By this technique we were unable to detect any 
tubulin binding at all (data not shown). However, it could not be excluded that immobilization to 
the BIAcore chip cause inactivation of the Sm16/SmSLP protein. We therefore also tested a 
competitive assay in which alterations of the free tubulin concentrations were monitored by 
means of Op18 immobilized on the BIAcore chip as described under 3.1. Also under these 
conditions, which imply analysis of tubulin interactions with soluble Sm16/SmSLP, binding to 
tubulin was undetectable (Paper III, Fig. 4B). 
 Cioli and coworkers (Valle et al., 1999) also reported that Sm16/SmSLP inhibits 
microtubule polymerization. However, by using the very same assay system and conditions, we 
consistently failed to detect inhibition of microtubule polymerization by Sm16(23-117) (Paper III, 
Fig. 4A). An obvious explanation for these conflicting results is that Valle et al. used a partially 
purified Sm16/SmSLP preparation that was dissolved in a Tris-HCl buffer and their published 
data does not include a buffer control. It is well known in the microtubule field that even modest 
concentrations of Tris-HCL inhibit polymerization and cause denaturation of tubulin. Thus, the 
tubulin denaturing effect of the Tris-HCl buffer may provide a trivial explanation for the reported 
microtubule destabilizing effect Sm16/SmSLP. Moreover, given that tubulin denaturation caused 
by a Tris-HCl buffer can be predicted to cause aggregation and consequent precipitation of 
tubulin, the use of Sm16/SmSLP dissolved in a Tris-HCl buffer may also explain the reported 
“tubulin-binding activity” as analyzed by Valle et al. in a pull down assay. Thus, I think there are 
good reasons to assume that the reported “Stathmin-Like” properties are artifacts caused by the 
Tris-HCl buffer used to dissolve the partially purified Sm16//SmSLP protein. 
 
Part II: STRUCTURE AND FUNCTION OF THE SHISTOSOMA MANSONI PROTEIN 
Sm16, ALSO KNOWN AS SmSLP 
7   STRUCTURAL CHARACTERIZATION OF Sm16. 
7.1   C-terminus deletion analysis of Sm16 reveals problematic region. 
Our results outlined in part I establish that Sm16/SmSLP and Op18 do not have any functional or 
structural similarities that warrant the designation “Stathmin-Like Protein”. I will therefore use 
the designation Sm16 in part II of the Result and Discussion, which is a designation based on the 
simple fact that it is a Schistosoma mansoni protein with an approximate molecular weight of 16 
kDa. In our effort to overcome problems with poor expression in E. coli and aggregation of the 
purified protein in physiological buffer systems, we asked whether these problems could be 
ascribed to a specific region of the protein. By truncating 27 amino acids in the C-terminus 
(Sm16(23-90) ), we obtain a major increase in protein expression and the purified protein does 
not aggregate. This suggested that the encountered problems with expression levels and 
aggregation could be attributed to the C-terminus of Sm16. We describe a detailed C-terminal 
truncation series in (Paper IV, Fig. 1A). By western blot analysis we could detect high level 
expression in Sm16(23-90), while expression of Sm16(23-94) protein was poor (Paper IV, Fig. 
1B). This result identified “a problematic region” within the four residues sequence Lys91-Ile-
Leu-Gly94.  
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7.2   Substitution of two Hydrophobic amino acids increases expression and solubility. 
Since the purified Sm16(23-117) protein is very prone to aggregation, which appeared associated 
with poor expression in E. coli, we thought the problems within the the Lys91-Ile-Leu-Gly94 
sequence may be dependent on the two adjacent residues with highly hydrophobic side chains, 
namely Ile and Leu. This possibility was evaluated by substituting these two residues with the 
less hydrophobic amino acid Ala and the modified Sm16 derivative was termed Sm16(23-117)AA 
to indicate the two Ala substitutions. These small modifications resulted in major increase in 
protein expression (Paper IV, Fig. 1C) and the purified protein is highly soluble in physiological 
buffers without any tendency to aggregate. To evaluate whether the two substitutions interfere 
with protein activity, we compared the proapoptotic activities of Sm16(23-117)AA with Sm16(23-
117)AA by expression in human cells. In this artificial system we found no evidence that the 
modifications of the Sm16(23-117)AA protein alters the function (Fig. 11). Although the 
physiological significance of the proapoptotic activity of Sm16 introduced into the cytosol of 
human cell is unclear, this result still shows that a strikingly potent activity of Sm16 is unaltered 
by the substitutions in the Sm16(23-117)AA protein, which was reassuring at this stage of our 
investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. The modified Sm16(23-117)AA protein retains the apoptosis-promoting activity of Sm16 
artificially expressed in the cytosol of human cells. K562 cells were transfected with the indicating 
pMEP derivatives and expression was induced at time zero by Cd2+. Apoptotic cells were determined by 
scoring cells with condensed and fragmented DNA. Replacements of Ile-92 and Leu-93 with Ala residues 
are indicated by the “AA” superscript of the modified Sm16(23-117)AA protein. 
 
 
7.3   Evidence that Sm16 is an oligomer consisting of three trimers. 
The amino-acid composition and sequence of Sm16 suggests a pronounced propensity to form an 
α-helical secondary structure. We also noted that the Sm16 oligomers resist boiling, which 
indicates the robustness of the structure (data not shown). To directly evaluate these biochemical 
characteristics, we measured the far-UV CD spectra of Sm16(23-117) at 20 oC and 70 oC (Fig. 12 
). The result reveals that α-helical configuration dominates at 20 oC and that an increase of 
temperature to 70 oC only causes a minor decreases in α-helical content (69.9 % versus 64.4 %). 
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Thus, Sm16 is mainly in an α-helical configuration and this secondary structure is surprisingly 
heat-stable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Circular dichroism spectra of Sm16(23-117). Sm16 has a high degree of alpha helical content 
with an extraordinary high melting point.  
 
 
I also characterized Sm16(23-117)AA by size exclusion chromatography (Paper IV Fig. 2B), 
which suggested an oligomeric configuration. To estimate the molecular weight of the oligomer, 
we also determined the sedimentation coefficient by sucrose gradient sedimentation (Paper IV, 
Fig. 2C). Based on determinations of the Stoke radius and sedimentation coefficient, the 
molecular weight of an oligomer was determined by the formula (Siegel and Monty, 1966): 
 

M=S N0(6πηRS) / (1 - ν2ρ) = 4205 S RS 

 
The calculated molecular weight of Sm16 was 125 kDa. Given a monomer weight of 13.6Kda 
and 10% uncertainly of the method, the oligomer was calculated to consist of 9 ± 1 subunits. 
Analysis of native Sm16 present in a crude extract of cercariae, indicate that oligomeric structure 
of the modified recombinant Sm16(23-117)AA protein correspond to the structure of the native 
Sm16 protein.  
 To analyze Sm16 regions important for oligomerization, the oligomeric structure 
of a purified truncated Sm16 derivative that lacks 19 C-terminal amino acids was determined by a 
combination of size exclusion chromatography and sucrose gradient sedimentation (Paper IV, 
Fig. 3A, B and C). The result revealed that the truncated Sm16(23-98)AA protein is a mixture of 
trimers and 9-subunit oligomers, which suggested that the C-terminus is important for the 
stability of the 9-subunit oligomer.  
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 To compare biochemical properties of the trimer and 9-subunit oligomer, we 
analyzed binding to the polyanionic substance heparin (Paper IV, Fig. 3D and E). A hallmark for 
heparin-binding properties is that the protein exposes basic amino acids such as argentine and 
lysine. This implies that differential heparin binding of a given poly-peptide depends on 
exposures of repeats of basic amino acids. Interestingly, by the criteria of heparin binding, the 
trimer and 9-subunit oligomer were found to be biochemically distinct since only the trimer 
showed affinity for heparin. This implies that the trimer has exposed repeats of basic amino acids 
that become masked in the 9-subunit oligomer. These results suggest that the 9-subunit Sm16 
oligomer may be a trimer of trimers. Given the strong heparin binding of the Sm16 trimer, our 
result may also suggest that repeats of basic amino acids are involved in forming the multimer. 
 Under certain conditions, we have also detected an Sm16 oligomer that appeared 
to contain 18 subunits, which would be consistent with association of the 9-subunit oligomer into 
an higher order dimer (Unpublished data). This complex was predominant after cleavage of the 
N-terminal His-tag of Sm16(23-117)AA. However, it is notable that the 18-subunit oligomer was 
sensitive to a mild nonionic detergent such as Triton X-100. We also obtained evidence for an 18-
subunits Sm16 oligomer in cercariae extract if the size exclusion chromatography was performed 
in the absence of Triton X-100 but this large oligomer appeared to disassembly into the 9-subunit 
oligomer during analysis on a sucrose gradient.  
 I can presently only speculate on the significance of this apparent 18-subunit 
oligomer of Sm16. In particular since it is very sensitive to the presence of nonionic detergents. 
We have therefore chosen to not discuss this issue in Paper IV and only report the gel filtration 
data that reveals oligomerization to the 9-subunit oligomer. Nevertheless, my unpublished results 
suggest a propensity of the 9-subunit Sm16 oligomers to form Triton-X100 sensitive dimers and 
that this apparently reversible dimerization is prevented by the His-tag. It should be noted in this 
context that the presence of the 6 residues His-tag appeared essential for efficient expression of 
Sm16(23-117)AA in E. coli (data not shown), which is a phenomenon that may reflect that the 
His-tag protects against dimerization of the 9-subunits oligomers. Given that the His-tagged 
Sm16(23-117)AA protein shows a specific biologic activity, as evidenced by inhibition of TLR 
signaling (Paper IV, see below), I believe there is good reasons to assume that the reported 9-
subunit oligomer is an active form of Sm16. In future studies, however, it will be of interest to 
determine whether proteolytic removal of the His-tag alters the TLR-inhibitory activity of 
Sm16(23-117)AA.  
 
7.4   Unpublished evidence supporting a model of the Sm16 protein as a trimer of trimers 
During attempts to remove contamination endotoxins/pyrogens of E. coli produced Sm16(23-
117)AA, I used the zwitterionic detergent n-Dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (Z-12) for washing of His-Trap colons, which removed >95% of all the 
endotoxin/pyrogen activities (data not shown). However, Z-12 washing altered the Sm16(23-
117)AA protein such that, while it remained in solution in the His-Trap elution buffer containing 
0.5 M NaCl/0.5 M imidazole, the protein precipitated within minutes if changed into phosphate 
buffered saline. This alteration of solubility properties prompted me to analyze the oligomeric 
composition of the Z-12 washed Sm16(23-117)AA protein by size exclusion chromatography 
using 0.5 M NaCl/ 0.5 M imidazole as running buffer. Interestingly, I did not detect the 9-subunit 
oligomer and the Sm16(23-117)AA protein appeared to have disassembled into trimers. Given the 
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apparent homogenous peak corresponding to trimers in this Z-12 washed Sm16(23-117)AA 
preparation, it seems clear that this zwitterionic detergent does not cause denaturation of Sm16.  
 These data can be interpreted to suggest that Z-12 dissociates preformed trimers 
within the 9-subunit Sm16 oligomer complex, which would support a model of Sm16 as a trimer 
of trimers. Since non-ionic detergent does not cause disassembly of Sm16(23-117)AA, it seems 
worthwhile to consider the structure and charge properties of the zwitterionic detergent Z-12, 
which is characterized by both positive and negative charges in combination with an aliphatic 
hydrophobic carbon chain. Thus, the combined action of these charges and detergent properties 
may serve to replace trimer interaction within the 9-subunit oligomer. Upon removal of the 
zwitterionic detergent it seems conceivable that high concentrations of NaCl and the amphipathic 
compound imidazole are sufficient to keep the trimers in solution, while the trimers are insoluble 
in phosphate buffered saline.  

Given that trimers of C-terminal truncated Sm16 derivatives evidently are soluble in 
phosphate buffered saline (Paper IV), it seems that hydrophobic C-terminal regions are 
responsible for aggregation promoted precipitation of trimers of the full-length Sm16 
polypeptide. This would explain why trimers are not detected in preparations of the Sm16(23-
117)AA protein under normal conditions of gel filtration in which phosphate buffered saline is 
used as buffer. Thus, in future studies it will be of interest to determine the oligomer composition 
of the full-length Sm16(23-117)AA protein under conditions in which gel filtration is performed in 
a 0.5 M NaCl/0.5 M imidazole buffer rather than phosphate buffered saline. 
 Our finding that trimers, but not the 9-subunit oligomer, of the truncated Sm16(23-
98)AA protein binds strongly to heparin would be consistent with that ionic interactions are 
important for the putative association of trimers to form the 9-subunit oligomer (Paper IV). Given 
that both charged and hydrophobic amino acids are abundant in the Sm16 C-terminus, it seems 
plausible that both ionic and hydrophobic interactions are of importance. This would be 
consistent with that the zwitterionic detergent Z-12 cause disassembly of the Sm16(23-117)AA 
protein into trimers, but not incubation with either 2 % of the non-ionic detergent Triton X-100 or 
2 M of NaCl. 

Purified ~9-subunit multimers of either full-length or C-terminal truncated Sm16 are heat 
stable, i.e., resist boiling, and does not dissociate when diluted 1000 fold. Moreover, unfolding of 
Sm16(23-90) by 6 M guanidine hydrochloride followed by refolding result in a homogeneous 
trimer preparation without any evidence for formation of  ~9-subunit multimers. Moreover the 
ratio of trimers and ~9-subunit multimers appears similar in a crude cell lysate and the 
concentrated His-affinity column purified C-terminal truncated Sm16 preparation. These findings 
suggest ~9-subunit multimers is not assembled from trimers at a significant rate after disruption 
of the Sm16 producing cell. It follows that trimers and ~9-subunit multimers do not exist in 
equilibrium. 
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7.5   Multiple physically separated C-terminal regions of Sm16 are important for both   
        oligomerization and membrane binding. 
To determine regions important for Sm16 oligomerization, we prepared a series of truncated 
derivatives. We found that even small truncations at the N-terminus (>9 aa) of Sm16(23-117) 
severely reduced protein stability if expressed in E. coli (data not shown), which precluded 
analysis of purified proteins. However, Sm16(23-117)AA could be substantially truncated at its C-
terminal without any adverse effect on expression levels in E. coli. In fact, we rather observed 
increased expression levels after C-terminal truncation (data not shown). By gel filtration 
chromatography we determined the oligomer content of a series of C-terminal truncated Sm16 
(Paper IV, Fig. 4A) and found that consecutive C-terminal truncations result in a step-wise 
decrease of the fraction of large oligomers. Hence, it appears that multiple nonessential physically 
separated C-terminal regions of Sm16 are important for oligomerization. 
 In Paper III we show that secreted form of Sm16 can bind to cell surfaces of 
various human cell lines (Paper III, Fig. 5B and C). Sm16(23-117)AA was also shown to bind 
protein-free liposomes and, in unpublished experiments, I have found that lipid binding by Sm16 
is promiscuous in the sense that Sm16 appears to interact equally well with liposomes prepared 
from different types of lipids. Thus, it can be assumed that Sm16 binds to the plasma membrane 
of cells through its general affinity to lipid bilayers.  
 To determine whether C-terminal regions are of importance for plasma membrane 
binding independently of their oligomerization promoting function, we isolated the 9-subunit 
oligomer fraction of C-terminal truncated Sm16 proteins and determined their propensity to bind 
to intact cells (Paper IV, 4B). Significantly, the result revealed that multiple separate C-terminal 
regions contribute to cell surface binding of 9-subunit Sm16 oligomers. 
 Since the secondary structure of Sm16 is dominated by an α-helical configuration 
(70 % at 20 oC, Paper IV, Fig. 1D), it can be assumed that also the C-terminus is predominantly 
α-helical. By modeling the Sm16 polypeptide as an α-helix, it becomes apparent that the helix 
has amphipathic characteristics. I therefore believe that our finding that multiple physically 
separate C-terminal regions contribute to plasma membrane binding may at least in part be 
explained by that each one of these hydrophobic parts contributes to binding.  
 
8   ANALYSIS OF IMMUNOMODULATORY ACTIVITIES OF Sm16/SmSLP 
 
8.1 Endotoxin and pyrogens are tightly bound to the Sm16/SmSLP proteins  
         expressed in E. coli 
The limulus amoebocyte lysate test revealed that E. coli expressed Sm16(23-117)AA binds avidly 
to endotoxin activities (~150 EU per mg protein), which may be a consequence of the lipid 
binding properties of Sm16 (Holmfeldt et al., 2007a). We were unable to solve this problem 
neither by washing with LPS sequestering antibiotic polymyxin B (200 mg/ml) or zwitterionic or 
ionic detergents. The zwitterionic detergent Z-12 removed <95 % the pyrogens from Sm16, but 
the remaining 5 % still represented a huge amount and, most importantly, the Sm16 oligomer was 
disrupted by Z-12 (see section 7.4).  
 It should be noted that our failure to prepare an endotoxin/pyrogen-free Sm16(23-
117) protein was not due to a general incompetence from our side to prepare endotoxin/pyrogen-
free proteins from E. coli. Thus, we were able to prepare the C-terminally truncated Sm16(23-70) 
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protein as well as Op18 that scored negative in limulus amoebocyte lysate test and other tests that 
detects endotoxins and pyrogens.  
 
 
8.2.   P. Pastoris as a eukaryotic expression system for proteins involved in 
         inflammatory processes 
P. pastoris is a methylotrophic yeast organism. The advantages of P. pastoris compared to other 
eukaryotic expression systems are fast growth time in an inexpensive growth medium and high 
protein yields; 100mg to 1g per liter of culture is not uncommon. The expression construct is 
integrated in the chromosome of P. pastoris, which provides stable strains. Protein expression is 
simply induced by shifting to a methanol containing media. P. pastoris is also able to secret the 
expressed protein to the medium, making it much easier to purify the protein. The reason we 
chose P. pastoris for expression of Sm16 was that it appeared as the simplest mean to overcome 
the problems we encountered with tightly associated bacterial pyrogens and endotoxins. 
 
8.3   Optimization of expression of Sm16/SmSLP in P. Pastoris  
We first tried to express Sm16 with a signal peptide in P. pastoris for export to growth media, 
however, there was no trace of the protein in the media. By western blot we were able to detect 
Sm16 in whole cell lysates but, given that the expressed protein migrated at 40kDa, the signal 
peptide was evidently not cleaved. We therefore expressed the Sm16(23-117)AA protein in the 
cytosol of P. pastoris. By this mean we obtained sufficient quantities of Sm16(23-117)AA to allow 
purification of the protein. Initially we were also plagued by contaminating pyrogens within 
Sm16(23-117)AA preparations produced in P. pastoris. However, in contrast to the E coli 
produced Sm16(23-117)AA, these activities could be removed by an extensive washing protocol 
that take advantage of the potency of a Triton X100 and deoxycholate mixture to remove 
hydrophobic contaminations. It should be noted that this mix of non-ionic and ionic detergents in 
a low salt buffer does not cause disassembly of Sm16 oligomer. After optimization of the 
production protocol, we now routinely obtain 2 to 3 mg of Sm16(23-117)AA per liter of P. 
pastoris culture. 
 
8.4   Analysis of immunomodulatory activities 
To evaluate potential cytotoxic and/or generally immuno-suppressive activities of Sm16, we 
investigated the effect of Sm16(23-117)AA on T lymphocyte proliferation and found no effect 
even at high concentrations of the recombinant protein. Our next question was whether Sm16(23-
117)AA exerts any effects on the innate immune system. We optimized a simple assay system in 
which whole blood was diluted 5-fold in RPMI 1640 culture medium and cytokine production 
was analyzed by ELIZA after 4 to 8 hours stimulation with various TLR-ligands. Sm16(23-
117)AA alone did not induce any cytokine secretion, which confirmed the absence of pyrogenic 
activities. Interestingly, however, Sm16(23-117)AA was found to potently suppress LPS 
stimulated production of all the proinflammatory cytokines analyzed(Paper IV, Fig. 6A). The 
dose-response of inhibition was indistinguishable between cytokines and was not dependent on 
the LPS concentration used for stimulation (1 to 100ng LPS /ml tested). Thus, our result indicated 
that Sm16(23-117)AA caused a general inhibition of the LPS response  
 We also analyzed whether Sm16(23-117)AA inhibits stimulation by other TLR-ligands, 
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namely Poly(I:C), PAM3CSK4 and PG (Paper IV, Fig. 7). We found that Sm16(23-117)AA 
inhibited POLY(I:C) as potently as LPS (i.e., >95 %), while the PAM3CSK4 and PG response 
was only partially inhibited. These results indicate that Sm16 has potential to inhibit structurally 
distinct TLR-ligands but with great variations of potency. 
 
8.5   Sm16(23-117)AA does not inhibit cytokine production by an IL-1RA  
        dependent mechanism 
A partially purified preparation of Sm16 has previously been reported to stimulate IL-RA 
production, which was used as evidence for an IL-1RA dependent mechanism for the proposed 
anti-inflammatory activity. To address a possible involvement of IL-RA, we analyzed production 
of IL-RA in whole blood treated for 6 hours with Sm16(23-117)AA but found no significant 
increase of IL-1RA levels. Moreover, we actually noted a significant inhibition of IL-RA 
production by Sm16 in blood cells stimulated with LPS or Poly(I:C). Given that production of 
both proinflammatory and anti-inflammatory cytokines was inhibited by Sm16(23-117)AA, the 
present study indicates a direct mechanism of inhibition, i.e., inhibition of LPS and Poly(I:C) 
signaling.  
 
8.6   Linking Sm16 to TLR signaling 
As a direct mean to address whether Sm16(23-117)AA inhibits proximal to TLRs, we analyzed the 
IRAK1 protein that becomes phosphorylated and degraded by direct interactions with a signaling 
complex that is directly associated with certain TLRs, such as the LPS responsive TLR4. Given 
that IRAK1 is ubiquitously expressed, this type of analysis requires a cell system in which all 
cells are stimulated by LPS through TLR4. Accordingly, we used the clonal monocytic cell line 
Mono-Mac-6 for these experiments. TLR-ligand induced cytokine production of this cell line was 
found to be inhibited by Sm16(23-117)AA with the same dose-response as whole blood cells and 
also in this system only a modest inhibition of the PG response was observed. Most importantly, 
by analysis of IRAK1 depletion, we noted that Sm16(23-117)AA was potent in inhibiting LPS 
mediated IRAK1 depletion while having no detectable effect in the presence of PG. These results 
indicate that Sm16 acts upstream of IRAK-1 to inhibit LPS signaling, which implies proximal to 
TLR4.  
 
8.7   Evidence that Sm16 inhibits cell adherence of primary mono nuclear cells. 
To analyze the effect of Sm16 on TLR-ligand induced adhesion, we isolated mono nuclear cells 
from blood, which were incubated with various TLR-ligands in the presence or absence of 
Sm16(23-117)AA. After 24h of incubation, adherent cells were selected by 4 rounds of rinses with 
phosphate buffered saline. Adherent cells were thereafter visualized by May-Grunwald-Giemsa 
staining. The result shows that Sm16 strongly inhibits cell adherence in response to some, but not 
all, TLR-ligands (Fig. 13). Interestingly, the levels of inhibition of cytokine production shown in 
Paper IV correlated with inhibition of cell adherence. Moreover we could also detect inhibition of 
IL-1 and TNF-α receptor dependent adhesion. Given that the TNF-α does not belong to the TLR 
family, it may appear surprising that also TNF-α dependent cell adhesion is inhibited by Sm16. 
However, this inhibition by Sm16 may be indirect in the sense that it may be dependent on 
inhibition of TNF-α induced cytokines that mediate their effect through binding to receptors that 
belong to the TLR-family, such as IL-1 receptor 
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Monocytes are the primary TLR-responsive cell type in human blood and it is known that 
TLR-ligands promote differentiation to macrophages, which are adherent cells that take up e.g., 
bacteria by phagocytosis. It seems therefore likely that most of the adherent cells are 
macrophages.  
The present demonstration of efficient Sm16(23-117)AA mediated inhibition of TLR-ligand 
promoted cell adhesion is consistent with that Sm16 have potential to inhibit signaling by several 
members of the TLR-family. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Sm16 inhibits monocyte adherence. Peripheral blood mononuclear cells, isolated by ficoll 
gradient centrifugation, were incubated with various TLR-ligands in the presence or absence of Sm16(23-
117)AA. Adherent cells were selected after 24 hours by 4 rounds of rinses with phosphate buffered and 
thereafter visualized by May-Grunwald-Giemsa staining 
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FINAL CONCLUSIONS 
Part I: FUNCTIONAL CONSEQUENCES OF TUBULIN BINDING BY 
OP18/STATHMIN FAMILY MEMBERS  
 
-    The data supports that GTP-hydrolysis within the tandem-tubulin complex formed by Op18 is    
     a consequence of interactions between the GTP bound to the intercalated E-site and the    
     catalytic loop located on the α-subunit of adjacent heterodimer according to Fig.9. 
 
-    The data indicates that Op18/Stathmin family proteins have evolved to maintain the two   
      heterodimers in a configuration that prevents futile cycles of GTP hydrolysis. 
 
-    The finding that GTP-exchange is blocked at both of the E-sites of the tandem-tubulin  
       complex indicates an allosteric effect that ensures the integrity of the tandem-tubulin   
       complex. 
 
-    In contrast to the CD2-Op18 chimera, membrane targeted SCG10 and RB3 have sufficiently   
      high tubulin binding affinity to accumulate tandem-tubulin complexes to a specific location. 
 
-    Our results suggest that SCG10 and RB3 act by a conceptually different general mechanism   
     from that of the abundant cytosolic Op18 protein, which would be consistent with that the  
     native form of these neural Op18/Statmin proteins are targeted to specific intracellular    
     membranes. 
 
-    CD2-Op18, CD2-SCG10 and CD2-RB3 destabilize interphase microtubules with similar   
     potency.  
 
-    The poor efficiency by which CD2-Op18 accumulates tandem-tubulin complexes at the   
      membrane reveals a tubulin sequestering independent mechanism. 
 
-    Schistosoma mansoni derived Sm16/SmSLP is a secreted lipid bilayer binding protein with no   
      structural or functional similarities with Op18/stathmin family members. 
 
Part II: STRUCTURE AND FUNCTION OF THE SHISTOSOMA MANSONI PROTEIN 
Sm16, ALSO KNOWN AS SmSLP 
 
-    Sm16 is a multimeric ~9 subunits protein that appears to be a trimer of trimers. 
 
-    Sm16 has potential to inhibit Toll-like receptor signaling proximal to the receptor complex.  
 
-    The abundance and lipid bilayer binding properties of Sm16 suggest sufficient local    
      concentrations for suppression of innate immunity. 
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