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General Introduction

Chapter 1

Amyloid
Amyloids are usually insoluble fibrous proteins or peptides forming aggregates that are associated with several, so-called, conformational diseases. Occurrence of aggregates is often
linked to cell toxicity, and therefore it deserved wide attention in research where one tries to
find the causes and cures for amyloid diseases. Amyloids have been characterized in vitro by
electron microscopy, X-ray fibre diffraction and binding to fluorescent dyes Thioflavin T and
Congo red, the latter shows an apple green birefringence under polarized light. Furthermore,
although the fibrils are buildup of a single protein in many cases other proteins are associated
with them, like appolipoprotein E (APOE) and serum amyloid component P. Currently, 30
human proteins are classified as amyloid proteins1. In this thesis we use fibrils that were made
in vitro from synthetic amyloid proteins.

Amyloid diseases
All amyloid deposits are linked to diseases, some of them are better known than others.
Alzheimer’s Disease (AD) and Parkinson’s Disease are two well-known neurodegenerative
diseases caused by formation of amyloid2,3. Another frequently occurring disease is Type 2
Diabetes mellitus, which is caused by the aggregation of amylin, also called Islet amyloid polypeptide (AIAPP), on the surface of β-cells of the pancreatic Islets of Langerhans4. Spongiform
encephalopathy, better known as Creutzfeldt-Jacob Disease or Kuru, is caused by the aggregation of misfolded prion protein and is well-known to be transmissible5. There are no reports
on the transmission of other amyloid diseases by ingestion or injection. However, amyloid
fibrils can serve as seeds for monomeric amyloid proteins in vitro6–8. In most forms of amyloidoses mutations in the amyloid forming proteins make them more prone to aggregate than
the wild type protein. People bearing such a mutation are likely to develop the related disease.
Additionally there can be other risk factors besides the mutations in the amyloid protein itself.
In AD there are genetic factors such as the expression of a certain variant of apolipoprotein E
or the increased expression of clusterin9. In Type 2 Diabetes mellitus lifestyle factors, such as
diet and exercise, have a great influence in the onset and development of the disease10.

Amyloid toxicity
The mechanism underlying amyloid toxicity is not well understood. What is clear is that the
monomeric proteins are nontoxic and that the aggregation of these proteins causes cellular
dysfunction and cell death. In the early days of amyloid research the plaques were thought
of as the toxic agents in amyloidoses11. Currently the field is more focused on the soluble oligomers. Due to their ability to rapidly diffuse, they are considered the most toxic species12–14.
Despite these studies, there are still a large number of studies that show that fibrils also exert
cell toxicity15–19. Thus, which species is responsible for the detrimental effects is still unclear.
The aggregation of amyloid proteins in amyloid fibrils is thought to proceed via oligomeric intermediates. The structure of these intermediates is poorly defined and several conformations
are proposed (figure 1). This variation in oligomeric state and the speed of the aggregation
process makes it difficult to determine the exact nature of the toxic amyloid species.
Several mechanisms for amyloid toxicity have been proposed. Some studies showed that the
8
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amyloid oligomers can form pore like structures, which disrupt membranes and induce leakage of the cells, increasing calcium levels and generating reactive oxygen species leading to
cell death20–22. Another possible mechanism of membrane disruptions is by fibril formation
on or in the membrane, which also leads to a calcium influx and cell death23–25.
Other studies propose receptor mediated apoptosis via specific receptors. In AD the following receptors, that are localized at synapses, are considered to play a role in the early stages of
neurodegeneration: NMDA receptor26, mGluR527, p75 neurotrophin receptor28,29 and cellular
PrP30. Receptor mediated cell death is less well studied for other amyloid proteins, so whether
these Aβ receptors have an important role in other types of amyloidosis remains to be seen.
There are some indications that the methods of toxicity are general, for instance caspase 3
mediated apoptosis is found in β-cells upon exposure of AIAPP31 and Aβ and AIAPP induce
the same protein signaling pathways when added to cell cultures32.
Currently none of these proposed mechanisms is fully embraced by the community yet and
it will require much more research to determine the definite mechanism of amyloid toxicity.
Furthermore, it remains to be seen whether there is a common mechanism in all diseases or
that each amyloid protein has its own way of causing toxicity.

Figure 1. A schematic overview of the possible intermediates in the fibrillization pathway. The native fold of many
amyloid proteins is known. Shorter proteins, such as Aβ or AIAPP only have little secondary structure, while larger
amyloid proteins have well defined folds. The overall arrangement of amyloid fibrils is also known. There is a cross-β
core of a number of stacked β-sheets with unstructured or molten-globule domains on the sides of the fibrils. The
intermediates in the fibrillization pathway are less well defined. Several compositions have been suggested from unstructured oligomers to β-strand like pores.
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Amyloid structure
As described briefly above the basic structure of amyloid fibrils is common to all of them. A
combination of several techniques is used to establish if a protein aggregate has amyloid features. The main techniques are electron microscopy, X-ray diffraction and staining with the
amyloid specific dye Congo red.
Electron microscopy
Electron microscopy has been and still is an invaluable technique to assess the aggregation
state of amyloid proteins. All amyloid fibrils extracted from tissue show unbranched fibrils
with lengths up to several micrometers and a diameter ranging from 5 to 12 nanometer, depending on the amyloid protein33 (Figure 2A). Ex vivo as well as in vitro fibrils show a great variety in the morphology, e.g. in the amount of twist or fibril length34–36. Moreover, changes of
the in vitro incubation conditions, like the pH and ionic strength of the buffer or the amount
of agitation, can lead to very different fibril morphologies37,38. Several cryo-EM studies have
generated valuable information on the global structure of amyloid fibrils and the assembly of
the β-sheets within the fibril39–42.

Figure 2. An example of an EM image of AIAPP fibrils (A). The arrangement of the β-stands in the fibrils (B)
give rise to the cross-β diffraction
pattern when the fibrils are more or
less aligned during the diffraction experiment (C). The hydrogen bonded
β-strands within a β-sheet give rise
to a strong reflection of 4.7 Å (#). The
distance between the β-sheets (*) is
strongly dependent on the composition of the amino acid side chains, but
in many amyloid fibrils this distance
is 10-11 Å.
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X-ray diffraction
Amyloid fibrils consist of elongated β-sheets with the peptide strands bound by main chain
hydrogen bonds forming the fibre axis and in all fibrils multiple β-sheets stacked on top of
each other (Figure 2B). This assembly gives rise to a characteristic X-ray diffraction pattern.
This so called cross-β pattern has a strong reflection at 4.7 Å with perpendicular to it a reflection at 10-11 Å. These reflections are caused by the β-strand spacing and the distance between
the stacked β-sheets, respectively (Figure 2C)43. Due to the somewhat random orientation of
the fibrils in a sample preparation these reflections are reminiscent of those found in a powder diffraction image, however in most images a partial alignment of the fibrils results in a
meridional and equatorial reflections. In the past years some high resolution X-ray structures
have been solved of short cross-β forming peptides, these studies will be discussed later.
Congo red and other amyloid dyes
A well-known feature of amyloid fibrils that is closely linked to their structure is their ability to bind several dyes, such as Congo red and Thioflavin T (ThT). The binding of the dyes
to amyloid fibrils results in changes in energy states due to the restriction in conformational
freedom, leading to increased fluorescence for ThT and to birefringence for Congo red. Amyloid-like structures in complex with either one of these dyes are available and they reveal
a common orientation of binding, namely parallel to the long axis of the fibril44,45. Based on
these structures there seems to be a preference for binding to certain amino acid residues. For
Congo red it was shown that the substitution of a lysine by an alanine decreases the binding of
Congo red45. ThT has a pronounced preference for aromatic side chains44. Molecular dynamic
studies on the binding of these dyes to amyloid models show similar binding modes46,47. In
these studies a minor binding mode is found parallel to the outer β-strand, which could inhibit fibril formation. However, this binding mode does not seem to be relevant, as both ThT
and Congo red do not inhibit the formation of fibrils 48.
High resolution structures
There are high resolution structural models available for a number of amyloid proteins. Most
of them are based on solid state NMR measurements in which a limited number of distance
restraints has been determined. In the case of Alzheimer’s Aβ, the use of solid state NMR has
led to four different models of full length Aβ proteins49–52. It is not clear whether these differences in models are related to the limited number of distance and torsion angle restraints or
to a genuine structural difference between the fibrils. Solid state NMR has also been of great
importance in the determination of structural models of other cross-β proteins, like AIAPP53,
β2-microglobulin54, α-synuclein55 and the yeast prion HETs56.
Despite the uncertainties arising from the limited number of restraints, solid state NMR had
been the only technique up till now to probe the structural features of full length amyloid
proteins. The group of Eisenberg determined high resolution crystal structures of many short
amyloid-related peptides. They all form cross-β structure with a variety of β-strand orientation in the β-sheets, either parallel or antiparallel, depending on the sequence of the small
peptides. In most of the cases there was a dry and a wet β-sheet/β-sheet interaction interface
57–59
. Some examples of high resolution models are given in figure 3. In the end a multidisciplinary approach of ssNMR and cryoEM will generate reliable models for large amyloid
assemblies. The high resolution structural data of the small peptides can serve as a reference
for allowed interactions.
11
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Figure 3. An overview of amyloid-like structures. In the lab of Eisenberg many crystal structures of small cross-β
forming peptides were solved. In theory eight classes of β-strand/β-sheet orientations can be made, based on the
β-strand orientation in the sheet (parallel or anti-parallel) and the orientation of the β-sheets with respect to each
other. Here two examples are shown: a peptide derived from the yeast prion Sup35 (A, parallel) and a peptide
derived of insulin (B, anti-parallel)58. A solid state NMR model of Alzheimer’s disease peptide Aβ40 shows a parallel
β-sheet orientation (C)50. PDB codes; A 2OMM, B 2OMQ, C 2LMO.

Amyloid binding proteins
According to the vast amount of literature, a large number of proteins interact with amyloid
deposits and/or oligomeric amyloid-like species and it is not feasible to discuss them all in
this introduction. Here only a small group of well-known and ‘important’ proteins will be
mentioned.
Serum amyloid component P
As stated earlier in the introduction serum amyloid component P (SAP) is a major constituent of amyloid plaques. It binds to amyloid in a calcium dependent manner60 and an EM study
shows that SAP binds Aβ fibrils on the surface61. Furthermore, fibrils covered with SAP are
more resistant to proteolysis62 and SAP enhances the fibrillization rate of amyloid63. It is thus
believed that SAP has a role in the progression of amyloidoses and that preventing the interaction between SAP amyloid would slow down or even stop the progression of these diseases.
The development of a small molecule drug, CPHPC, that enhances the clearance of SAP form
the circulation is a potential candidate to fulfill this task. Initial clinical tests show no adverse
effects and moreover the drug has slowed down the progression of systemic amyloidosis64,65.
Apolipoproteins
Another protein that is found in all amyloid deposits is apolipoprotein E (ApoE)66,67. There
are several isoforms of ApoE and one of them, ApoEε4, is a high risk factor in Alzheimer’s
disease68,69. There are several proposed mechanisms for the increased risks, varying form increased aggregation propensity of Aβ to cross-linking of Aβ fibrils70,71.
12

General Introduction
A family member of ApoE which is considered a risk factor in AD is ApoJ, better known
as clusterin. In AD patients clusterin levels are elevated and they correlate with the severity
of the disease72,73. However, with the current knowledge it is not clear why clusterin is a risk
factor as some results are somewhat contradictive. On the one hand clusterin binds tightly to
monomeric Aβ and protects the peptide from proteolytic degradation74,75, furthermore it is
responsible for the clearance of Aβ from the cerebrospinal fluids76. On the other hand, several
studies report that clusterin stabilizes Aβ oligomers in vitro77,78 and in vivo study suggests that
clusterin promotes plaque formation79.
Receptor of Advanced Glycation End products (RAGE)
RAGE binds amyloid oligomers and fibrils of several origins, like Aβ80, transthyretin81, serum
amyloid A, IAPP and Prion protein82. Several cell based studies show that the binding of amyloid to RAGE induces an inflammatory response and apoptosis81–83. In vivo studies show that
the administration of a soluble form of RAGE reduces amyloid toxicity by competing for the
same binding sites on amyloid84. The over expressing full length RAGE in a mouse model led
to an increase in the amount of inflammation and cell death similar to the cell based assays
described above85. However, no differences were observed in an ArcAβ mouse model between
mice expressing RAGE and RAGE knock-out mice86.
Antibodies
For many amyloid forming proteins antibodies have been raised for diagnostic purposes and
in some cases even for therapeutic purposes. The antibodies can be divided in two groups.
The first group of antibodies is specific to the monomeric form of amyloid proteins and recognize a specific sequence of the amyloid protein. In cases that this part of the protein is not incorporated in the cross-β structure these antibodies can also recognize the oligomeric forms.
The second group of antibodies recognized oligomeric or fibrillar forms of amyloid proteins,
whether the epitope is still sequence dependent or on a structural level is in many cases not
clear. There are some antibodies that recognize structural features of the amyloid oligomers or
fibrils87–90. However, no structural data is available to reveal the interaction mode. There are a
few structures available of antibodies in complex with Aβ, in all cases these antibodies bound
monomeric species91–93.
Tissue-type plasminogen activator
The initiator of the fibrinolytic pathway, tissue-type plasminogen activator (tPA), is a multidomain protein that consists a fibronectin type I domain, a EGF-like domain, two kringle
domains and a serine protease domain (figure 4). TPA binds to fibrin via its fibronectin type I
(FnI) domain and in a later stage in the fibrinolytic process via its second kringle domain. The
binding of tPA to fibrin results in the conversion of plasminogen to plasmin, which subsequently leads to the cleavage of the scissile bond of tPA. This scissile bond is located between
the second kringle domain and the serine protease domain and they stay connected via a
disulfide bond. This two chain form of tPA is much more active than the single chain form94.
Fibrin fibers are not the only molecules that can activate tPA. Both denatured protein aggregates as amyloid deposits can activate tPA, resulting in the activation of the protease plasmin95–99. In studies with Aβ, it is shown that the activated plasmin can degrade monomeric
Aβ with high efficiency100,101, but this efficiency of Aβ degradation drops when Aβ is aggregated101,102. In vivo studies show that the tPA-plasmin system contributes to the decrease in
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amyloid burden in mouse models103–106. Whether degradation of amyloid peptides by the tPAplasminogen system is an important defense mechanism in amyloidosis, remains to be seen.
However, there are indications that the tPA becomes less active during aging, by the upregulation of plasminogen activator inhibitors107–109. A proposed interaction mechanism of tPA with
amyloid via its FnI domain will be discussed below.
Coagulation factor XII
A tPA homolog, coagulation factor XII (FXII), which is involved in the intrinsic coagulation pathway and in the kallikrein-kinin system, can also bind and be activated by amyloid
deposits and misfolded proteins110–114. Although, there are no strong links to pathogenic roles
of FXII in amyloidoses, binding of FXII to amyloid and misfolded proteins does activate the
kallikrein-kinin system and a part of the complement pathway which leads to inflammation
114,115
.

Figure 4. A schematic overview of the domain composition in fibronectin type I domain containing proteins. The
three serine proteases, tPA, FXII and HGFA, all become activated by the cleavage of their scissile bond between the
kringle, or in the case of FXII the proline rich domain, and the serine protease domain. The serine protease domain
in the two-chain form is called the light chain and the other amino-terminal domains are referred to as the heavy
chain. The heavy chain is important for the localized activation of the subsequent pathways. Another protein that
contains FnI domains is fibronectin, which has in total twelve FnI domains, two Fn type II domains and sixteen
Fn type III domain. This protein is located in the extracellular matrix and serves as binding platform for many
proteins.

Fibronectin type I domains and their role in amyloid binding
tPA and FXII are composed of similar domains, both proteins contain FnI, EGF-like, kringle
and serine protease domains (figure 4). In addition FXII contains a fibronectin type II and
a proline rich domain. In a study by Maas and coworkers the FnI domain of tPA was shown
to be responsible for the binding to amyloid and other misfolded proteins aggregates with
cross-β structure116. Additionally they showed that FnI domain of other proteins (FXII, hepatocyte growth factor activator and fibronectin (figure 4) also interacted with these aggregates.
The mechanism underlying this interaction is not clear yet, but based on the study of Maas
et al. both amyloid and misfolded proteins are supposed to share a common binding site for
14
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this domain. The sequence identity of the amyloid forming proteins is not very high, although
sequences of certain types of residues are more prone to form cross-β aggregates117,118. A common factor that all the aggregates had in the study of Maas et al. was the cross-β structure.
The aim of our project was to determine the FnI domain binding site on cross-β aggregates by
means of structure determination of a FnI domain cross-β structure complex. The small size
of the FnI domains make them suitable for expression in yeast, which facilitates the production of isotope labeled proteins to use in NMR studies.

Scope of thesis
The binding of proteins to amyloid-like fibrils and oligomers is reported in a large number of
studies; however, the details of these interactions remain unknown. The research described
in this thesis was focused on determining these details for FnI domains and single domain
antibodies. In chapter 2 the binding of FnI domains to amyloid is studied and attempts were
made to obtain reliable binding constants and determine structural features needed for the
interaction. The results show mixed outcomes, but the techniques used in this chapter severed
as a basis for the research in chapters 4 and 5. In chapter 3 we present the crystal structure
of FXII’s FnI-EGF-like tandem domain, which was solved using a SIRAS method. Based on
the structure we discuss proposed interactions of these domains. Crystal structures of Aβbinding single domain antibodies, G7 and PS2-8 are presented in chapter 4. Based on these
structures and structure based mutagenesis studies an interaction mechanism is proposed.
Furthermore, putative mechanisms for the reduction of Aβ cytotoxicity by G7 are discussed.
The interaction of tPA with amyloid fibrils, and especially the role of the finger domain, is reexamined in chapter 5. Constructs lacking the finger domain were compared with full length
tPA in their ability to interact with amyloid-like fibrils of Aβ and AIAPP. The results and
conclusions of these chapters are summarized chapter 6 and future perspectives based on this
research are given.
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Attempts to gain insights on the interaction of
fibronectin type I domains with misfolded proteins
and amyloid fibrils

Chapter 2

Introduction
The formation and accumulation of misfolded protein aggregates and amyloid deposits can
have severe effects in the body, like inflammation and cell death1. There are a number of diseases linked to the formation of amyloid, like Alzheimer’s disease and diabetes type 22. The
exact mechanism of amyloid formation in vivo is unclear and despite extensive in vitro studies
on amyloid formation no consensus it reached yet on which intermediates are important in
the fibrillization process3. Even more unclear is the mechanism underlying the toxicity of the
several aggregation states. Currently, soluble oligomeric amyloid species are considered most
toxic, which is confirmed by a large number of studies. Several mechanisms for the toxicity
of amyloid oligomers are under debate, such as membrane disruption of pore-like oligomers
and receptor mediated apoptosis4–6.
Another factor that complicates the understanding of e.g. Alzheimer’s disease is the vast number of proteins that have been found to interact with the amyloid peptide Aβ (see chapter 1,
general introduction). Only for a part of these amyloid associated proteins extensive research
has been done. One group that has a central role in this thesis are the fibronectin type I (FnI),
or finger domain, containing proteins. For tissue type plasminogen activator (tPA) and coagulation factor XII (FXII) several studies report about interaction with amyloid and the activation of the associated pathways7–12. For the other two FnI domain containing proteins, fibronectin and hepatocyte growth factor activator (HGFA), the number of studies is limited13.
A study by Maas and co-workers showed that the FnI domains of these four proteins all bind
to misfolded protein aggregates that contain cross-β structure13. A FnI domain is composed
of five β-strands that are arranged in a minor two-stranded β-sheet and a major three-stranded β-sheet, which are stacked on top of each other. There are several structures available of
FnI-domains of fibronectin in complex with bacterial fibronectin binding peptides. In these
structures the major β-sheet is extended at β-stand ‘E’ by the bacterial peptide to form a fourstranded β-sheet14–16. One could easily envision that such an interaction could also occur in
FnI domain binding to cross-β aggregates, as these expose a number of β-stands that are ‘waiting’ for a binding partner. An alternative binding mechanism could be that the surface of the
fibril exposes binding sites for the FnI domain.
The aim of this chapter is to gain more insight in the binding mechanism of FnI-domains
with cross-β structure. To study this, a construct containing the 4th and 5th FnI domain of
fibronectin was used, with the underlying thought that the use of two domains might add an
avidity effect and thus stronger binding. Several techniques, like ELISA, pulldown assays and
surface plasmon resonance (SPR), were used to get more information on the stoichiometry
of the binding as well as the binding constant and an NMR experiment was done to get more
insight in the binding mode. Some experiments turned out to be more suitable than others in
generating useful results. In this chapter we also discuss the pitfalls that were encountered in
studying protein-amyloid interactions.
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Methods

Expression and purification 45FnI(fh)
A construct containing the 4th and 5th FnI domains (45FnI) of fibronectin was generated with
a standard PCR protocol. The cDNA of encoding these domains was a kind gift from Dr.
M.F.B.G. Gebbink (UMCU/Crossβ biosciences B.V.). The following primers were used to generate the 45FnI DNA for further cloning: FW=GGATCCgctgagaagtgtttcgatcacgctgc and RV
=GCGGCCGCagaagtgtgcctctcgcacttccattc. After the PCR reaction the product was ligated
in a pCR4 plasmid using TOPO cloning, following the manufacturer’s instructions (TA-topo
coloning kit, Invitrogen). After amplification and plasmid isolation, the plasmid was digested
with BamHI and NotI and the 45FnI DNA with ligated in a modified pPICZα plasmid containing DNA encoding for a C-terminal FLAG-His tag.
The pPICZα(FLAG-His)-45FnI was digested with SacI to linearize the plasmid. Pichia pastoris X-33 cells were transformed with this linearized plasmid by electroporation. A high expressing clone was selected by small scale expression tests in rich medium using the P.pastoris
expression kit manual (Invitrogen) as guideline. In short 10 colonies were grown in BMGY
(buffered glycerol medium with yeast extract and peptone) for 16h at 30°C with a shake rate of
250 rpm. These cultures were diluted 1:100 in BMMY (like BMGY but containing 1% methanol instead of glycerol) and grown for 72h. Every 24h methanol was added (1:100) to sustain
the expression of the 45FnI-FLAG-his (45FnI(fh)).
After the incubation the cells were pelleted via centrifugation, 3000 g for 10 minutes, and 10
µl of the supernatants were loaded on a 15% SDS-Tris-tricine polyacrylamide gel. After the
gel electrophoresis the proteins were transferred to a PVDF-membrane, which after blocking
with 2.5% fat free milk in PBS, was probed with an antibody solution, 1:1000 AntiFLAG M2
with 1:1500 rabbit-anti-mouse HRP-conjugated in PBSt, for 1h. After extensive washing, the
membrane was incubated with the ECL-plus kit for detection.
The best expressing clone was used for large scale expression, which was done in a similar
way as the small scale expression test. The only difference was that methanol was added two
times a day, 5 ml/l in the morning and 10 ml/l in the evening. 15N-labeled 45FnI(fh) was
expressed in modified BMG and BMM containing 0.5% 15N-ammonium chloride as sole nitrogen source. After 72h of expression the culture was centrifuged at 4000 g for 30’ and the
supernatant was filtered over a 0.22 µm filter. This medium was concentrated in to 150 ml
using a hollow fiber column with a 5 kDa cut off (Quickstand system, GE healthcare) and
subsequently the buffer was changed to 25 mM Tris pH 8.2 and 300 mM NaCl (buffer A). To
this concentrated solution imidazole (in buffer A) was added to a final concentration of 25
mM. After a short mix nickel sepharose beads (GE healthcare) were added and incubated on
a rotating wheel for 30’ at room temperature (RT). The nickel beads were poured in a glass
column and this was connected to an Åkta FPLC system (GE Healthcare). First the beads
were washed with buffer A with 40 mM imidazole and after 20-50 column volumes (CV)
45FnI(fh) was eluted with buffer A containing 300 mM imidazole. The eluted 45FnI(fh) was
dialyzed against buffer B (25 mM Tris pH 8.8 and 50 mM NaCl) for 18h at 4 °C and loaded on
a 6 ml resource Q column (GE healthcare). A linear gradient with buffer C (25 mM Tris pH
8.8 and 1 M NaCl), 0-50% in 50 CV, was used to elute 45FnI(fh). Collected fractions containing 45FnI(fh) were concentrated to 1 ml and loaded on a superdex75 16/60 (GE Healthcare)
that was equilibrated to 25 mM Tris pH 7.5 and 150 mM NaCl. Peak fractions were collected
and analyzed with SDS-PAGE and coomassie staining. Fractions containing pure 45FnI(fh)
were pooled, concentrated to 2-5 mg/ml and stored at -80°C.
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Proteins and peptides
Ovalbumin (OVA), denatured ovalbumin (dOVA), hemoglobin (Hb) and glycated hemoglobin (HbAGE) were provided by Cross-β Biosciences b.v. (Utrecht, the Netherlands) and
were used in several studies as model proteins with and without cross-β structure. FP6 (sequence: IDIKIR) and amyloid β peptide 1-40 (Aβ40; sequence: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) were synthesized at the peptide synthesis facility of the
Netherlands Cancer Institute (NKI, Amsterdam, the Netherlands).
Aβ40 was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and the solvent was evaporated overnight in the fume hood. The resulting peptide film was dissolved in dimethyl sulfoxide (DMSO) to obtain a final concentration of 1-10 mM Aβ40 depending on the required
concentration of Aβ40 in aqueous buffers. These solutions were diluted in buffer solutions
with a maximal final DMSO concentration of 3.5%. The Aβ40 solution was incubated at room
temperature for several days under light agitation, unless stated otherwise.
Enzyme-linked immunosorbent assay
The following proteins, OVA, dOVA, Hb, HbAGE and Aβ40, were coated in a Microlon high
binding plate (Greiner #655092). The concentration of the proteins solutions was 5 µg/ml in
50 mM NaHCO3 pH 9.6, except for HbAGE which was coated with a concentration of 1 µg/
ml. The Aβ40 solution was diluted from a 100 µM (430 µg/ml) Aβ40 solution in 25 mM Tris
pH7.5, 100 mM NaCl. 50 µl of the protein solution was used to coat the plate at room temperature for 1h30’. After each step the wells were emptied and washed three times with PBSt
(10 mM NaPhosphate pH7.4, 150 mM NaCl, 0.1% Tween-20). 200 µl Blocking Reagent for
ELISA (Roche) was added to the wells and the plate was incubated for 1h to block the wells.
Next, 50 µl 45FnI(fh) solution (concentrations: 0, 10, 100, 500, 1000, 2500, 5000, 10000 nM)
was added and incubated for 1h. Then 50 µl of the primary antibody solution, AntiFLAG
M2 (Sigma) 1:200 in PBSt, was incubated for 30’, followed by the incubation of 50 µl secondary antibody, rabbit-anti-mouse HRP-conjugated (DAKO) 1:2000 PBSt, for 30’. 100 µl OPD
solution (400 µg ortho-phenylene diamine in 50 mM Phosphate-Citrate pH 5.0 with 0.01%
H2O2) was added to the wells and after 5’ 50 µl 1M H2SO4 was added to stop the oxidation
reaction. The absorbance was measured at 490 nm.
Pulldown assay
Aβ40 fibrils were formed at a monomer concentration of 70 µM in 10 mM HEPES pH 7.5, 100
mM NaCl as described above. 20 µl of this Aβ40 fibril solution was mixed with an equal volume of 45FnI(fh) in the same buffer at different concentrations. All solution contained 35 μM
Aβ40 and the concentrations of 45FnI(fh) were either 17.5, 1.75 or 0.175 μM resulting in the
following Aβ40: 45FnI(fh) ratios, respectively: 1:0.5, 1:0.05 and 1:0.005. These mixtures were
incubated at room temperature for 2h and then centrifuged at maximum speed in a table top
centrifuge at 4°C for 30 minutes. A 20 µl sample of the supernatant was pipetted from the top
of the solution and the remaining supernatant was carefully removed with a needle syringe.
The fibrils were washed twice with 10 mM HEPES pH 7.5, 100 mM NaCl and the pellet was
resuspended in 40 µl 10 mM HEPES pH 7.5, 100 mM NaCl and a 20 µl sample was removed.
The supernatant and pellet samples were boiled with reducing SDS-sample buffer and 10 µl
samples were loaded on a 15% SDS-Tris-tricine polyacrylamide gel. After the gel electrophoresis the proteins were transferred to a PVDF-membrane, which, after blocking with 2.5% fat
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free milk in PBS, was probed with an antibody solution, 1:1000 AntiFLAG M2 with 1:1500
rabbit-anti-mouse HRP-conjugated in PBSt, for 1h. After extensive washing, the membrane
was incubated with the ECL-plus kit (GE Healthcare) for detection.
Co-migration assay
A solution of 333 µM Aβ40 was made by diluting a solution of 10 mM Aβ40 in DMSO in 50
mM Tris pH 7.5 and 100 mM NaCl and directly after mixing 45FnI(fh) was added to a final
concentration of 30 µM. The mixture was incubated for 3 days at 4°C on a slow rotating wheel.
The mixture was centrifuged for 30’ at 3500 g and the supernatant was concentrated to 0.3 ml.
This sample was loaded on a Superdex75 10/30, equilibrated in 50 mM Tris pH 7.5 and 100
mM NaCl, and 0.5 ml samples were collected. The samples were analyzed on a 17.5% SDSTris-tricine polyacrylamide gel.
Based on the results of the large scale experiment above, a series of small scale test experiments were done in a similar way. The final Aβ40 concentration was 450 µM and the final
45FnI(fh) concentration 30 µM. The samples were incubated at RT on the rotating wheel for
5h or overnight. The samples were centrifuged for 10’at 16,000 g before injection on a Superdex200 10/30.
Isothermal titration calorimetry
Aβ40 fibrils were made for ITC experiment 1 by dissolving 4.5 mg Aβ40 in 300 µl DMSO and
diluting it in 900 µl 25 mM Tris pH 7.5 and 100 mM NaCl. For ITC experiment 2, 2.3 mg
Aβ40 was dissolved in 140 µl DMSO and diluted it in 1260 µl 25 mM Tris pH 7.5 and 100
mM NaCl. The samples were incubated overnight and transferred to a dialysis tube with a 3.5
kDa cut off membrane. The samples were dialyzed for >100h against 25 mM Tris pH 7.5 and
100 mM NaCl, this buffer was refreshed daily by degassed buffer. The 45FnI(fh) solution was
dialyzed simultaneously in the same beaker. This was done to equilibrate the two samples in
the same buffer, as small differences in buffer composition can lead to large heat effects in ITC
measurements.
The measurements were done on an Auto-iTC200 microcalorimeter (MicroCal) with the Aβ40
fibrils or buffer in the cuvette and the 45FnI(fh) solution or buffer in the titration syringe.
After each 2 µl injection the heat change was measured, this was done with a 2’ interval. In
experiment 1 the Aβ40 concentration was 850 µM and the concentration 45FnI(fh) in the
syringe 52.5 µM. In experiment 2 the Aβ40 concentration was 375 µM and the concentration
45FnI(fh) in the syringe 140 µM.
Surface plasmon resonance
An Aβ40 film was dissolved in DMSO and diluted in 10 mM Na acetate pH 4.5 to a concentration of 150 µg/mL. The Aβ40 solution was incubated overnight under agitation at RT.
After priming a CM5 senor chip (GE healthcare), the surface was activated using 200 mM
EDC and 50 mM NHS for 5 minutes. The EDC/NHS mixture was washed off with 10 mM
NaAC pH 4.5. The reference channel was incubated with buffer and the reaction channel was
incubated with 150 µg/mL Aβ40 (pH 4.5) for 15 minutes. The unbound peptides were washed
off with 10 mM Na acetate pH 4.5 and the unreacted activated carboxyl groups were blocked
with 1 M ethanol-amine. The chip was rinsed with 40 mM HCl and 10 mM NaOH.
The SPR experiments were done on an ESPRIT (Metrohm Autolab b.v., the Netherlands),
a two channel cuvette SPR system. The running buffer was HBS supplemented with 3 mM
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ethylenediaminetetraacetic acid (EDTA) and 0.005% Tween-20. tPA (Actylise, Boehringer Ingelheim) or 45FnI(fh) were diluted in supplemented HBS and 35 µL was injected on the chip.
The solution was resuspended at a flow of 16 µl/min for 5 minutes. The dissociation phase
was 1 minute. The chip was regenerated after every run with 30 mM HCl. The concentrations
of tPA and 45FnI(fh) are given in the figure.
NMR titration of 45FnI(fh) with FP6
15
N-labeled 45FnI(fh) was loaded on a Superdex75 column equilibrated in 20 mM sodium
phosphate pH 7.4 and 75 mM NaCl. The peak fractions were pooled and concentrated to
~0.75 mM. A stock solution of 100 mM FP6 in size exclusion buffer was made (76 mg/ml), the
pH was adjusted with NaOH to pH 7.4 and filtered over a 0.2 μm Anotop-filter (Whatman)
before use. The NMR samples had a concentration of 0.5 mM 45FnI(fh) in the size exclusion
buffer supplemented with 10% D2O. Due to the titration of FP6 to the 15N-labeled 45FnI(fh)
solution the concentration decreased in the final measurement to 0.4 mM 45FnI(fh). The
samples were analyzed at 298 K using standard 1H-15N-HSQC on a 600 MHz Bruker Avance
III spectrometer equipped with a triple resonance 5 mm TXI probe. The spectra were processed and analyzed using Bruker TopSpin 2.1.

Results
Expression and purification
The 45FnI(fh) construct (figure 1C) was purified in a 3 step protocol to high purity with a
yield of 10 mg/l expression medium. The anion exchange step was effective in the separation
of monomeric 45FnI(fh) and dimeric 45FnI(fh) (figure 1A and B). The dimeric form was
most probably an expression artifact as this form was only detected on a non-reducing SDSPAGE gel, which suggest that the disulfide bonds were not formed properly. The size exclusion
chromatography step resulted in highly pure protein (figure 1D).

Figure 1. An overview of the purification of 45FnI(fh). The anion exchange chromatography step separated the
monomeric 45FnI(fh) from the dimeric 45FnI(fh) (A and B). The dimeric form of 45FnI(fh) was linked via a disulfide bond, indicating that this molecule is not in its native conformation (B). The Flag-His tag was linked to the
C-terminus of the 45FnI construct (C). After size exclusion chromatography highly pure 45FnI(fh) was obtained (D).
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ELISA
An ELISA with native and misfolded proteins coated on the plate was done to determine
whether the expressed 45FnI(fh) had the same binding properties as the FnI domains that
were used in the study of Maas and co-workers.
The cross-β structure containing aggregates, denatured ovalbumin (dOVA) and glycated
hemoglobin (HbAGE), were used as benchmark proteins to assess the binding properties of
45FnI(fh). These proteins were used in various studies to establish the binding of FnI domain
containing proteins to cross-β proteins12,13. The native proteins, OVA and Hb, were used as
negative controls. As expected the signals for the cross-β aggregates were higher than that for
the native proteins. This indicates that there are more binding sites on the cross-β aggregates
than on the native proteins. However, the binding constants calculated based on these results,
were not consistent with the previous reported binding constants. In this study, the values of
the binding constants were in the high nanomolar/ low micromolar range, whereas the reported binding constants were in the low nanomolar range. Furthermore, for OVA, HbAGE
and Aβ40 fibrils there were large differences in the calculated binding constants between the
repeated experiments (table 1).
Table 1 Affinity constants for the interactions of 45FnI(fh) with coated proteins
based on the ELISA
Kd A* (µM)

Kd B* (µM)

OVA

6.2±1.6

0.6±0.2

dOVA

2.1±0.4

1.1±0.2

Hb

4.9±1.0

5.0±1.3

HbAGE

6.8±0.9

1.1±0.1

Aβ fibrils

4.1±1.4

0.7±0.4

*See figure 2
Figure 2. The binding of 45FnI(fh) to amyloid and denatured proteins was assessed
with ELISA. The binding was tested to the
native proteins, Ova and Hb, the denatured
proteins, dOva and HbAGE, and Aβ fibrils.
The consistency of the outcome between ELISAs was small. In one case there was only a
small amount of 45FnI(fh) bound to Aβ fibrils
(A), while in another ELISA the ammount of
45FnI(fh) that bound to Aβ fibrils was much
larger (B). Also the affinity for the coated proteins fluctuated (Table 1).

Additionally, Aβ40 fibrils and HbAGE showed large differences in the maximum signal (figure
2). One possible cause could be that during the dilution of these highly aggregated samples
the concentration in the final tubes varies, as the stock solution contains large particles. The
results from the ELISAs showed that 45FnI(fh) interacted with cross-β structure aggregates
and Aβ40 fibrils. It also showed that 45FnI(fh) had interaction with the native proteins, indicating either that 45FnI(fh) could interact with any protein or that due to the absorption on
the plastic the native proteins tends to aggregate.
For this system an ELISA provides a good indication for binding, but it is not a suitable tech29
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nique for determining accurate binding constants. Moreover, the cross-β aggregates dOVA
and HbAGE have an amorphous structure making it impossible to think of the molecular
structure of these aggregates 12. In this sense amyloid fibrils, like Aβ40, are more suitable systems to work with, as molecular models of these fibrils are available 17,18. In the remainder
of this chapter we will mainly use Aβ40 fibrils to study the interaction.
Amyloid pull down
In the study by Maas and coworkers pull down assays showed that Aβ40 fibrils could deplete
expression medium of FnI domain constructs. However, no indications were given on the
amount of fibrils that were needed to accomplish this effect. Such a molar ratio is necessary to
give an estimate of the number of Aβ peptides that are required to form one binding site. To
determine this a pull down assay was done with different Aβ40:45FnI(fh) ratios. In this experiment the Aβ40 concentration was kept at 35 μM, while the 45FnI(fh) concentration varied.
The results showed that a 200 fold molar access of Aβ40 depleted the supernatant of 45FnI(fh),
although, in the pellet fraction only a faint band could be observed on the blot. By contrast,
a two or twenty fold molar excess of Aβ40 was not sufficient to deplete the supernatant of
45FnI(fh) (Figure 3A). Moreover, the 45FnI(fh) signals in the amyloid pellets of the two and
twenty fold excess of Aβ40 were of similar level, indicating that all the binding spots on the
fibrils were occupied (Figure 3A).
Additionally an experiment was done using a 1:0.01 Aβ40:45FnI(fh) ratio to assess whether
this could also be sufficient for a complete depletion of 45FnI(fh). As a control a sample before
centrifugation, the input, was loaded on the SDS-PAGE gel next to the supernatant and pellet
samples for Western blot analysis. This was done to confirm that no protein was lost during
the procedure. The blot showed that almost all 45FnI(fh) was removed from the solution after
centrifugation and that most of 45FnI(fh) was in the pellet. However, the amount of 45FnI(fh)
in the pellet was less than that in the input. This indicates that during the removal of the supernatant a part of the pellet was also removed or that 45FnI(fh) dissociated during the wash
steps. Despite this minor experimental problem, it can be stated that 100-200 Aβ40 peptide
molecules in fibrillar form provide one binding site for a 45FnI(fh) molecule.

Figure 3. The Aβ40 fibril pull down assay shows that solution can be depleted of 45FnI(fh) when 100-200 fold more
Aβ40 is present (A and B). Lower ratio’s resulted in in complete depletion of the supernatant, suggesting that a one
45FnI(fh) binding site is formed by at least 100 Aβ40 peptides. The input contains more protein than the supernatant
and pellet fractions combined (B). This could be due to the dissociation of 45FnI(fh) during the wash steps or by
unintentionally removing Aβ fibrils when the supernatant is removed. The depletion of 45FnI(fh) in the supernatant proved that the protein was bound to the Aβ fibrils.

Co-migration assay
In the pull down assay the binding of 45FnI(fh) to Aβ40 fibrils was studied. To investigate
whether 45FnI(fh) could also bind to smaller oligomeric Aβ40 aggregates or even prevent Aβ40
aggregation, 45FnI(fh) was incubated together with freshly dissolved Aβ40 for 3 days at 4°C.
After this period a precipitate was formed in the tube, which was pelleted by centrifugation.
The supernatant was concentrated and injected on a Superdex75 column. The chromato30
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gram showed three obvious peaks and SDS-PAGE analysis showed that all peaks contained
45FnI(fh) and Aβ40 (Figure 4). Peak I eluted at the void volume, Mw >75-80 kDa, and contained elevated levels of both 45FnI(fh) and Aβ40, which could indicate that 45FnI(fh) binds
to large oligomeric Aβ40 species. Alternatively, it could be that 45FnI(fh) forms aggregates
itself. Peak II eluted at the volume of monomeric 45FnI(fh) and although Aβ40 was found in
the same samples, no strong increase in Aβ40 levels was detected in the samples containing
concentrated 45FnI(fh). This suggest that there is no significant interaction between small
oligomeric or monomeric Aβ species and 45FnI(fh), which is further corroborated by peak
III, which only contains monomeric Aβ40.
Some additional tests were done to determine whether this observation was reproducible.
Figure 4. The size exclusion run of 45FnI(fh)
incubated co-incubated with Aβ40 showed a
large peak (I) at the void volume. SDS-PAGE
analysis showed that peak I contains Aβ40¬
as well as 45FnI(fh), indicating that there
might be complexes of Aβ40 oligomers with
45FnI(fh). Later in the run peak II contains
mainly 45FnI(fh) without a clear increase in
Aβ40 and peak III, which consist of Aβ40
only (momomeric form). The presence of
peak II and III suggests that there is no interaction between 45FnI(fh) and monomeric Aβ40, if there would be strong interaction
between the two proteins than a single peak
would be expected.

Freshly dissolved Aβ40 was incubated at room temperature with 45FnI(fh) in a 0.5 ml volume,
the concentrations were 450 μM and 30 μM respectively. After an incubation period of 5h or
overnight, the samples were centrifuged at 16000 g and the supernatants were loaded on a Superdex200 column. Compared to the control of 30 µM 45FnI(fh) (Figure 5A), a time dependent decrease of the 45FnI(fh) peak was observed. The lower levels of 45FnI(fh) could be due
to the binding of this protein to Aβ40 fibrils that were formed during the incubation period. In
the centrifugation step prior to injection on the Superdex200 column, the fibrils were pelleted
together with the bound 45FnI(fh), resulting in a decreased monomeric 45FnI(fh) peak. In
the chromatogram of the 5h incubation a small peak was found at a high molecular weight
elution volume. However, no samples were collected for this peak, as the absorbance did not
exceed the threshold value for automated sample collection, so the content of this peak could
not be analyzed.
The small scale experiments did not produced a similar result as the initial experiment. Two
possible explanations can be given for this observation; (i) Aβ40 was not completely disaggregated by the DMSO treatment in the second experiment which resulted in quick fibril formation, a common problem when working with Aβ, or (ii) the incubation at RT instead of 4°C
resulted in an increased fibrillization rate, as described in several studies 19,20.
These results do corroborate the binding of 45FnI(fh) to Aβ40 fibrils, as found in the pull down
assay, and imply that 45FnI(fh) can also bind to high molecular weight Aβ40 oligomers. Furthermore, the results suggests that fibril formation is not inhibited by 45FnI(fh), as in the large
and small scale tests precipitate could be observed. The large soluble Aβ40 aggregates found
in complex with 45FnI(fh) in the first test were probably due to the slow fibrillization rate of
Aβ40 at low temperature and not by a reduction of the aggregation rate caused by 45FnI(fh).
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Figure 5. Small scale Aβ40 45FnI(fh) co-incubation did not result in a significant amount of 45FnI(fh) Aβ40 oligomeric
complexes. The concentration of Aβ40 was kept at 450 µM and of 45FnI(fh) at 30 µM in all co-incubation experiments
(B and C). A sample of 30 µM 45FnI(fh) without Aβ40 was used as control (A). A 5 hour incubation of Aβ40 with 30
µM 45FnI(fh) resulted in a decrease of monomeric 45FnI(fh) and a small high molecular weight peak (B). Overnight
incubation of Aβ40 with 30 µM 45FnI(fh) resulted only resulted in a larger decrease of monomeric 45FnI(fh), no additional peaks were observed (C). No samples were collected for the oligomeric species as the absorption level did
not exceed the threshold for automatic sample collection, so the content of these small peaks remain undetermined.

Determination of the affinity constant
At this point a couple of questions remained to be answered; (1) can we determine an accurate
affinity or binding constant for the interaction of FnI domains with cross-β structure and (2)
what features does cross-β structure have that is recognized and bound by FnI domains?
To answer the first question an isothermal titration calorimetry (ITC) experiment was set
up. The cuvette was filled with Aβ40 fibrils and the syringe was filled with 45FnI(fh) (Figure
6C and F). In the control experiments buffer was titrated to a Aβ40 fibrils solution (Figure 6A
and D) or 45FnI(fh) was titrated in a cuvette filled with buffer (Figure 6B and E). In the first
set of experiments the controls were showing low heat change upon injection, whereas the
titration of 45FnI(fh) to fibrils showed larger heat change. In the last two injections the heat
change was strongly decreased, indicating saturated binding. The saturation of binding sites
was anticipated as the final ratio of 45FnI(fh):Aβ40 was 1:100, which was the same as for the
pull down assay (Figure 6C).
To shift the saturation of binding sites to the middle of the titration experiment, the fibril
concentration was decreased and the concentration of 45FnI(fh) was increased such that the
final ratio would be 1:20. Although the titration of 45FnI(fh) to Aβ40 fibrils showed a decrease
in heat change after 10 injections, the measurement was not as consistent as in first experiment (Figure 6F). Furthermore, the heat change for the Aβ40 fibrils titrated with buffer were
of similar magnitude (Figure 6D), which made the titration with 45FnI(fh) not reliable. These
results combined with the very noisy measurements in the experiment with Aβ40 fibrils in
the cuvette, made us doubt that ITC was a suitable technique to measure an accurate binding
constant. The sensitivity of the technique in combination with uncompleted aggregation of
Aβ40 can lead to significant heat effects due to further aggregation of fibrils during the measurement or dissolution of fibrils upon injection of buffer or 45FnI(fh).
An alternative technique, which might be more suitable to determine accurate binding constants, is surface plasmon resonance (SPR). Aβ40 fibrils were immobilized on a sensor chip and
45FnI(fh) and tPA were used as analytes. Based on a large number of studies on tPA amyloid
interaction, tPA was expected to show binding to the immobilized fibrils. Indeed the injection
of tPA resulted in smooth binding curves (Figure 7A). In contrast, the injection of 45FnI(fh)
at the same concentrations as tPA did not result in any signal. When higher concentrations of
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Figure 6 The ITC data of 2 experiment series are shown. The amount of heat released after the injection is shown
in the upper panel. The peak of each injection was integrated and these values are plotted as kCal/Mole of injectant
in the bottom panel. The first ITC experiment (A-C) was done using an Aβ40 solution of 850 μM (in the cuvette)
and a 45FnI(fh) solution of 52.5 μM in the syringe, resulting in a 100 fold excess of Aβ40 in the last titration step.
The control experiment fibrils titrated with buffer (A) showed a very noisy heat change. The titration of buffer with
45FnI(fh) (B), in contrast, showed a very consistent pattern of heat release after injection. The titration of Aβ40 fibrils
with 45FnI(fh) was also more consistent (C).
Each titration step a large amount of heat was released and after the last two injections the heat release was decreased,
indicating a saturated binding. For the second experiment some changes were made in the concentrations of Aβ40,
decreased to 375 μM, and 45FnI(fh), increased to 140 μM, in order to observe saturation half way the experiment,
giving final twenty fold excess of Aβ40. However, when buffer was titrated to the Aβ40 fibrils (D), far larger heat
effects were observed compared to the first experiment, furthermore the integrated values were in the same range
as those for Aβ40 fibrils titrated with 45FnI(fh) (F). The titration of 45FnI(fh) to buffer (E) did not show any unexpected behavior.

45FnI(fh) were injected a concentration dependent jump in response was observed, followed
by a flat signal and an instant drop in signal to baseline levels during the dissociation phase
(figure 7B). Moreover, in contrast to the measurements with tPA, no concentration dependent convergence to a maximal signal was observed for 45FnI(fh). A different chip with more
Aβ40 immobilized generated similar results as the first experiment. The lack of proper binding
curves for 45FnI(fh) in combination with the ever increasing signal at higher concentrations,
strongly indicates that this construct does bind, but not specifically, to immobilized Aβ40 fibrils and suggests that 45FnI(fh) and tPA do not share a common binding mechanism.
33

Chapter 2

Figure 7. Aβ40 fibrils were immobilized on a CM5 chip using a standard amine coupling protocol. (A) tPA was used in
a concentration series from 37 nM to 2.5 µM and the corresponding curves followed an expected interaction curve.
Moreover, during the dissociation phase not all tPA dissociated from the fibrils, suggesting a tight binding to the
immobilized fibrils. 45FnI(fh) was used as analyte at concentrations ranging from 5 µM to 100 µM. (B) The curves
showed a fast increase of several m° upon the first contact with the chip, this was followed by a very noisy flat curve
in the remainder association phase. The dissociation phase, at 360 s, was characterized by an instant drop in response.
The curves indicate binding of 45FnI(fh) to the Aβ40 fibrils, but it has not a very specific character like tPA. The differences between the two experiments suggest that tPA and 45FnI(fh) do not share a common binding mechanism.

NMR titration experiments with mono-, di- and trimeric FP6 peptide do not show interaction
Our binding studies show interaction of 45FnI(fh) with amyloid and aggregated denatured
proteins. The minimal number of Aβ40 peptides required to form one 45FnI(fh) binding site is
somewhere between 100-200 in the case of fibrillar Aβ. One hypothesis is that the binding is
mediated through β-sheet extension as described in more detail in the next chapter. In short,
the exposed β-sheets at the fibril ends could in theory be extended by the exposed β-stand ‘E’
in the FnI domain. Extension of the FnI domain β-sheet at the ‘E’ strand is found in several
structures of fibronectin binding peptides in complex with FnI domains. Amyloid oligomers might also expose β-strands, however, currently no structural data of such oligomers are
available, so this statement remains an assumption. To test whether and how 45FnI(fh) interacts with small amyloid oligomers an experiment was designed with a cross-β forming peptide FP6, which is derived from fibrin. FP6 is a small peptide which forms amyloid fibrils at
high concentrations and has been found to form small oligomers at concentrations of several
mg/ml. ESI-MS analysis showed that at a concentration of 3 mg/ml FP6 approximately 15% of
FP6 was in dimeric form and additionally some minor amounts of trimeric and higher oligomeric species were found (data not shown). Furthermore, NMR experiments done with FP6
at 8 and 40 mg/ml showed chemical shift values characteristic of β-sheets (data not shown).
To determine whether 45FnI(fh) would bind to FP6, this peptide was titrated to 15N-labeled
45FnI(fh) to a final molar ratio of 1:40 (45FnI(fh):FP6). At this high concentration of FP6, 20
mM/15,6 mg/ml, no chemical shift perturbations were observed in the 45FnI(fh) spectrum
(figure 8). The titration result suggests that 45FnI(fh) does not bind to FP6 in its monomeric
or di- and trimeric species. It was experimentally not possible to increase the concentration
of FP6, due to the insolubility of FP6 at concentrations needed for the stock solution. So the
question remains whether 45FnI(fh) can bind larger oligomers of FP6 and if that would be the
case, whether it is possible to obtain structural information at all using solution state NMR.
Another uncertainty in this experiment is the multimeric state of FP6. Both the MS and NMR
experiments done on FP6 alone were done with FP6 dissolved in water and not in the pres34
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Figure 8 An overlay of 1H-15N-HSQC spectra of 15N-labeled 45FnI(fh) without (in red) and with FP6 in a 40 fold
molar excess (in blue). No clear differences between the spectra were observed for upon addition of FP6, indicating
that there is no interaction.

ence of any ions, as was the case for the titration experiment. These factors could potentially
influence the aggregation properties of FP6. A titration with amyloid fibrils, as described for
the VHHs in chapter 4, was not done for 45FnI(fh) as it would not provide any structural
information. Moreover, the pull down assay described here, showed that 45FnI(fh) binds to
Aβ40 fibrils in suspension.

Discussion
The interaction of FnI domains with amyloid and misfolded proteins has thus far been described by one study 13. Our goal was to obtain high resolution structural data on this interaction to determine the mechanism underlying this intriguing property of FnI domains to
bind to a broad range of cross-β structure aggregates. To explore the feasibility of our goal,
a construct containing the 4th and 5th FnI domains of fibronectin was used in this study.
The expression and purification of 45FnI(fh) was done without problems, large amounts of
protein could be obtained, even isotope labeled. The results of the ELISA with misfolded proteins and 45FnI(fh) differed slightly from those of the Maas study. Although the preference of
45FnI(fh) to bind misfolded proteins was in agreement with that study, the calculated binding
constants were at least two orders of magnitude higher, indicating that the construct used in
this study was less potent. The underlying reason for difference could not be pinpointed.
Despite the difference in binding constants, the search to obtain more insight in the binding
mechanism continued. The pull down assay showed that 45FnI(fh) was able to bind Aβ40
fibrils in solution and that a 100-200 molar excess of Aβ40 peptide was needed to deplete the
35
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solution of unbound 45FnI(fh). These results seemed to be corroborated by the ITC results,
however, due to the large uncertainty in these ITC measurements it is not possible to make a
well-supported statement.
Most of the binding studies showed interaction of 45FnI(fh) with cross-β containing proteins
aggregates. This was not the case, though, in the SPR experiment with immobilized Aβ40 fibrils. This experiment did confirm the interaction of tPA with Aβ40 fibrils, but even at a high
45FnI(fh) concentration, 100 µM, no specific binding was observed. This does not necessarily
imply that 45FnI(fh) does not bind to Aβ40 fibrils. There is a possibility that these two proteins
do not share the same binding site. Apparently the binding site for tPA is well exposed on the
immobilized fibrils, whereas the FnI-domain binding site is not accessible. In chapter 5 of this
thesis it is shown that the FnI domain of tPA is not essential for the binding to amyloid fibrils.
An attempt was made to determine whether the interaction of 45FnI(fh) with cross-β structure is similar to that of these domains with fibronectin binding peptides, namely via β-sheet
extension. The solution state NMR spectra 45FnI(fh) during a titration with FP6 did not show
any chemical shift perturbation, indicating no interaction takes place. Whether this result
was due to the lack of aggregation in FP6 could not be made clear. Experiments done on FP6
show that, at least for the highest concentration used in the titration, this peptide is able to
form small oligomers that have some β-sheet propensity. No experiments were attempted
with other cross-β forming peptides, as these peptide form huge aggregates at the concentration required for solution state NMR experiments. The aggregation propensity of these peptides is one of the biggest challenges for structural research in the amyloid field. Furthermore,
the elucidation of the interaction mechanism of proteins binding to amyloid aggregates is far
from straightforward with the current techniques, if not impossible.
The experiments that were designed and tested for this research turned out to be of great use
in especially chapters 4 and 5 of this thesis.
Unfortunately the mechanism underlying the FnI domain-cross-β structure interaction could
not be elucidated using the current techniques. The handling of aggregation prone peptides,
like Aβ, and misfolded proteins, like HbAGE, is not straightforward and especially the heterogeneity in aggregation states and in the size of the aggregates makes it difficult to design
proper and reproducible experiments.
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Chapter 3

Abstract
Coagulation factor XII (FXII) is a key protein in the intrinsic coagulation and kallikrein-kinin
pathways. It has been found that negative surfaces and amyloid, like Aβ fibrils, can activate
FXII. Additionally, it has been suggested that FXII simulates cells and that it has an important
role in thrombosis. Up to now no structural data of FXII has been deposited, which makes it
difficult to support any hypothesis on the mechanism of FXII functioning. The crystal structure presented here of FnI-EGF-like tandem domain of FXII was solved using experimental
phases. To determine the phases a SIRAS approach was used with a native and a holmium
chloride soaked dataset. The holmium cluster was coordinated by the C-terminal tails of two
symmetry related molecules. Another observation was that, due to the crystal packing, the
FnI domain was much more ordered than the EGF-like domain. Furthermore, the structure
shows the same domain orientation as the homologous FnI-EGF-like tandem domain of tPA.
Several proposed interactions of these domains of FXII are discussed for their plausibility.
Based on this FXII FnI-EGF-like structure it could be possible that FXII binding to amyloid
and negatively charged surfaces is mediated via this part of FXII.

Introduction
For decades after its discovery factor XII (FXII), also known as Hageman factor, has been the
blood coagulation factor without a clear physiological function. Its essential role in in vitro
blood clotting was much better understood. Extensive research that has been done on the type
of surfaces and molecules that activate FXII in vitro, leading to initiation of the intrinsic coagulation pathway and the kallikrein-kinin system1–3. The search for a physiological function
of FXII has resulted in a number of possible roles, like induction of mitosis4,5, angiogenesis6,
inflammation reactions7 and complement activation8. Additionally, it has been found that
FXII has an important role in thrombus formation9,10.
Besides negatively charged artificial surfaces, there are several “natural” surfaces proposed
which activate FXII in vivo, like amyloid β aggregates11–13, polyphosphates14,15, collagen10, and
misfolded proteins16. Remarkably, not all these surfaces result in an activation of both the intrinsic coagulation pathway and the kallikrein-kinin system. Recently, it was shown that FXII
can also be activated by hydrophobic surfaces. However, the addition of other proteins to the
buffer inhibited the activation17. This implies that FXII is not predisposed to interact with and
be activated by hydrophobic surfaces.
Not only clarifying the physiological function was a difficult task, also the determination of
the importance of the various FXII domains for the binding to activating surfaces has been
difficult. FXII consists of six domains, a fibronectin type II (FnII) domain, two EGF-like domains, a fibronectin type I (FnI) domain, a kringle domain and a serine protease domain, and
it also contains a proline- rich region without much homology to other proteins18 (Fig. 1a).
Most evidence points to the FnII domain to be the domain which interacts with negatively
charged surfaces, but also the N-terminal peptide, the FnI domain and the kringle or proline
rich domain have been implicated for binding19–22. Another study showed that FnI domain of
FXII can bind cross-β structure, as found in amyloid and misfolded proteins23.
FXII has also been implicated in the stimulation of a number of cell types. The binding of FXII
to the surface of these cells results in activation of several kinase signaling pathways leading
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to mitosis. Some studies attributed such interactions to one of the EGF-like domains of FXII
with the EGF receptor (EGFR) on these cells4,5. An indirect activation model has also been
proposed, wherein FXII binds to uPA-receptor via its FnII domain after which a multiple
receptor complex is formed6. The activation of kinase signaling pathways was found to be
independent of the protease activity of FXII6, ruling out any form of enzymatic activation of
this pathway, as is the case in the coagulation and kallikrein-kinin pathways.
Currently, no FXII structure or FXII domain structures are deposited in the PDB. Here we
describe the structure of the putative amyloid-binding domain, the FnI domain, in combination with the second EGF domain, FXII-FnIE, and compare it with the structure of the FnIEGF domain of tissue type plasminogen activator (tPA), which is also involved in amyloid
binding23. Based on this structure we discuss the possible binding mode to negatively charged
surfaces and amyloid surfaces and the possibility of FXII to bind EGFR via the EGF domain.

Methods
Cloning of FXII-FnIE
The FnI-EGF tandem domain DNA was amplified from FXII cDNA, SNP variant rs17876030,
with a standard pcr reaction, using a forward primer containing a BamHI restriction site
(ggatccgagaagtgctttgagcctcagcttctcc) and a reverse primer containing a NotI restriction site
(gcggccgcggtgtccacgtcgcagaagggtc) and PfuTurbo DNA polymerase. The resulting product
encoded for the amino acids 114-194 of mature FXII (or 133-213 of FXII including signal
peptide (Uniprot code P00748)). The construct was designed based on the Uniprot domain
boundaries in combination with the domain boundaries of tPA-FnIEGF24. Due to the restriction sites for BamHI and NotI, two additional residues at the N-terminus, Gly-Ser, and two
additional Ala residues at the C-terminus were present in the construct. The BamHI and NotI
digested product was ligated in a pPICZα plasmid (Invitrogen) and after amplification, this
plasmid was linearized with SacI. Picha pastoris X-33 cells were transformed with the plasmid by electroporation. Colonies were screened for their expression of FXII-FnIE using 1 ml
buffered glycerol medium (BMG, See Pichia expression manual, Invitrogen) for biomass production and 1 ml buffered methanol medium (BMM) for protein expression. The cells were
grown in BMM for 72 hours at 295-298 K while shaking and every day 20 µl 50% methanol
was added to the cultures. The highest expressing clone was selected and used for large scale
FXII-FnIE production.
Expression and purification of FXII-FnIE
The selected P.pastoris clone was grown in BMG, for 36 hours at 301 K to create biomass. This
culture was used to inoculate BMM, at a 1:50 ratio. This culture was incubated for 72 hours at
301 K and every 12 hours 7.5 ml methanol was added to the culture to sustain expression. The
incubation was done in flask at a shaking rate of 250 rpm.
The expression medium was harvested, filtered over a 0.45 µm filter and concentrated with a
hollow fiber column with a 5 kDa molecular weight cut off (mwco) to 150 ml. Using the same
hollow fiber column the medium was exchange with a 25 mM MES/NaOH pH 6, 50 mM
NaCl solution. The FXII-FnIE solution was loaded on a captoS column (GE healthcare) and
eluted with linear gradient from 50 mM NaCl to 500 mM NaCl in 100 column volumes. The
fraction containing FXII-FnIE were collected and concentrated to 0.4 ml and loaded on a Su41
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perdex75 column, equilibrated in 10 mM HEPES/NaOH pH 7.5 and 75 mM NaCl. FXII-FnIE
eluted as a single peak, which was collected and concentrated to ~10 mg/ml.
Crystallization of FXII-FnIE
Several commercially available crystallization screens were used for the initial screening. In
Coring3550 sitting wells plates 150 nl FXII-FnIE and 150 nl reservoir solution were mixed
by a HoneyBee liquid handling robot (Genomic solutions Ltd.). Conditions containing crystals were further optimized using a hanging drop vapor diffusion technique combining 1 µl
FXII-FnIE and 1 µl well solution. Crystals for data collection were grown in 0.1 M Bis-Tris/
HCl pH 6.5 or 0.1 M Tris/HCl pH 8.5 with 16-18% PEG 4,000 and 0.2 M potassium acetate at
291 K. Before cryo-cooling some crystals were soaked for several hours in the same solution
with 5 mM potassium gold cyanide (pH 8.5) or for shorter time periods of 10-60 minutes
with 3 mM potassium tetranitroplatinate(II) (pH 6.5), 3 mM potassium hexachloroplatinate
(IV) (pH 6.5), 10 mM holmium chloride (pH 6.5 and pH 8.5) or 2 mM lead nitrate (pH 8.5).
Subsequently the crystals were back-soaked in several drops of the crystallization condition
supplemented with 25% glycerol.
Crystals grown at pH 8.5 were also soaked with cross-β forming peptides, aimed at the structure determination of FXII-FnIE in complex with these peptides. The peptides, Aβ14-24
(HQKLVFFAEDV), FP6 (IDIKIR), FP13 (KRLEVDIDIKIRS) and a Sup35-fragment GNNQQNY, were dissolved in DMSO at a concentration of 20 mM and diluted in 0.1 M Tris/HCl
pH 8.5 17% PEG 4,000 and 0.2 M potassium acetate to a final concentration of 1 mM peptide
and 5% DMSO. The molar ratio between the peptides and FXII-FnIE was approximately 1:1.
The crystals were back-soaked quickly in two drops of mother liquor supplemented with 25%
glycerol.
X-ray diffraction and structure determination
The diffraction experiments were done at the Swiss Light Source at the X06SA beamline (Paul
Scherrer Institut, Villigen, Switzerland). Data sets were collected for well diffracting crystals
and for the crystals soaked with heavy atoms a fluorescence scan was done and if the heavy
atom was present a data set was recorded at the wavelength of the absorption peak. The data
was processed with XDS25 and scaled and merged in Aimless26. An automated sequential approach of heavy atom search, SIRAS, and initial model building was done using phenix.autosol in the phenix gui27. Both an anomalous holmium data set and a native dataset were used
as input files together with a sequence file. The resulting initial model was built to near completion using ARP/wARP28 with the density modified electron density map from RESOLVE.
The native structure was refined with phenix.refine29 using TLS and isotropic B-factors. The
holmium structure was refined with TLS, isotropic B-factors and anomalous signal was used
to refine the dispersive f’ and anomalous f” scattering contributions. Additionally for the holmium structure in initial refinement rounds simulated annealing was performed. The TLS
groups were made based on the TLSMD-like program in the phenix gui, this resulted in three
groups for the FnI domain and two groups for the EGF domain. Manual model building and
real space refinement was done in Coot30. Images were made in PyMol31and density maps for
the images were calculated with FFT in the ccp4 suite26.
Calculation of the holmium-oxygen distance
An advanced search with “HO” as ligand was done on the pdbe web portal, which resulted in
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9 hits (PDB codes: 2y9x (2.78 Å), 2y9w (2.3 Å), 3eeu (2.0 Å), 2olc (2.0 Å), 2bpu (1.35 Å), 1rer
(3.2 Å), 1psr (1.05 Å), 1buu (1.9 Å) and 1msb (2.3 Å)). The distances between holmium atoms
and proteins atoms were measured in coot and the mean distance and the standard deviation
were calculated.
A search in the Cambridge Structural Database32for holmium-oxygen bonds was done. This
resulted in 267 bonds with a mean bond length of 2.376 ±0.002 Å.
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Results and discussion
Expression and purification
FXII-FnIE was well expressed by the selected P.pastoris X-33 clone and secreted in the expression medium. It could be purified to high homogeneity by a two-step protocol from concentrated medium. The first step was cation exchange chromatography at pH 6, which resulted
in a highly pure FXII-FnIE sample (Fig 1b). An additional size exclusion chromatography
step was used to change the buffer and separate the monomeric FXII-FnIE from possible
aggregates. The protein consisted of residues E114-T194 of mature FXII with the natural occurring mutation A188P. Due to cloning artifacts FXII-FnIE had additional amino acids on
the N- and C-terminus, a glycine and a serine at the N-terminus and two alanine residues at
the C-terminus (Fig. 1a).

Figure 1. The domain composition
of FXII of FXII shows the 7 domains, with FnII as the N-terminal
domain and SP as the C-terminal
domain. The amino acid sequence
of the crystallized FXII-FnIE is depicted under the domain composition. The underlined sequences
are the FnI domain (green; E114A154) and the EGF domain (magenta; S155-194) and the residues
that are not underlined are cloning
artifacts (a). A coomassie stained
SDS-PAgel shows FXII-FnIE after
purification (b). Crystals of FXIIFnIE in 0.1 M Tris/HCl pH 8.5 (c)
or 0.1 M Bis-Tris/HCl pH 6.5 (d)
with 17% PEG 4k and 0.2 M KAc.

Structure determination
Crystals of FXII-FnIE grew within a day in conditions containing 16-18% PEG 4k at a pH 8.5
or pH 6.5 (Fig. 1c and 1d). The crystals diffracted to 2.3 Å and belonged to the same space
group regardless of the pH. Initial attempts to obtain phases with molecular replacement,
using either the FnI-EGF structure of tPA or trimmed models of FnI domains or EGF-like
domains, were unsuccessful. The low sequence identity of related structures, <43% for the
EGF-like domain and <26% for the FnI domain, was the most probable cause. In order to
obtain phases, crystals were soaked in different heavy atom solutions at either pH 6.5 or pH
8.5. This resulted in a 2.5 Å dataset containing anomalous data to 2.9 Å for crystals soaked
with holmium chloride at pH 8.5. Crystals soaked with other heavy metals did not result in
datasets with anomalous signal, however a gold soak at pH 8.5, resulted in a crystal that diffracted to higher resolution than the native crystals did, 1.6 Å compared to 2.3 Å. The gold
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Figure 2. The electron density map calculated from the observed amplitudes and the experimental phases obtained
from SOLVE (a) shows some amino acid features. After density modification and initial model building the by RESOLVE the electron density maps, shows clear backbone density and side chain features. Both maps, were made in
Coot and contoured at a rmsd of 1.4.

dataset was used as native data. All crystals belonged to the I4122 space group, contained
one protein molecule per asymmetric unit and had a solvent content of ~58%. See Table 1 for
diffraction data and refinement statistics. Space group I41 was also considered as a possible
space group, but analysis with xtriage33 did not reveal any twin fraction in the data and I4122
was suggested as space group.

A SIRAS approach, with the holmium and native data sets, using phenix.autosol was used
to solve the structure. Several plausible solutions for the heavy atom sites were found by the
combination of the HYSS and SOLVE modules. The solution that led to the final structure has
a figure of merit of 0.35 after SOLVE, which is low, but still well within the acceptable range
of 0.25-0.45. This solution contained two heavy atom sites. The BAYES-CC34 for this solution was 69.7±11.8 which was the highest of all the solutions. Additional rounds of density
modification and model building by RESOLVE resulted in a well-defined electron density
map compared to the initial SOLVE map (Fig. 2). The final RESOLVE map was used to build
a nearly complete model with ARP/wARP.
During the refinement of this model against the native data set, it became clear that the electron density for the EGF-like domain was less well defined than that of the FnI domain (Fig.
3a and 3b) and that especially the C-terminal part of the EGF-like domain was hard to model.
This uncertainty is reflected in the higher B-factors of the EGF-like domain compared to
those of the FnI domain (Fig. 3c and 3d) and is also the reason for the relatively high refinement R-values of the native structure compared to other 1.6 Å structures in the PDB.
The crystal contains large solvent channels running along the c-axis. One channel is lined
with the EGF-like domain and the other channel is lined with the 5th β-strand (strand E) of
the FnI domain (Fig. 4a). This particular crystal packing of FXII-FnIE was the most probable
cause for these differences in flexibility between the two domains. Some remarkable contacts
were found for the FnI domain, the N-terminal β-sheet of the FnI domain was extended by
the N-terminal β-sheet of a symmetry related FnI-domain (Fig. 4b) and stacking of phenylalanine side chains stabilizes a crystallographic tetramer (Fig. 4c).Together with other crystal
contacts made by the FnI domain with symmetry related FnI domains, these extensive contacts gave a buried surface area of 900 Å2 per molecule (Fig. 4b-d), calculated with PISA35. In
contrast, the EGF-like domain had only one region which made crystal contacts in the crystal
by two hydrogen bonds (Fig. 4e), leaving the EGF-like domain more mobile.
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Figure 3. The characteristics of the FXII-FnIE crystal structure. Electron density for the EGF-like domain (a) is
less well defined compared to the density for the FnI domain (b) in the |2Fo-Fc| map contoured at a rsmd of 1.8.
The B-factors for the EGF-like domain are higher than those for the FnI domain as can be seen in (c), where the
Cα B-factors are shown in a color range from blue (low B-factor) to red (high B-factor). The FnI domain is mainly
colored blue whereas the EGF-like domain is mostly green. The difference in B-factors of the domains can also be
seen in the B-factor plot (d). Average B-factors of the backbone atoms of the native FXII-FnIE structure are plotted
in black and the all atom average B-factors are plotted in gray. The β-sheet residues are depicted as arrows above the
B-factor plot.

The holmium coordination
In the holmium bound structure the density for the C-terminus of the EGF domain was better
defined, due to the coordination with a holmium cluster connecting two EGF domains. One
holmium is coordinated by the side chain carboxyl group of Asp82, the backbone oxygen of
Thr83 and the carboxyl terminus. The distances between the holmium and the oxygen atoms
are comparable with the distances found in the PDB. In the FXII-FnIE structure the mean distance is 2.6 +/-0.2 Å and in the structures found in the PDB the mean distance is 2.5 +/-0.3 Å.
However, both these mean distances are larger than the mean distance found in CSD, which is
2.376 +/-0.002 Å. Moreover, the water and/or chloride atoms that coordinate the second holmium are not well defined, due to limited resolution. This second holmium was placed on a
twofold rotation axis in the heart of an anomalous peak which was found on this axis(Fig. 4f).
FXII-FnIE structure is similar to tPA-FnIE
The FnI domain of FXII showed the canonical domain fold, as did the EGF-like domain. The
finger domain has the two stranded, minor, and the three stranded, major, β-sheets, which
are stacked on each other by a disulfide bond and hydrophobic interactions. The EGF-like
domain has an antiparallel β-strand followed by a double hairpin region. The overall structure of FXII-FnIE was similar to that of the tPA-FnIE structure which was determined by
NMR24(PDB: 1TPG), while the RMSD between the Cα atoms of the two structures was 2.95 Å
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Figure 4. The packing of FXII-FnIE viewed along the C-axis shows large solvent channels (a), one lined with the
EGF domain (magenta) and the other lined with the ‘E’ β-strand of the FnI domain (green) . The FnI domain makes
extensive crystal contacts on two sides of the domain (b, c and d), whereas the EGF domain has only one crystal packing interface on a two-fold axis, stabilized by a hydrogen bond between, R160-O and H166-N, depicted in cyan (e) .
Some of the contacts made by the FnI domain are remarkable, the N-terminal β-sheet extents itself with a symmetry
related β-sheet (b) and via stacking of phenylalanine side chains a tetramer is formed (c). In the holmium bound
structure two symmetry related FXII-FnIE molecules are connected via a holmium cluster of three holmium atoms
(f). The holmium atoms are shown with the coordinating proteins atoms and the anomalous map is contoured at a
rmsd of 4, other coordinating atoms, like water, are not displayed because the positions are uncertain.
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Figure 5. The superposition
of FXII-FnIE (green) with
tPA-FnIE (blue) shows no
large changes in the domaindomain orientation (A). The
RMSD of the Cα atoms of
this alignment is 2.95Å. The
residues that form the hydrophobic core are shown
as sticks (B) and are colored
green in the sequence alignment (C). The * under the sequence alignment depicts the
conserved residues and the
green residues for tPA-FnIE
are based on the hydrophobic
core determined by Smith et
al.(1995). The residues that
form the hydrophobic core
are not conserved, but the hydrophobic core itself is.

(Fig. 5a). The superposition was done with SuperPose (CCP4 suite26), which aligns secondary
structure elements followed by Cα position fitting. The alignment indicated that orientation
of the domains with respect to each other, as found in both structures, is preferred. The interface between the domains is formed by hydrophobic residues in both structures, however
these residues are not identical (Fig. 5b and 5c).
Interaction of FnI domains with cross-β structure
FnI domains have been found to bind to amyloid and protein aggregates rich in cross-β
structure23. However, the molecular mechanism of this interaction is unclear. In structures
of N-terminal FnI domains of fibronectin in complex with bacterial fibronectin binding peptides36,37, as well as for a collagen peptide binding to the 8th FnI domain of fibronectin38, a
similar interaction mode was found. The peptides interacted with the FnI domain by extending the three stranded β-sheet at the ‘E’
β-strand (Fig 6), resulting in a four stranded
antiparallel β-sheet. We hypothesized that this
could also be the mode of interaction for the
FnI domains with the β-sheet-ends of cross-β
structures. The large solvent channel next to
the FnI β-strand ‘E’ harbors enough space
for small peptides to bind. Despite the fact
that is has been reported that the FnI domain
only binds to aggregated amyloid peptides in
an ELISA23, it might be that the FnI domain Figure 6. The binding of a collagen peptide (in blue) to
also binds to smaller oligomeric species. We the 8th FnI domain of fibronectin shows a common intried to soak FXII-FnIE crystals with multiple teraction mode for the FnI domain with peptides (PDB
3ejh). The extension of the three stranded β-sheet with
cross-β forming peptides with 1:1 molar ratio, an extra strand is found in all the FnI structures that
but this did not lead to crystals of a complex. have been co-crystallized. Such an extension could also
be the interaction mode of the FnI domains with amyloid/cross-β structures.
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Interaction with the EGF receptor
The putative interaction of FXII with the EGF
receptor has been implicated in the stimulation of cells to divide4,5. The structures of EGFR
in complex with EGF and TGFa39,40 served
as templates to dock FXII-FnIE to EGFR. A
superposition of the FXII-FnIE structure on
EGF bound to EGFR showed that the FnI domain overlaps with domain I of EGFR (Fig.
7). Furthermore, a crucial residue for the interaction of EGF with domain III of EGFR, a
Figure 7. A superposition of FXII-FnIE (green) with conserved arginine41, is replaced by a pheEGF (paleyellow) bound to the EGFR (orange) shows nylalanine in the second EGF-like domain of
that without any large conformational changes FXIIFnIE is not able to interact with EGFR, because the FnI FXII. These two observations make it unlikely
domain clashes with domain I of EFGR. The conserved that there is a direct interaction of the second
arginine in EGF makes a salt bridge with aspartate 355 EGF-like domain with the EGFR, even if there
of EGFR, the phenylalanine in the EGF-like domain of would be large domain rearrangements upon
FXII will not facilitate such an interaction (EGF-EGFR
binding. Whether the first EGF-like domain
structure PDB: 1IVO).
of FXII is able to interact with EGFR remains
to be seen, however also this EGF-like domain does not contain the arginine important for
binding. These data would imply that indirect EGFR stimulation via the uPAR receptor, as
suggested by LaRusch and co-workers, might be more plausible6.
FXII-FnIE binding to negative surfaces
One of FXII most well-known properties is its binding to negatively charged surfaces via
complementary charges. The FnII domain is thought to be an important contributor to this
interaction, but it is not essential for the binding21. To see whether FXII-FnIE could make a
contribution to the binding of negatively charged surfaces based on complementary charges,
the charge distribution of FXII-FnI was calculated with the APBS plug-in42 in Pymol. On the
surface of FXII-FnIE a continuous patch of positive potential was found. This patch was made
up of the FnI residues Lys127, Arg141, Lys145,
His150 and Arg153 and was just over 20 Å in
length (Fig. 8). This patch resembled 20-25 Å
large patches found in llama antibodies that
bind to Aβ fibrils via complementary charges43
(see chapter 4). Furthermore, Haupt and coworkers showed that the antibody, B10, was
also able to bind to a wide variety of negatively
charged biopolymers, like DNA and heparin44.
Additional experiments are needed to determine if this patch in FXII-FnIE contributes to
the binding to negatively charged surfaces and
Figure 8. The surface potential of FXII-FnIE shows an
if it is required for the binding to misfolded elongated positive patch on the surface along the ‘E’
proteins or amyloid deposits.
β-stand of the FnI domain, which might be involved in
the binding to negatively charged surfaces.
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Conclusion
In this paper we describe the structure of FXII-FnIE and its possible involvement in the proposed FXII’s functions. It has been found that FXII-FnIE interacts with amyloid fibrils and
cross-β structures and based on this structure we suggest two putative interactions. The first
one is via β-sheet extension at β-stand ‘E’ of the FnI domain, which is found in the structures
of other FnI domain-peptide complexes. The current data, unfortunately, does not allow any
conclusion in this respect. The second possible interaction mechanism is via electrostatic
interaction, as found for some llama antibodies. The FnI domain has a similar patch of 5
positively charged residues stretching over 20 Å like the antibodies, which might interact
with negatively charged residues on amyloid fibrils. This latter mechanism could also be responsible for the binding of FXII to negatively charged surfaces in general. The well described
interaction of the FnII domain with negatively charged surfaces, could thus be supplemented
by that of FnI. Besides its interaction with surfaces, it has been suggested that FXII can bind
to EGFR via one of its EGF-like domains. Here we show that without any conformational
change the binding of the second EGF-like domain of FXII to EGFR is very unlikely, due to
steric hindrance of the FnI domain and the lack an important arginine residue in the EGF-like
domain. For a better understanding of the interactions of FXII with a wide variety of putative
binding partners more structural studies are needed, of FXII itself or in complex with binding
partners.
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Abstract
Accumulation and aggregation of Amyloid beta (Aβ) in the brain plays a critical role in the
neurodegeneration causing Alzheimer’s disease (AD) and ultimately death. In theory inhibition of Aβ aggregation stops AD progression. A previous study describes a variable domain
of a heavy chain only antibody (VHH) named G7, that stops aggregation of Aβ in vitro, and
two VHHs named PS2-8 and 2H that both bind Aβ, but do not stop its aggregation. The
mechanism by which G7 binds to Aβ and inhibits its aggregation, is unknown. Here we solved
the crystal structures of PS2-8 and G7, and studied the modes of Aβ binding and how G7
inhibits Aβ aggregation. Both these VHHs and 2H were found to bind Aβ fibrils but not Aβ
monomers. Based on the crystal structures, the negatively charged Aβ epitope and sequence
dissimilarities between G7 and the highly homologous 2H, substitution mutations were introduced in the VHHs. The mutants were assessed for their ability to inhibit Aβ aggregation and
to reduce Aβ toxicity, revealing that electrostatic interactions between the negatively charged
glutamic acid residues of Aβ and the positively charged arginine and lysine residues on the
VHHs are important for functioning of the VHHs. Interestingly, not only the complementary
determining regions (CDRs) of G7 are involved in binding to Aβ and in inhibition of Aβ aggregation, but framework residues are involved as well.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the predominant
cause of dementia among elderly. AD is characterized by extracellular aggregates of amyloid
beta (Aβ) in senile plaques1 and in a later stage by intracellular aggregates of hyperphosphorylated Tau2.
Aβ has a crucial role in the development of AD, as this peptide is found to form toxic aggregates in vitro and in vivo . The size of these aggregates, which can range from dimers to large
fibrils, seems more or less related with their toxicity. Monomeric Aβ has no toxic effects and
huge aggregates such as fibrils and plaques have low toxicity, whereas oligomers have high
toxicity3. The size and structure of the oligomers differ between studies, and in some studies
the oligomers are devoid of amyloid fibril characteristics4,5, while in another study they have
fibrillar features6. Which oligomers are causing the neurodegenerative effects in AD is not
clear and still under debate7.
Despite the uncertainty on the exact mechanism of toxicity, great progress has been made
on reducing Aβ toxicity by active and passive immunization. Although active immunization
studies were halted due to adverse side effects, they showed that it is possible to reduce the AD
symptoms. The focus has shifted more to passive immunization with monoclonal antibodies
or parts thereof, like Fab fragments or single domain antibodies, such as the variable domains
of the heavy chain of Camelid heavy chain antibodies (VHHs)8,9. In some studies the plaque
burden is decreased10,11, whereas in other studies it is not, although the cognitive decline is
slowed down or even stopped12-14.
In most of these studies the molecular mechanism underlying the reduced toxicity of Aβ,
when it is bound to antibodies, is unknown. This is partly due to the lack of knowledge on
Aβ toxicity and partly due to the lack of detailed information on the antibody-Aβ interaction.
There are some crystal structures known of antibodies in complex with an N-terminal frag56
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ment of Aβ peptide, which reveal a common binding mode15,16. However, an explanation for
the differences in in vivo action cannot be provided by these structures17. No structures of
antibodies in complex with other parts than the N-terminal sequence of Aβ have been published. This is most likely because the middle and the C-terminal part of the Aβ sequence are
most prone to form fibrils, which makes them difficult to handle in structural studies.
As is generally known, structure determination of amyloid fibrils and oligomers is not
straightforward due to their inhomogeneous nature, more so in complex with an antibody.
Despite the difficulties to obtain structural data on Aβ, there are detailed models available for
fibrillar Aβ based on solid state NMR restraints18,19.
In previous studies the selection of three VHHs: G7, 2H and PS2-8, and their binding to
Aβ were described, as well as the unique feature of G7 to reduce Aβ toxicity (Unpublished
Results and ref. 20). To get a better understanding of the interaction of these VHHs with Aβ
and the differences in activity between these VHHs, in this work structural properties were
studied. Crystal structure determinations of G7 and PS2-8 were successful. Binding assays
with monomeric and fibrillar Aβ were carried out and the effect of structure-based mutations
were analyzed with several different assays to get a better insight in the binding mechanism.

Material and Methods
VHH production
All VHHs were expressed in Escherichia coli strain TG1 [supE hsd_5 thi (lac-proAB) F_
(traD36 proAB_ lacIq lacZ_M15)] using either the pMEK220 plasmid (this study), for production of tag-less VHHs, or the pMEK222 plasmid (this study), for the production of VHHs
with a C-terminal FLAG-His tag.
The plasmids were transferred to E. coli strain TG1 using a heat shock protocol. VHHs were
expressed from the plasmids by inducing a 800-ml log-phase culture with 1 mM isopropylβ-D-thiogalactopyranoside (IPTG) and incubation for 5 hours at 37oC. The bacteria were
harvested by centrifugation (15 minutes at 4800 rpm), and the bacterial pellet was frozen
overnight at -20oC.
Purification of tag-less VHH G7 and PS2-8 for crystallization
The bacteria were thawed, resuspended in 50 ml phosphate buffered saline (PBS) and incubated head-over-head for 1 hour at room temperature, followed by centrifugation for 15 minutes at 4,800 rpm. The pellet was discarded and the supernatant was filter sterilized. VHH G7
was purified using a 2-step purification protocol. First G7 was loaded on a protein A column
(5 ml prepacked MabSure select, GE healthcare) and eluted with 50 mM glycin buffer pH 3.0.
The fractions containing VHH G7 were pooled and dialyzed overnight at 4°C against PBS.
The sample was concentrated to 0.4 ml and purified using a Superdex75 10/30 column (GE
healthcare), equilibrated in 15 mM HEPES pH 7.5 and 100 mM NaCl. Fractions containing
monomeric G7 were pooled and concentrated to ~10 mg/ml with a 3 kDa molecular weight
cut off (MWCO) spin filter.
PS2-8 was purified as follows. The first two steps were based on ion exchange chromatography21, where PS2-8 dialyzed against 25 mM sodium acetate buffer pH 5 was run on an
anion Q-sepharose column (1 ml, GE healthcare), and the flow-through containing PS2-8
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was collected and its pH was lowered to pH 3.8. This fraction was subsequently loaded on an
SP-sepharose (1 ml, GE healthcare), and bound PS2-8 was eluted with 500 mM NaCl in 25
mM sodium acetate buffer pH 3.8. The cation exchange chromatography was repeated using
a different buffer, column and elution conditions. Fractions containing PS2-8 were pooled,
dialyzed to 25 mM MES pH 6.0 and 25 mM NaCl and loaded on 1 ml monoS column (GE
Healthcare). After binding, PS2-8 was eluted using a linear gradient from 25 mM NaCl to 1
M NaCl in 25 mM MES pH 6.0, in 100 column volumes. The fractions containing PS2-8 were
pooled and concentrated to 0.5 ml. This was subsequently loaded on a Superdex 75 10/30
column equilibrated in 15 mM HEPES pH 7.5 and 100 mM NaCl for the 3rd purification
step. The monomeric PS2-8 was concentrated to ~10 mg/ml with a 3 kDa MWCO spin filter.
Purification of VHHs with a C-terminal FLAG and His tags
After thawing the bacteria and resuspending them in 20 ml resuspension buffer (50 mM sodium phosphate, 300 mM NaCl, pH 8), a periplasmic fraction was prepared by incubating the
resuspended bacteria head-over-head for 1 hour at room temperature and separating supernatant fraction, containing the VHHs, from the intact bacteria by 15 minutes centrifugation at
4800 rpm. VHHs were purified from the soluble periplasmic fractions via the hexa-histidine
tag using cobalt Talon beads (Clontech, cat #635652). Talon beads were incubated with the
periplasmic fraction for 1 hour at room temperature. After several washings with PBS (or resuspension buffer), bound VHHs were eluted with 300 mM Imidazole in resuspension buffer.
Subsequently the purity of VHH was analyzed with gel electrophoreses. Fractions containing
VHHs of high purity were pooled and dialyzed overnight at 4oC against PBS.
X-ray crystallography
For both VHHs, G7 and PS2-8, initial screening for crystallization conditions was done with
the vapor-diffusion method in a 96-wells sitting drop format using a HoneyBee liquid handling robot (Genomic solutions Ltd) and commercially available crystallization screens. 150
nl protein solution and 150 nl reservoir solution were mixed in the sitting wells of a Corning3550 plate. The conditions where crystals were formed in the initial screening were further optimized by hand in a hanging drop vapor diffusion format. 1 μl protein solution and
1 μl reservoir solution were mixed on a siliconized coverslip, which was placed on top of a
greased well containing 0.5 ml reservoir solution.
VHH G7 crystals used for diffraction were grown in 0.1 M sodium citrate pH 5.2, 0.2 M NaCl
and 26-30% PEG 8,000 at 18°C. PS2-8 crystals used for diffraction were grown in 0.2 M ammonium sulfate, 0.1 M MES pH 6.5 and 26-28% PEGME 5,000 at 18°C. Single crystals were
transferred with a nylon loop to a drop of cryo-protectant, reservoir solution enriched with
glycerol (20% final concentration), for a short period (less than 20 seconds) and then flash
cooled in liquid nitrogen.
The X-ray diffraction data of G7 were collected on beam line PXI and of PS2-8 on beam line
PXIII of the Swiss light source (Villingen, Switzerland), both at a temperature of 110 K. The
diffraction data were processed with XDS22 and scaled and merged in Scala23, as part of the
CCP4 suite24.
For G7 the phases were determined with Phaser MR25, using a truncated model of a VHH
(Protein Data Bank ID 3ezj). The search model was created through truncation of the side
chain atoms to the last common atom, based on an alignment between the PDB model 3ezj
and G7, using the program CHAINSAW26. Two molecules were automatically built in the
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asymmetric with ARP/wARP27 and this resulted in near complete models of G7, which was
refined with anisotropic B-factors using phenix.refine28,29. The examination of the model and
electron density maps and additional manual model building was done in Coot30.The structure of VHH PS2-8 was solved similarly. Again two molecules were found in the asymmetric
unit. However during refinement the B-factors were refined isotropically, TLS groups were
used and NCS was applied.
Based on the structure of G7, a homology model of VHH 2H was made by introducing five
mutations using Coot: I29F, S30R, N31E, T76N and A97S. A 5 ns molecular dynamics (MD)
simulation was done with GROMACS31to relax the 2H model, using the OPLS all atom force
field32 and explicit waters and ions (sodium and chloride). All images were made using PyMOL33.
Aβ42 preparation
For VHH ELISA binding assays, aggregation assays and viability assays, Aβ42 purchased
from Anaspec (20276) was dissolved in hexafluoroisopropanol (HFIP) to 1 mg/ml. Aliquots
of dissolved Aβ42 were dried overnight at room temperature. Prior to experiments, water-free
DMSO was added to Aβ42 protein films to form an Aβ solution of 3 mg/ml after 15 minutes
bath sonication.
VHH ELISA
Purified VHHs were evaluated for binding to Aβ immobilized on a PolySorp plate (Nunc).
PolySorp 96-wells plates were incubated overnight at room temperature with 100 μl of 2 mg/
ml Aβ42. Unbound Aβ42 was discarded and the plate was blocked with 2% BSA in PBS. Subsequently 20 μM VHH in 1% BSA in PBS was added and shaken at room temperature for 2
hours. The wells were washed three times with PBS containing 0.05% Tween (PBST) and once
with PBS before the addition of 100 µl of mouse anti-His antibody coupled to horseradish peroxidase (HRP) (1:3000) diluted in 1% BSA in PBS to detect VHHs. Ortho-phenylenediamine
(OPD) was used to quantify VHH binding. For ELISA with VHH containing substitution
mutations, detection was performed by incubation with purified rabbit anti-VHH (1:2000)
antibody in 1% BSA in PBS. Subsequently donkey anti-rabbit HRP (1:5000) in 1% BSA in PBS
was used for secondary detection and quantification with OPD.
VHH Mutations
Analysis of the maturation process of VHH G7 and PS2-8 combined with their 3D structures provided information which amino acids may be crucial for binding to Aβ and the
functionality of the VHH. Mutations were introduced in VHH G7, PS2-8 and VHH 2H using assembly PCR. The first PCR yields two fragments with an overlapping region, whereof
one of the PCR fragments contains the mutation. PCR is performed by Phusion polymerase
(ThermoFisher Scientific) with 5 μM M13 primer mixed with 5 μM mutation-reverse primer
and 5 μM M13 reverse primer mixed with 5 μM mutations primer (see supplemental table
2). Furthermore, the PCR mix contained 0.2 μM dNTP, 1x Phusion buffer and demineralized
H2O. The PCR program consisted of a denaturation step at 94oC for 60 s, then 30 cycles of
94oC for 30 s, 55oC for 30 s, 72oC for 30 s, and a final incubation at 72oC for 10 min. Fragments
were separated on a 1% agarose gel. After cutting the relevant fragments from the gel, DNA
was extracted using a Macherey-Nagel Kit according to the manufacturers protocol (Bioké).
In the second PCR, the two PCR fragments with an overlapping region obtained in the first
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PCR were used as template. In the first seven cycles of the second PCR, amplification was
carried out without primers to fill the ends after the overlapping region. Subsequently, M13
and M13 Reverse primers were added and amplification of the fragments was performed. The
final PCR product was separated on 1% agarose gel, extracted and digested with the restriction enzymes SfiI and BstEII, before ligation into the pMEK222 vector. CaCl2 competent E.
coli TG1 were transformed with the different ligations using heat shock at 42oC for 2 minutes.
Isolated DNA was sequenced and correct clones were used for the expression and purification
of the VHH mutants as described above.
Viability assay
The cytotoxicity of Aβ preparations was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay on HeLa cells treated with the different Aβ preparations. HeLa cells were seeded in a 96-well plate and cultivated at 37oC, 5% CO2 in DMEM
containing 7,5% FCS, 300 µg/ml l-glutamine, 100 µg/ml penicillin and 100 µg/ml streptomycin (Invitrogen). Simultaneously culture medium was conditioned overnight tumbling at
room temperature with a 10 μM Aβ42 in the presence or absence of G7 or G7 mutants in
equimolar concentrations. The next day, cell medium was removed and replaced by conditioned medium containing Aβ or Aβ and a VHH and incubated for 24 hours. After 24 hours,
MTT was added until 0.5 mg/ml and incubated for 2 hours. Culture medium was removed
and formazan dye precipitates were dissolved in 0.04M HCl in isopropanol and absorbance
was measured at 570 nm.
Aggregation assay
Aggregation of Aβ42 was measured with Thioflavin T (ThT) fluorescence. Aliquots of 20 μM
monomeric Aβ42 dissolved in DMSO were incubated in the presence or absence of VHHs.
After 5 and 22 hours samples were taken and measured for aggregation with final concentrations of 2.5 μM Aβ42, 5 μM ThT in 50 mM Glycin pH 8.4. These experiments were done in
triplo. Fluorescence intensity was measured with an excitation wavelength of 450 nm and at
an emission wavelength of 510 nm with a bandwidth of 10 nm using a FluoSTAR fluorimeter
(BMG Labtech).
NMR sample production and, purification
E. coli BL21 rosetta 2 cells were transformed with pMEK222 plasmid containing the DNA of
the VHHs. The cells were grown in modified M9 minimal medium containing 15N-NH4Cl
for uniform 15N labeling. The cell density at 600 nm (OD600) was measured with a spectrophotometer and at an OD600 of 0.6, IPTG was added to a final concentration of 0.5 mM
and the cultures were incubated overnight at 25°C. The cells were lysed using lysozyme in
a lysis buffer (containing 25 mM Tris pH 8.2, 15 mM NaCl, 1% triton X-100, 0.5% sodium
deoxycholate, 5 mM MgCl2 and 1 µg/ml DNaseI) for 1 hour at 4°C and then centrifuged at
9,000 g for 30 minutes. The supernatant was supplemented with NaCl and imidazole to a final concentration of 300 mM and 25 mM, respectively. The VHH were purified using nickel
sepharose beads (GE Healthcare) according to the manufacturer’s instructions. Subsequently
G7, 2H and PS2-8 were dialyzed against 25 mM MES pH 6.0 and 25 mM NaCl and purified
with cation exchange chromatography as described for PS2-8 above. 2D4 was dialyzed against
25 mM Tris-HCl pH 8 and 25 mM NaCl and subsequently loaded on a monoQ column. 2D4
was in the flow-through while the contaminants bound to the column. After ion exchange the
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VHHs were concentrated and loaded on a Superdex 75 10/30 column equilibrated in 50 mM
sodium phosphate pH 7.5 and 25 mM NaCl.
NMR samples and experimental details
All NMR samples had a VHH concentration of 20 µM and were made in 50 mM sodium
phosphate pH 7.5 and 25 mM NaCl containing 10% D2O (the NMR buffer).
Monomeric Aβ solutions were made by dissolving Aβ14-24 or Aβ40 in 2 mM NaOH at 1 mg/
ml (as described in ref. 34). The solutions were bath sonicated for 5 minutes and aliquots of
455 µl for Aβ40 and 140 µl for Aβ14-24 were frozen in liquid nitrogen and lyophilized. The
lyophilized peptides were resuspended in NMR buffer and concentrated VHH solution was
added to obtain a NMR sample with 1:10 molar ratio VHH:Aβ14-24 or VHH:Aβ40.
Aβ40 fibril aggregates were made by dissolving 1.3 mg Aβ40 in 50 µl HFIP. After evaporation
of HFIP with nitrogen, the Aβ40 film was dissolved in 25 µl deuterated DMSO using a sonication bath. The NMR buffer was added to the Aβ40 solution and the tube was sonicated again,
almost instantly fibrils were formed. To this fibril suspension 15N-labeled VHH was added to
a final concentration of 20 µM.
The samples were analyzed at 298 K using standard 1H-15N-HSQC on a 600 MHz Bruker
Avance III spectrometer equipped with a triple resonance 5 mm TXI probe. The spectra were
processed and analyzed using Bruker TopSpin 2.1.
Amyloid pull down assay
The amyloid fibrils used in this assay were made from Aβ which was dissolved in HFIP and
subsequently dried. These dried films were dissolved in DMSO and after sonication Hepes
Buffered Saline (HBS) was added. The stock solutions contained 150 µg/ml Aβ40, 150 µg/ml
Aβ40E22Q (AβDutch) or 300 µg/ml Aβ14-24 and were incubated for several days at room
temperature. 25 µM Aβ40, 25 µM AβDutch or 50 µM Aβ14-24 were incubated with 250 nM
VHH in HBS for 30 minutes at room temperature. The volume used in this assay was 40 µl.
The tubes were centrifuged at 16,000 g for 10 minutes. A 20 µl sample of supernatant was
pipetted from the top of the solution and the remaining supernatant was carefully removed
using a needle. The pellet was resuspended in 40 µl HBS and a 20 µl sample was taken. As a
control for Western blot, 20 µl samples of 250 nM VHH were made to quantify protein concentrations on the blot. All samples were boiled in non-reducing sample buffer and loaded on
a 15% SDS-PAGE gel. The Western blot was done using a standard protocol. The antibodies
used for detection were the primary mouse antibodies anti-His (Sigma), anti-pentaHis (Qiagen) and a secondary rabbit-anti-mouse-HRP conjugated antibody (DAKO).
Analysis of Aβ fibrils using Transmission EM
The pull down assay stock solutions were used for TEM analysis. Copper grids (100 mesh)
with a carbon coated Formvar film were incubated on 15 µl drops of Aβ1-40, AβDutch or
Aβ14-24 for 10 minutes. The grids were washed on 5 drops of water, incubated for 30 seconds
on a drop of 2% uranyl acetate and blotted dry on a filter paper. TEM images were taken on a
TECNAI10 electron microscope operating at 100 kV.
Docking of G7 on Aβ42 using HADDOCK
Docking runs were done on the HADDOCK server35. This docking program allows side chain
and backbone adjustments upon complex formation. The input files were the G7 molecule
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from the crystal structure and a Aβ42 model (PDB accession code 2BEG; ref. 19). The following residues were defined as active residues; for G7: R26, R50, R56, R71, K75 and R102; for
Aβ42: E22 in every chain.

Results
Crystal structures of G7 and PS2-8
The differences in the inhibition of Aβ aggregation and toxicity between VHHs G7 and 2H,
which only differ in five residues, cannot be explained based on the sequence alone. Whereas
VHH PS2-8 is very different from G7 and 2H, it shows the same outcome as 2H in functional
assays, i.e. no inhibition of Aβ aggregation and toxicity. A sequence alignment of the VHHs
shows that the differences between G7 and 2H are located in CDR1, where three sequential
residues are different (figure 1A). The CDR1 of PS2-8 differs from G7 in a number of residues
and like in CDR1 of 2H two neutral residues are substituted by one positively charged and
one negatively charged residue. Moreover the CDR3 of PS2-8 is eight residues longer than the
CDR3 of G7 and 2H. Based on the differences in sequence, it is hard to predict which residues
are important for Aβ binding and which residues are important for the reduced cell toxicity
of Aβ.
We solved the crystal structures of the VHHs G7 and PS2-8. Unfortunately, attempts to obtain
co-crystals of G7 or PS2-8 in complex with Abeta were unsuccessful. Both structures were
solved using molecular replacement with truncated VHH models and most of the missing
residues could be built automatically by ARP/wARP. Both G7 and PS2-8 have the common
Ig fold and one of the major differences between the structures is the orientation of CDR3
loop. In the PS2-8 structure the longer CDR3 loop folds back over the framework 2 region
of the VHH, whereas the CDR3 loop of G7 does not (figure 1B). The distribution of charged
residues on the surface is also quite different. G7 mainly has positively charged residues on the
CDR side of the molecule, while PS2-8 has a combination of positively and negatively charged
residues (figure 1C). A homology model of 2H was made based on the structure of G7, which
shows that most prominent difference between G7 and 2H is the negatively charged glutamic
acid at position 31 on CDR1 of 2H , instead of an asparagine in G7(figure 1C).
Epitope mapping revealed that G7 binds to Aβ17-24, LVFFAEDV, which is very hydrophobic
and has two negatively charged residues (Unpublished Results). On the surface of G7 there
are only a few hydrophobic residues exposed at the CDR side, arguing against involvement of
hydrophobic interactions in G7-Aβ binding, however there is a number of positively charged
residues that may interact with the negatively charged residues on Aβ. Recent studies on an
amyloid fibril binding VHH, B10, showed that positively charged residues in the CDRs are
important for the binding of this VHH to several different amyloid fibrils36,37. As can be seen
in figure 1(C), the positively charged patch of B10 is located at the surface of the three CDRs,
whereas in G7 the positive patch is made up of residues in CDR1, CDR2 and framework residues in a loop comprising residues 71-76 , from now on framework loop. This observation led
to the design of point mutations in CDR1, CDR2 and framework loop of G7 to test whether
these residues are indeed involved in the binding to Aβ and/or in the reduction of toxicity of
Aβ. Besides mutations in G7, a number of point mutations were also introduced in PS2-8 and
2H to see whether the additional positive and negative charges in CDR1 of these two molecules are important for differences in functionality.
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Figure 1. A sequence alignment of G7, 2H, PS2-8 and B10 shows the differences between the VHHs (A). The colored
bars under the CDR and framework loop sequences are similar to the color of the loop in the cartoon representation.
2H is similar to G7 except for its CDR1, which is more similar to PS2-8. G7 and PS2-8 differ in all CDR loops. In the
cartoon (B) the VHHs are viewed from the CDR side of the molecules. It is clearly visible that the additional eight
amino acids in CDR3 of PS2-8 result in a different conformation of this loop. A surface representation (C) shows that
G7 and B10 have mainly positively charged side chains (in blue), 2H is similar to G7 except for the negatively charged
(in red) glutamic acid (E31) and PS2-8 has a combination of positive and negative charges. The structure of B10 was
retrieved from the PDB (PDB: 3LN9).

VHH ELISA
VHHs G7, PS2-8 and 2H have all been selected against Aβ42. Previous data showed that
G7 and PS2-8 have an overlapping epitope, comprising residues 17-23 of Aβ (Unpublished
Results) and as expected binding of the VHHs to Aβ was not limited to Aβ42 alone, but the
VHHs also bound to Aβ40 (figure 2A). VHH 2D4, which was not selected against Aβ, was
used as a control VHH in the experiments and as expected the signal in the ELISA was the
same as the background signal (figure 2A). All Aβ-binding VHHs had a preference for binding to Aβ40 over binding to Aβ42.
The ELISA experiments with the mutated VHHs were performed using Aβ42. Point mutations that replace positively charged residues with alanine on G7 can be divided into two
groups based on their binding properties compared to G7. The first group, consisting of G7
R26A and G7 K75A, showed unaltered binding to Aβ42 compared to G7. The second group,
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Figure 2. Binding of VHH to two different forms of Aβ. Bars are presented as a percentage of G7 signal for Aβ40.
G7, 2H and PS2-8 (20 μM) show higher ELISA signal for Aβ40 than for Aβ42. G7 and 2H show comparable signals,
whereas PS2-8 displays a lower signal. The irrelevant 2D4 shows a signal comparable with the background control of
detection antibodies (a). A subsequent ELISA shows that introduced point mutations to G7 alter binding to Aβ compared to G7. Bars are presented as a percentage of G7 signal. Framework mutation G7 R71A and CDR mutation G7
R56A lowers binding whereas G7 R26A and G7 K75A does not alter binding. Double mutation, G7 R26AK75A and
triple mutation G7 R26AR71AK75A dramatically decreases binding to Aβ (b). A next ELISA shows that mutations
introduced in 2H and PS2-8 to resemble G7 altered binding to Aβ compared to the parental VHH. Bars are presented
as a percentage of 2H signal. Mutation 2H R30S lowers binding where 2H E31N does not change binding compared
to 2H. Both mutations in PS2-8 show lower binding to Aβ compared to PS2-8 but do not differ from PS2-8 (c). VHH
binding to Aβ was measured at least twice in duplicate. Significance measurement to compare binding to control G7
were with Graphpad Prism algorithm by ‘one way ANOVA’, p≤0,05=*, p≤0,005=**, p≤0,0005=***

containing G7 R56A, G7 R71A, G7 R26AK75A and thetriple mutant G7 R26AR15AK75A,
showed lower binding to Aβ42 (figure 2B). To determine the importance of the substituted
residues in CDR1 of 2H and PS2-8 for their difference in functionality compared to G7, several point mutants were made in these VHHs, which changed the residues back to those in
G7. For 2H these mutants were R30S and E31N and for PS2-8 these mutants were R31N and
D32N. ELISA binding assays performed with the mutants of 2H showed that 2H E31N had
no effect on Aβ42 binding, whereas 2H R30S had reduced the binding to Aβ42 compared to
2H. Both PS2-8 mutants had reduced binding compared to wild-type P2-8, however the differences in signal were small (figure 2C).
Aggregation assay
In previous studies, the aggregation of Aβ was measured by the amount of ThT fluorescence,
which is specific for fibrillar structures, in absence and presence of G7. The fluorescence intensity was much less in presence of G7 indicating that the aggregation of Aβ was inhibited.
Here we use this assay to determine which residues in the VHHs are important for the Aβ
aggregation inhibition.
G7 showed a clear inhibition of aggregation after 22 hours. The G7 mutants, G7 R26A, G7
R56A and G7 R71A, showed aggregation inhibition closely resembling that of G7, whereas
the single mutant G7 K75A, the double mutant G7 R26AK75A and the triple mutant G7
R26AR71AK75A showed reduced aggregation inhibition (figure 3A). As expected, the irrelevant VHH 2D4 did not show aggregation inhibition (figure 3A).
The PS2-8 mutation R31N resulted in slightly increased Aβ aggregation. In contrast, PS2-8
D32N showed no effect on Aβ aggregation. 2H R30S did not alter Aβ aggregation, whereas
E31N in 2H enhanced the inhibition of aggregation to the same level as G7 (figure 3B).
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Figure 3. Inhibition of Aβ aggregation. Aβ aggregation was measured
by ThT fluorescence after 22 hours.
All samples were correlated to Aβ
control (without any VHH), which
is 100 percent. Aβ aggregation inhibition was observed by adding G7.
Compared to G7, G7 R26A significantly displayed equal aggregation
inhibition. G7 R56A, G7 R71A and
G7 R26AR71AK75A all showed less
profound aggregation inhibition.
Both G7 K75A and G7 R26AK75A
displayed the least inhibition of Aβ aggregation. The non-binding 2D4 showed no equal aggregation compared to Aβ
(a). The substitution mutations in 2H and PS2-8 were compared to G7 in a separate aggregation assay. 2H showed a
slight decrease in aggregation compared to Aβ control, however 2H E31N inhibited aggregation as did G7. In contrast, 2H R20S showed equal inhibition as 2H did. PS2-8 showed no inhibition of aggregation, in fact the aggregation
of Aβ was equal to Aβ control and 2D4. PS2-8 R31N slightly increases Aβ aggregation where PS2-8 D32N is comparable to PS2-8 (b). Aggregation assay was performed at least twice in triplicate for all VHHs. Significance measurement were with Graphpad Prism algorithm by ‘one way ANOVA’, p≤0,05=*, p≤0,005=**, p≤0,0005=***

Viability Assay
Viability was measured by MTT and correlated to DMSO treated control HeLa cells (figure
4). After incubation with 10 μM Aβ42 the viability was decreased by 50%. Co-incubation
with equimolar amounts of G7 restored viability to normal levels, whereas co-incubation with
equimolar amounts of PS2-8, 2H and 2D4 did not. Interestingly, some G7 mutations influenced the anti-toxic effect. Single mutations in the framework loop (G7 R71A and G7 K75A)
abolished the toxicity inhibition property of G7 while the CDR mutation G7 R26A did not.
CDR mutation of G7 R56A did lower the anti-toxic effect but not as much as the framework
loop mutations. The double mutation R26AK75A in G7 showed equal lack of function as
the G7 K75A only mutation. Furthermore, the triple mutant G7 R26AR15AK75A displayed
normal protection from Aβ toxicity. An overview of binding, anti-aggregation and anti-toxic
effects of the VHHs and the mutants is given in table 1.
Figure 4. Inhibition of Aβ cytotoxicity. Viability of HeLa cells in the presence of 10μM Aβ and in the presence or absence of equimolar amounts of
VHH was measured with MTT. Medium containing Aβ alone lowered viability by half. Equimolar amount of G7 restored cell viability to medium
control, when pre-incubated together with Aβ. Mutations of G7 lowered
its anti-cytotoxic effect, except for R26A and the triple mutant, which did
not inhibit cytotoxicity of Ab. Effect of 2H and PS2-8 on the cytotoxic
effect of Aβ was comparable to the effect of the irrelevant VHH 2D4. Viability was measured at least twice in triplicate for all VHH. Significance
measurement were with Graphpad Prism algorithm by ‘one way ANOVA’,
p≤0,05=*, p≤0,005=**

NMR experiments
The aggregation assay data showed that G7 has the possibility to dissolve Aβ fibrils or inhibit
their formation. The underlying mechanism, however, remains unclear. One interesting hypothesis is that G7 sequesters monomeric Aβ or binds to small oligomeric Aβ assemblies
and thereby prevents these species to form larger fibrils or in the case of preformed fibrils
can break them down. To test whether this hypothesis is correct, NMR titration experiments
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Table 1. Overview of VHH characterizations. Point mutations are introduced to evaluate its effectiveness in binding, anti-aggregation and viability assays. Improved effectiveness is indicated with >, reduced effectiveness with <,
no effect with -. Nd means not determined

were done with G7 and Aβ40. If G7 would bind to low molecular weight Aβ species chemical
shift perturbations are expected in the spectra and if G7 would bind to high molecular weight
species this will lead to line broadening. 1H-15N-HSQC spectra were recorded of 15N-labeled
G7 alone or in the presence of a 10-fold molar excess of monomeric Aβ14-24 or Aβ40. No
significant changes in chemical shift or intensity were observed between the three spectra,
which strongly suggests that G7 did not interact with monomeric Aβ (figure 5A). On the other hand, a sample with G7 and a 30-fold molar excess of Aβ40 fibrils, in suspension, showed
a spectrum without any observable cross peaks. This indicates that G7 is bound to Aβ fibrils
resulting in broadening of the cross peaks beyond detection due to the low tumbling rate of
these large fibrils. This broadening of cross peaks in presence of Aβ40 fibrils was also observed
for 2H and PS2-8 and also no chemical shift changes in presence of monomeric Aβ14-24 and
Aβ40 were observed (figure 5B and C). To confirm that the peak broadening was specific for
the Aβ binding VHHs, spectra were recorded for 2D4 in absence and presence of Aβ40 fibrils
(figure 5D). As expected no changes in peak intensity or any chemical shift perturbations
were observed, which confirmed that the binding to Aβ fibrils is specific for VHHs G7, 2H
and PS2-8.
Pull down assay
The NMR experiments clearly showed that the G7, 2H and PS2-8, but not 2D4, bind to Aβ40
fibrils. To support this, an amyloid pull down assay was done, with which one can determine
the binding of a protein to amyloid fibrils. The three Aβ binding VHHs were all found in the
pellet fraction of Aβ40 fibrils, whereas the control VHH, 2D4, remained in the supernatant.
This again shows that amyloid fibrils contain the binding epitope for the three VHHs. However, none of the VHHs bound to Aβ14-24 fibrils in the pull down assay, although this stretch
of Aβ was found to be essential for the binding by epitope mapping (figure 6A). Moreover
Aβ14-24 forms fibril like structures based on the TEM images, although they are morphological different from Aβ40 fibrils (compare figure 6B and C).
The difference between these Aβ40 and Aβ14-24 fibrils is that the first forms in-register parallel fibrils whereas the second forms anti-parallel fibrils38,39. In Aβ40 fibrils, the negatively
charged glutamic acids are all aligned on the fibril surface forming a potential binding surface
for the positively charged stretch on the VHH surface (figure 7A and 7B). This alignment of
E22 residues is missing in Aβ14-24 due to its anti-parallel order.
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Figure 5. NMR spectra of VHH and Aβ 1H-15N-HSQC spectra of G7 (A), 2H (B) and PS2-8 (C) show no chemical shift perturbation in the presence of monomeric Aβ. The green spectra are of 20 µM VHH without Aβ, the red
spectra are of 20 µM VHH in presence of 210 µM monomeric Aβ14-24 and the blue spectra are of 20 µM VHH in
presence of 210 µM monomeric Aβ40. The spectrum of 2D4 (D) without Aβ and with Aβ40 fibrils are shown in green
and black respectively. The spectra were overlaid and scaled to similar noise level using Bruker TopSpin 2.1.

To confirm the importance of aligned E22 residues, a pull down assay was done with fibrils
made of AβDutch (AβE22Q). Accordingly, AβDutch failed to pull down the VHHs, which
corroborated the necessity of the negatively charged E22 residues in Aβ (figure 6A, TEM image 6D).
Modeling G7 on Aβ42
With the structures available of both G7 and Aβ it is possible to determine if the proposed
interactions could be physically possible and plausible. In the molecular docking program
HADDOCK, G7 and Aβ42 were docked with the restraints that all positively charged CDR
and framework loop residues were involved in binding and that E22 residues in the Aβ fibril
were also involved in binding.
The docking resulted in several clusters of models, which differed in the relative orientation
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Figure 6. Pull down of VHHs by Aβ aggregates. Aβ40, AβDutch and Aβ14-24 aggregates were incubated with purified VHHs and after a 30 minutes incubation period pelleted by centrifugation. The supernatant was collected and
the pellet was resuspended in HBS, in a volume equal to the supernatant. The input, supernatant and pellet samples
were analyzed with western blot using an anti-His tag antibody (A). G7, 2H and PS2-8 all show binding to Aβ40 but
not to AβDutch or Aβ14-24. The control 2D4 does not show any binding to either Aβ40, AβDutch nor Aβ14-24.
TEM images show Aβ peptides incubated in HBS for several days, Aβ1-40 (B) and AβDutch (D) form characteristic
amyloid fibrils and Aβ14-24 (C) forms a more ribbon like aggregate.

of G7. One aspect that could be readily seen, was that the proposed binding mode was physically possible and that G7 covered a large part of the Aβ-fibril surface, including hydrophobic
residues (figure 7C). A close-up of the interaction site showed that there are two groups of
positive residues interacting with the glutamic acid side chains. Group 1 consists of R26, R71
and K75 and group 2 consists of R50 and R56 (figure 7D). However, much more structural
restraints have to be acquired to obtain a definitive model.

Discussion
In an earlier study we found that G7 was able to inhibit the aggregation of Aβ and lower
its cytotoxicity (Unpublished Results). Although another VHH, 2H, is almost identical in
sequence, it did not show these properties. Like PS2-8, 2H binds to Aβ but does not inhibit
Aβ aggregation or reduce Aβ toxicity. The binding epitopes of G7, 2H and PS2-8 are located
in a negatively charged part of Aβ, i.e. residues 14-24. To understand how a few changes in
sequence, such as found between G7 and 2H, can lead to pronounced changes in function, we
solved the crystal structures of G7 and of a more distinct VHH, PS2-8. Based on the structure
of G7 we generated a homology model of 2H.
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Figure 7. A possible interaction mode for G7 with Aβ42. A solid state NMR model of Aβ42 (PDB: 2BEG) was used
for modeling. Aβ42 has a negative stretch of electrostatic potential running parallel with the fibril long-axis, formed
by repeating glutamic acids (A and B). Based on the mutations and on the importance of aligned glutamic acid
residues G7 was docked on an Aβ42 model. G7 blocks a large area of the Aβ42 surface and the flat top side of G7 is
complementary with the flat surface of the Aβ-fibril (C). The glutamic acid residues of Aβ42 interact with five positively charged residues of G7 and with some backbone amides. The G7 residues can be divided in two groups. Group
1 contains R26, R71 and K75 and group 2 contains residues R50 and R56 (D). The electrostatic potential surface (B)
was generated with the APBS plug-in in pymol41.

The three VHHs show differences in the distribution of charged residues, but they share one
similarity, which is a stretch of positively charged residues on the surface of the CDR and
framework loop site of the molecule. A comparable stretch of positively charged residues was
found recently by Haupt and coworkers for an amyloid fibril binding VHH, B10 [36]. In contrast with the stretch on B10, which is composed of residues residing in the CDRs, in G7 this
stretch is composed of framework and CDR residues. We hypothesized that these positively
charged residues are important for binding to the Aβ peptide.
We introduced several mutations in G7 that influenced the affinity for coated Aβ in a multiwells plate. Indeed framework loop mutations of G7, R71A and K75A, and CDR2 mutation,
R56A, alter the binding, but remarkably mutation R26A in maturated CDR1 had no substan69
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tial influence on binding. Moreover, in the aggregation assay all G7 mutants showed reduced
inhibitory effect compared to G7.
Interestingly, the framework loop residues, R71 and K75, are also present in B10, however due
to a different orientation of the framework loop, these residues do not form a positive patch
on the CDR side of B10. To exclude that the orientation of these residues was due to crystal
packing artifacts, the G7 structure was inspected. No indications were found that the orientation of these residues is biased by crystal packing. Furthermore during a 5 ns MD simulation
of the 2H model, these residues and the loop are not showing large conformational changes.
This shows that the orientation of this positive patch on G7 and 2H formed by the framework
residues is genuine.
In 2H the substitution of CDR1 residues has a pronounced effect on either the binding to Aβ
or inhibition of its aggregation. The mutation R30S in 2H lowers binding to Aβ42, which can
be explained by a reduction of the positive surface charge, while the mutation E31N in 2H
results in Aβ aggregation inhibition. This shows that the introduction of a negatively charged
residue hampers the aggregation inhibition. To explore the effect of the different VHHs and
the derived mutants in the biological context, i.e. reduction of Aβ toxicity, the viability of
HeLa cells was measured in a MMT assay on addition of different combinations of Aβ and
VHH. G7 has the ability to reduce Aβ toxicity as inferred from an increase in viability of
HeLa cells, while reduced viability was measured for some of the mutants. This showed that
the residues that are substituted in these mutants are important for the biological function of
G7. In summary, framework residues R71 and K75 and CDR2 residue R56 are important for
anti-aggregation and anti-toxic effects. This is corroborated by the fact that the E31N mutant
of 2H, which has a similar positive surface as G7, shows the same inhibitory effect on aggregation. In PS2-8 has the framework residues R71 and K75 positioned on the side of the molecule
rather than on the top and additional negatively charged residues in the CDRs. This combination changes the distribution of charged residues on the surface of PS2-8 and leads to reduced
binding, no aggregation inhibition and no anti-toxic effect.
The triple mutant showed reduced binding and minor anti-aggregation, but unexpectedly was
still able to protect cells from Aβ toxicity. No proper explanation can be given besides that
replacing three charged residues with hydrophobic residues may be a too rigorous change in
the character of the molecule to be comparable.
Although it is clear that G7 has an anti-toxic effect, the underlying mechanism remains unclear. It is appealing to assume that G7 dissolves fibrils, but NMR data clearly show that G7
does not bind monomeric or small oligomeric Aβ, ruling out this mechanism. Two remaining
mechanisms could apply that fit with our data. First, formation of amyloid fibrils is inhibited
or second, G7 neutralizes a possible toxic surface displayed by amyloid fibrils. However, based
on the present data no further conclusions can be drawn.
With confidence we can say that the binding epitope of the VHHs comprises multiple Aβ
molecules in aggregated form. What the minimum number of Aβ molecules in an oligomer
has to be, has yet to be determined. However, the NMR experiments with amyloid fibrils show
that a 30 fold molecular excess of Aβ40 in fibrillar form has sufficient binding sites to bind all
VHH molecules in solution. Given the fact that an Aβ fibril consists of much more than 30 Aβ
molecules, this indicates that fibrils have multiple repeating binding sites, which is in agreement with the fact that Aβ40 forms fibrils with parallel in register β-sheets (figure 7A). The
extended positive electrostatic potential of G7 is compatible with the highly negative electrostatic potential on one side of the Aβ fibril (figure 7B). A similar observation has been made
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by Haupt and co-workers. They showed that B10 interacts with Aβ fibrils and other negatively
charged surfaces via electrostatic interactions36,37. Solid state NMR studies also showed that
smaller stretches of Aβ form anti-parallel β-sheets, which creates a surface with alternating
positively and negatively charged residues38-40. This might be the reason why the VHHs bind
to Aβ40 fibrils in the pull down assay but not to the Aβ14-24 fibrils. VHHs did not bind to the
small Aβ14-24 fibrils in pull down experiments, whereas epitope mapping revealed Aβ17-23
as being the overlapping epitope of all VHHs. A possible explanation for this discrepancy is
the orientation of the peptide on the epitope mapping chip in the same direction forming
thereby most likely an in-register parallel β-sheet, which would display the epitope as present
in Aβ fibrils of Aβ40 or Aβ42 peptides. Furthermore G7, PS2-8 and 2H do not bind to fibrils
of AβDutch, in which the glutamic acid 22 (E22) is substituted by a glutamine (Q), strengthening the concept of the electrostatic interaction between the negatively charged glutamic
acid residues on Aβ and the positively charged arginine and lysine residues on the VHHs.
Furthermore, the docking results show that this interaction mode is plausible.
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Supplemental table 2. List of primers used to generate point mutations in G7, 2H and PS2-8
with assembly PCR. To generate multiple mutations, (R26AR71AK75A, R26AK75A) assembly PCR is performed on generated mutations of G7.

Supplemental figure 1. Surface representation of the CDR side of the VHHs with positively charged residues in blue
and the negatively charged residues in red. The charged residues are indicated with their residue name and the number in the PDB files. The coordinates of B10 were retrieved from the PDB (PDB: 3LN9).
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Abstract

Binding of tissue-type Plasminogen Activator (tPA) to amyloid and denatured proteins is reported in a number of studies. The binding site has been mapped previously to the finger domain of tPA. In this study tPA and truncated tPA constructs, lacking the finger domain, were
tested for their ability to bind to Aβ and AIAPP amyloid-like fibrils. SPR experiments and pull
down assays clearly show that indeed tPA binds, but that the finger domain is not essential.
Another possible binding mechanism via the lysine binding site on the kringle 2 domain was
also not crucial for the binding. Immuno-electron microscopy (immuno-EM) studies show
that tPA binds to fibril sides. This study shows that, besides the finger domain, other domains
in tPA are involved in amyloid binding.

Introduction
In recent decades it has become clear that tissue type plasminogen activator (tPA) has additional roles besides that of initiator of fibrinolysis. It has been implicated to have several roles
in the brain, like enabling synaptic plasticity, inducing neurotoxicity and in clearing amyloid
deposits in Alzheimer’s disease (AD)1.
The aggregation and accumulation of a 39-42 residue long peptide, Aβ, is one of the hallmarks of AD. However, a detailed molecular mechanism underlying this neurodegenerative
disease is still not clear2. A large number of proteins has been found to interact with amyloid
deposits, some only bind, while others get activated. Several studies show that the tPA/plasmin system is activated by Aβ aggregates3–5, can degrade monomeric Aβ6,7 and decrease the
amyloid burden8–11. Although the extend of degradation is dependent on the aggregation state
of Aβ in vitro7,12, an in vivo study showed that Aβ peptides injected in the hippocampus of
wild-type mice did not form detectable amyloid aggregates, whereas in tPA -/- or plasminogen -/- mice these peptides did13.
The importance of tPA activation in clearing Aβ aggregates is further supported by the fact
that during aging and in AD, tPA becomes less active due to the elevated expression of tPA
inhibitors, like plasminogen activator inhibitor 1 (PAI-1)13–15. The inhibition of PAI-1 by a
small-molecule inhibitor, PAZ-417, leads to a reduction in amyloid burden and cognitive
defects in AD mice 10 and mice deficient of the PAI-1 gene showed a reduced progression of
AD compared to mice bearing this gene11. This shows that the tPA/plasminogen system has
the potential to slow down the detrimental effects in AD.
In contrast to this beneficial role, some studies show that tPA can also be harmful for cultured
cells. In one study, tPA activated the Erk1/2 pathway via the NMDA receptor in the presence
of Aβ resulting in Tau hyperphosphorylation and subsequent cell death of cultured neuronal
cells16, while in another study tPA mediated plasmin generation by Aβ resulted in neuronal
cell detachment12.
Aggregated Aβ is one example of aggregated proteins that can activate tPA. In several studies, dating back to the 1980s, it has been shown that tPA can be activated not only by fibrin
but also by several heat denatured proteins17,18. More recent studies showed that, besides Aβ,
several other cross-β and/or ThT positive aggregates formed by many different proteins are
capable of activating tPA5,19. The exact mechanism underlying this activation is still unclear.
Several tPA-domains have been indicated in the interaction of tPA with aggregates. The finger
domain is found to interact with fibrin as well as aggregated proteins and heparin20–22. Anoth78
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er domain that is likely to have interactions is the kringle2 domain, which has a lysine binding
site (LBS). It is known that the kringle2 domain binds to lysine residues in plasmin processed
fibrin and can also bind to lysine sepharose23. However, it is possible that this kringle domain
can bind in an alternative way, because it can also bind to heparin, which is an oligosaccharide
that does not contain terminal lysine residues21.
In this study we explore the binding of full length tPA and truncated tPA constructs to amyloid fibrils and address the role of the finger domain and lysine dependent binding via the
kringle 2 domain. Amyloid fibrils of Aβ and amylin (AIAPP) were used because these fibrils
are extensively studied and for both fibrils there are molecular models available24–26. Several
complementary techniques, surface plasmon resonance (SPR), immunogold labeling electron
microscopy (EM) and pull down assays, were used to gain insight in both the binding affinity
and binding location on the fibrils.

Methods
tPA truncation conststructs
tPA cDNA (imagines, entrez gene 5327) was used as a template for the amplification of tPAESP (containing amino aicds S80-P562 of full length tPA (uniprot numbering)) and tPA-KSP
(containing amino acids A125-P562 of full length tPA (uniprot numbering)) with a BamHI
and a NotI restriction site at the 5’and 3’side respectively, using the following primers; for tPAESP, ESPfw: GGATCCgtgcctgtcaaaagttgcagcgagc and tPArv: GCGGCCGCCTAcggtcgcatgttgtcacgaatccag; for tPA-KSP, KSP-fw: GGATCCgccacgtgctacgaggaccag and tPArv.
A 20 µL PCR mix was made containing 0.5 μg/ml cDNA, 0.25 µM of the primer pair, 500 µM
dNTPs, PfuTurbo reaction buffer and 1 unit PfuTurbo DNA polymerase (Stratagene). The
DNA was separated at 95°C and the annealing of the primers was done at 55°C for 30” followed by an extension of 1’30” at 72°C. This was repeated 25 times. The PCR mix was loaded
on a 1% agarose gel and the PCR product was extracted from gel using a Wizard extraction kit
(Promega). The PCR product was TA cloned in a pCR8 plasmid using the manufactures protocol (pCR8 TA cloning kit, Invitrogen). Clones were selected and subsequently sequenced.
Correct clones were digested with BamHI and NotI and the gene was ligated in pUPE106.03
expression plasmid (UPE b.v., the Netherlands).
Protein production and purification
tPA-ESP and tPA-KSP, both containing an amino-terminal six histidine TEV cleavable tag,
were expressed in HEK293-E cells and secreted in the expression medium. The medium was
concentrated using a hollow fiber column with a 10 kDa cut-off on a quickstand system (GEhealthcare). After concentrating the medium 10 fold, the same system was used to diafiltrate
the medium to 25 mM Tris pH 8.2, 300 mM NaCl. To this concentrated sample imidazole was
added to a concentration of 30 mM and the sample was incubated with nickel sepharose beads
(GE healthcare). After a 1 hour incubation period, the beads were transferred to a glass column and washed with 40 mM imidazole in 25 mM Tris pH 8.2, 300 mM NaCl. The proteins
were eluted with a 300 mM imidazole in the same buffer.
The protein was dialyzed to 25 mM Tris pH 8.2, 300 mM NaCl and after 2 hours of dialysis
TEV protease was added in a 1:30 molar ratio and the protein sample was dialyzed over night
at 4°C. The dialyzed samples were passed over a 1 mL nickel HiTrap column (GE healthcare)
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to obtain the tPA construct without his-tag. The sample was concentrated and loaded on a
Superdex200 column which was equilibrated in 10 mM HEPES pH 7.5 and 150 mM NaCl, in
short HBS. The proteins were concentrated to 10 µM, quickly frozen in liquid nitrogen and
stored for further use.
Full length tPA samples were made by dissolving lyophilized tPA (Actylise, Boehringer Ingelheim, Haarlem, the Netherlands) in water and diluted in HBS to a final concentration of
10 µM. The sample was centrifuged at 16 000 x g for 20 minutes to pellet possible aggregates.
Immobilization of Aβ1-40 or AIAPP on a sensor chip
Lyophilized Aβ40 peptide (NKI peptide synthesis facility, the Netherlands) or lyophilized
AIAPP (Bachem, Switzerland) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
and the solvent was evaporated overnight, resulting in a peptide film. The Aβ40 film was dissolved in DMSO and diluted in 10 mM sodium acetate pH 4.5 to a concentration of 150 µg/
mL. The Aβ40 solution was incubated overnight under agitation at room temperature. For
AIAPP a peptide film was dissolved in DMSO and diluted to 150 µg/mL in 10 mM HEPES pH
7.0 and incubated overnight under agitation.
After priming a CM5 senor chip, the surface was activated using 200 mM EDC and 50 mM
NHS for 5 minutes. The EDC/NHS mixture was washed off with either 10 mM NaAcetate pH
4.5 for Aβ1-40 or 10 mM HEPES pH 7.0 for AIAPP. The reference channel was incubated with
buffer and the reaction channel was incubated with 150 µg /mL Aβ1-40 (pH 4.5) or 37.5 µg/
mL AIAPP (pH 7.0) for 15 minutes. The unbound peptides were washed off with the binding
buffer and the unreacted activated carboxyl groups were blocked with 1 M ethanol-amine.
Before starting the binding studies the chip was rinsed with 40 mM HCl and 10 mM NaOH.
SPR experiments
The SPR experiments were done on an ESPRIT (Metrohm Autolab b.v, the Netherlands),
a two channel cuvette SPR system. The running buffer was HBS supplemented with 3 mM
EDTA and 0.005% Tween-20. tPA, tPA-ESP and tPA-KSP were diluted in supplemented HBS
and 35 µL was injected on the chip. The dilution series ranged for the Aβ experiments from
37 nM to 3 µM with 3 fold steps and for the AIAPP experiments from 111 nM to 9 µM. The
association phase was 5 minutes and the dissociation phase was 1 minute. The chip was regenerated after every run with 5 mM NaOH and 0.1% sodium dodecyl sulfate.
Two different methods were used to obtain an apparent binding constant, as the standard
method of fitting the curves with a single exponential function appeared not to be applicable.
Both methods assumed the existence of a fast saturated binding and a slow unsaturated or
nonspecific binding. In method 1 no attempt was made to remove the nonspecific binding
component from the fast binding component, whereas in method 2 corrections were made for
the nonspecific binding. Both methods are explained in detail in the results section.
Preparation of amyloid fibrils for pull-down assays and EM
The Aβ40 film, see above, was dissolved in dimethylsulfoxide (DMSO) by bath sonication
for 5 minutes and diluted 40 times to 150 µg/mL in HBS. The Aβ40 solution was incubated
at room temperature for at least 48 h under agitation. AIAPP fibrils were dissolved and reaggregated as Aβ40 fibrils.
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Amyloid pull down assay
tPA constructs were mixed with either Aβ1-40 or AIAPP fibrils in a 1:200 molar ratio, based
on Aβ and AIAPP monomers. The assay was done in a volume of 40 µl, either in HBS, HBS
+ 10 mM ε-aminocaproic acid or HBS + 1 M NaCl. The concentration of the tPA construct
was 150 nM and that of the peptides was 30 µM. After 2 hours of incubation, the tubes were
centrifuged at 16,000 x g for 10 minutes. A 20 µL sample of supernatant was pipetted from the
top of the tube and the remaining supernatant was carefully removed using a needle. The pellet was resuspended in 40 µL HBS and a 20 µL sample was taken. As controls for Western blot,
20 µL samples of 150 nM tPA constructs were made to compare the protein concentrations
on the blot. All samples were boiled in non-reducing sample buffer and loaded on a 12.5%
SDS-PAGE gel. The Western blot was done using a standard protocol. The antibodies used for
detection were anti-tPA (ab28219, Abcam) as primary antibody and a goat-anti-rabbit-HRP
conjugated antibody (ab6721, Abcam) as secondary antibody.
Immuno- electron microscopy
Fibrils were resuspended and mixed with the tPA constructs at a 1:200 tPA:peptide ratio, as
described in the pull down assay above.
Copper grids with a carbon coated Formvar film were incubated on 15 µL tPA-fibril drops for
15 minutes. After a quick wash on 3 HBS drops, the grids were incubated on a drop of 2% fat
free milk (FREMA reform) in HBS for 30 minutes, followed by a 30 minutes incubation on
20 µL anti-tPA antibody drops (ab28219, Abcam, 2000x diluted in HBS+0.02% fat free milk).
The grids were washed 10 times on drops of HBS+0.02% fat free milk and incubated on 20
µL drops containing protein A gold (10 nm gold particles, Cell Microscopy Centre, UMC
Utrecht, diluted in HBS+0.02% fat free milk) for 30 minutes. After a final wash on 10 drops of
HBS+0.02% milk the grids were incubated on drops of 2% glutaraldehyde (polysciences) for
5 minutes to fix the protein complexes. The grids were washed on 5 drops of water, incubated
for 30 seconds on drops of 2% uranyl acetate (SPI) and blotted dry on a filter paper.
Transmission EM (TEM) images were taken on a TECNAI10 electron microscope operating
at 100 kV.

Results
Protein expression and purification
To study the importance of the finger domain in tPA for binding to amyloid, two tPA constructs were designed. One construct, lacking the finger domain, is named tPA-ESP and the
other, lacking both the finger and EGF-like domains, is named tPA-KSP. The two tPA constructs, tPA-ESP and tPA-KSP, were expressed in HEK293-E cells and purified with a threestep protocol. A minor contamination of dimeric tPA-ESP could not be removed with size
exclusion chromatography. All proteins including full length tPA (Actylise, Boehringer Ingelheim) were present in both the single chain and two chain forms (Supplemental figure 1).
Surface plasmon resonance binding curves
SPR is commonly used to determine binding constants for molecular interactions. Amyloid
fibrils of Aβ or AIAPP were immobilized on the SPR chip and the three tPA constructs, full
length tPA, tPA-ESP and tPA-KSP, were used as analyte. As suggested in the introduction
there are two possible binding modes for tPA. One is via the finger domain and the other via
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Figure 1. The SPR curves for the tPA constructs on the AIAPP chip show concentration dependent increase in response. Full length tPA (A) as well as the constructs lacking the finger, tPA-ESP, (B) or finger and EGF-like domains,
tPA-KSP, (C) bind to AIAPP fibrils. Also in presence of 10 mM εACA the three proteins bind to AIAPP fibrils (D-F,
same order as A-C). The curves for the interaction with Aβ are shown in supplemental figure 2.

the lysine binding site on the kringle 2 domain.
The interaction of full length tPA with amyloid has been shown before with several techniques in various studies, however here SPR has been used for this for the first time. The
measurements with tPA on both the AIAPP and the Aβ chip showed a concentration dependent increase of the response (see figure 1A for the AIAPP curves). This confirmed the
described interaction of tPA with amyloid fibrils and showed that this experimental setup
was suitable to assess tPA-amyloid interaction. Both truncated tPA constructs, tPA-ESP and
tPA-KSP, showed similar curves as full length tPA (figure 1B and C), indicating that the finger
domain was not crucial for the binding and that the interaction might be mediated via the
lysine binding domain. The lysine dependent interaction can be inhibited by adding 10 mM
ε-aminocaproic acid (εACA) to the buffer. However, experiments done in presence of εACA
resulted in similar binding curves as those done in absence of εACA (figure 1D-F), implying
that the binding was also not lysine dependent.
Determination of binding constants
It was clear that both the finger domain and the lysine binding site of the kringle domain did
not have a crucial role in the binding to amyloid fibrils. However, it was still possible that they
contributed to the binding, which could be assessed by comparing the binding constants. An
additional value of the SPR technique is that also kinetic information is obtained. It turned
out that the determination of these binding constants was not straightforward. The curves
could not be fitted with a first order kinetic model. For a first order receptor (A) ligand (L)
interaction:
the time dependent SPR response (R(t)) can be fitted with the following function:
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Figure 2. An example of the two correction methods with the association curves of tPA-ESP to AIAPP. (A) The association curves could well be fitted with a two exponential function (equation 3) as shown by the black curves. To
correct for the non-specific binding, in method 1, only the first part of equation 3 was used to determine the KD, these
curves are plotted in color. (B) In method 2 the apparent KD was determined by correcting the SPR curves (continuous lines) for the linear increase in response. A fitted linear function was subtracted from the curves resulting in the
corrected curves (dotted lines). The response at equilibrium (Req) was plotted versus the concentration for method 1
in C and for method 2 in D. An apparent KD was determined using a single site saturation model (equation 4), which
had a reasonable fit.
The fits and plots of method 1 were made with Mathematica and of method 2 with Excel and SigmaPlot.

However, the present curves could not be fitted with this single exponential function, due
to a gradual increase in response during the association phase. What was observed though,
was that the SPR curves of the lowest concentration did fit a single exponential function in
all cases. The curves of the higher concentrations showed an initial fast increase in response
followed by a slower gradual increase. This indicated that next to the initial fast binding, a
second slower binding event occurred. The latter can be either contributed to nonspecific
binding to amyloid fibrils or the generation of new binding sites on the bound tPA and the
associated binding events.
For the determination of the KD a different binding model than the first order kinetic model
had to be used, which takes in to account the two binding events. The curves were each fitted
with a function for R(t) containing two exponentials:

All curves could be fitted with this function very well, showing that there was indeed a second
binding event taking place during the measurements (figure 2A).
Two methods were used to obtain KD values for the fast interaction. The KD values determined
with method 1 were based on the first term of the two-exponential fit (equation 3). Req values
for each concentration were determined from the fit of the first exponential at a fixed time
point, i.e. 300 s after injection (figure 2C). In method 2 a slightly different approach was taken
to correct for the second binding event. A linear function for the steady increase was fitted
to the curves between the time points 215-300 seconds and this contribution was subtracted
from the curves. These corrected curves showed a shape which resembles that of a first order
kinetic interaction model (figure 2B and D). The apparent Req values were estimated from
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these curves. The KD values of both methods were determined using the expression for Req
normally used for 1:1 ligand binding:
The KD was determined for each concentration series and the values were averaged per experiment (Table 1). For both methods the fit of equation 4 through the data points was in many
cases not perfect, but still had an acceptable standard deviation of 15-30% (figure 2C and D).
The two methods gave similar KD values with large standard deviations and all agree within
3σ.
It was clear that all the tPA constructs did bind to both amyloid fibrils in absence and presence of the lysine analog εACA, suggesting that the finger domain as well as the lysine binding
domain were not essential for the binding. The finger domain might have an additional effect
in the binding of AIAPP fibrils, in this case the binding affinity for tPA was higher than for
tPA-ESP and tPA-KSP. In contrast the binding constants for tPA and tPA-ESP were similar
for the Aβ40 chip (Table 1). Furthermore, all KD values for these interactions are in the high
nanomolar to low micromolar range, which is a lower affinity than the low nanomolar values
determined for tPA amyloid interactions in other studies 5,22.
Table 1 Apparent KD-values for the interactions in μM. ESD’s were determined from the repeated experiments.

The tPA constructs bind amyloid fibrils on the sides
The mechanism by which tPA and the truncated tPA constructs interact with amyloid fibrils
is unknown. There are several potential binding sites on fibrils, like (i) the very regular surface
of parallel β-sheet fibrils, giving a repeating pattern of the same amino acids, (ii) the fibrilends, which expose a number of unpaired β-strands, and (iii) the less structured parts of the
peptides or proteins that are not part of the fibril’s cross-β core. This last option can be ruled
out in the case of tPA because this suggest that tPA would interact with the monomeric peptides, which it does not5.
To get more insight in the global location of the binding site on amyloid fibrils, the tPA binding was mapped using immunogold labeling of tPA in combination with transmission electron microscopy (TEM). A solution containing tPA, tPA-ESP or tPA-KSP and Aβ1-40 or
AIAPP fibrils was incubated on a copper grid and after some washing and blocking steps,
tPA was labeled with 10 nm gold particles. The EM images show that tPA, as well as tPA-ESP
and tPA-KSP, bind alongside the fibril surface of Aβ1-40 fibrils (figure 3) and AIAPP fibrils
(figure 4) and hardly to the fibril-ends. This observation shows that the surface of the amyloid
fibril contains the binding sites and that the exposed β-strands at the end of the fibril are not
involved in the binding.
There are gold particles visible that are not associated with the fibrils, which is due to the
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Figure 3. Full length tPA (A and D), tPA-ESP (B and E) and tPA-KSP (C and F) all bind to Aβ fibrils, no clear differences can be seen in the amount of labeling without (A-C) or with (D-F) εACA. Indicating that the binding of the
tPA constructs is not mediated through the lysine binding site in the kringle domain. tPA was labeled with a primairy
polyclonal anti-tPA antibody and secondary protein A gold.

Figure 4. Full length tPA (A and D), tPA-ESP (B and E) and tPA-KSP (C and F) all bind to AIAPP fibrils, no clear differences can be seen in the amount of labeling without (A-C) or with (D-F) εACA. Indicating that the binding of the
tPA constructs is not mediated through the lysine binding site in the kringle domain. tPA was labeled with a primairy
polyclonal anti-tPA antibody and secondary protein A gold.
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preparation of the grids. The amyloid fibrils and tPA constructs were premixed before they
were applied to the grid. Dissociated tPA constructs could also attach to the surface and be
labeled by the antibodies. If tPA or the truncated constructs were omitted in the experiment
no gold labeling was observed.
tPA, tPA-ESP and tPA-KSP all bind to amyloid fibrils
The SPR and EM experiments show that all constructs bind to Aβ1-40 and AIAPP fibrils. To
confirm this finding with another technique a pull-down assay was done, which is a common
method to assess the binding of proteins to large objects, e.g. cells, modified beads or amyloid
aggregates. Amyloid fibrils of Aβ1-40 and AIAPP were incubated with tPA, tPA-ESP and
tPA-KSP and after centrifugation the supernatant and the amyloid pellets were analyzed with
Western blot. All three proteins were detected in the pellet fraction of this assay and hardly
any protein remained in the supernatant fraction, corroborating that all three constructs can
bind amyloid fibrils. Also in this method no clear differences could be seen in the binding of
the three proteins to Aβ1-40 or AIAPP fibrils in presence or absence of 10 mM εACA (figure
5 and S3).
In recent studies it has been shown that single domain antibodies interact with amyloid fibrils via electrostatic interactions 27,28. To determine if the binding of tPA was driven by
electrostatic interactions, a pull down assay was done in presence of 1.0 M NaCl. The high
salt concentration had no effect on the binding of the tPA constructs to AIAPP, as no protein
was detected in the supernatant. In contrast this was the case for the binding to Aβ; here the
truncated constructs, tPA-ESP and tPA-KSP, were present in both the supernatant as the pellet, showing that the high ionic strength partially inhibits the binding (figure 5 and S3). This
experiment showed that the interaction of tPA with amyloid fibrils was only weakly mediated
by electrostatic interactions and that hydrophobic interactions play a more important role in
the binding.

Figure 5. The amyloid pull down assay shows that tPA as well as tPA-ESP
and tPA-KSP bind to Aβ and AIAPP
fibrils in absence and presence of
εACA, as no protein is detected in
the supernatant (s)whereas the pellet (p) shows comparable intensity
as the input (i). Only in the presence
of 1 M NaCl the binding of tPA-ESP
and tPA-KSP to Aβ fibrils was influenced slightly
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Discussion
The binding of proteins to amyloid is a widely studied subject and a large number of proteins
have been identified to interact with amyloid material. tPA is such a protein that interacts
with amyloid and a number of studies confirm this interaction. A recent study shows that the
finger domain of tPA mediates the binding of tPA to amyloid22. However, our results show that
this finger domain does not markedly contribute to the binding, suggesting that tPA contains
other binding sites for amyloid fibrils. All experiments show that tPA, tPA-ESP and tPA-KSP
bind to amyloid fibrils consisting of Aβ40 or AIAPP. We also show that this interaction was
not mediated through the lysine binding site of the kringle 2 domain of tPA, as the addition
of a lysine analog, εACA, does not abolish the binding of the three constructs to the amyloid
fibrils.
A second binding event observed in the SPR measurements led to a gradual increase in response, making the determination of the binding constants not straight forward. By correcting for this second binding event estimates of the binding constants could be determined. The
slightly higher KD values for tPA-ESP and tPA-KSP with respect to tPA indicate that the finger
domain might have an additional effect on the binding, but it is not essential.
The non-specific binding component in the SPR curves can also be seen in several other
studies that used immobilized amyloid fibrils as ligand29–31. Apparently binding of proteins
to amyloid surfaces cannot in general be described with only one high affinity binding site.
One possible explanation for the typical SPR curves is linked to an unique property of amyloid
fibrils. They display a well ordered surface and many amyloid peptides form fibrils consisting
of parallel β-sheets, which is also the case for Aβ24,25 and AIAPP26. These parallel β-sheets
are comprised of β-strands containing the same amino acids, which results in a fibril with
stretches of the same amino acids, parallel to the fibril long axis (Figure 6). The nature of these
repeats depends on the surface exposed residues of the fibril and can be charged or hydrophobic. The surface of a fibril has thus distinct chemical properties, which can be regarded
as composed of continuous binding sites. Similarly, the binding site for the tPA constructs
could be continuous and in theory the complete fibril could be covered by the tPA constructs.
However, it is not very likely that this would happen due to the randomness of binding. This
makes it unlikely that these constructs will bind in such an orderly fashion that all potential

Figure 6. This schematic
representation of an amyloid fibril shows that in an
in-register parallel β-sheet,
as found in Aβ40 and
AIAPP fibrils, the same
amino acids (colored dots)
make up a large linear
stretch. Depending on the
residues this stretch can be
hydrophobic, charged or a
combination of both.
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binding sites will be occupied.
The binding to a continuous epitope was also proposed by Haupt and coworkers in a study
on a Aβ binding llama antibody. This antibody interacted via a positively charged patch on the
antibody with a negatively charged stretch on amyloid fibrils27. A similar, but distinct, mode
of interaction was found by us (Chapter 4) for a different llama antibody. In case of tPA, the
binding to amyloid was not or weakly inhibited by high ionic strength buffers, suggesting that
this interaction is largely hydrophobic in nature. Both Aβ and AIAPP fibrils possess regions
of hydrophobic residues.
An additional explanation for the non-specific binding is that the fibril bound tPA generates
new binding sites for other tPA molecules. This will result in a continuous generation of binding sites and tPA molecules that will stack on each other. A steady increase in the response
signal would be expected, as is seen in our binding curves.

Conclusions
All tested tPA constructs bind amyloid fibrils with a KD in the high nanomolar to low micromolar range. Furthermore, the interaction is not dependent on the finger domain and also not
mediated via the lysine binding site in kringle2. We propose an elongated binding site that
spans multiple domains of tPA for the binding to amyloid fibrils. Multi-domain binding of
tPA also occurs in fibrin binding. Several studies show that the finger, EGF, and both kringle
domains contribute to the binding of tPA to fibrin20,32–34. In a closely related protein, FXII, a
similar multi-domain interaction is proposed for the binding to negatively charged surfaces 35.
For a detailed understanding of the binding of tPA to amyloid fibrils, fibrin or other surfaces,
high resolution structural studies are required, however, these are not feasible with present
day techniques.
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S1. A schematic overview of the domain composition of the tPA constructs (A). The SDS-PAGE gel shows the three
tPA constructs used in this study. All constructs have minor amounts of the two-chain form, in which tPA is cleaved
between the kringle2 and serine protease domain and linked via a disulfide bond.

S2. The SPR curves for the tPA constructs on the Aβ40 chip show concentration dependent increase in Response.
Full length tPA (A) as well as the constructs lacking the finger (B) or finger and EGF-like domains (C) bind to Aβ40
fibrils. Also in presence of 10 mM εACA (D-F) the three constructs bind to Aβ40 fibrils.

91

Chapter 5

Supplemental figure 3. The amyloid pull down assay was analyzed by silverstained SDS-PAGE gels. The outcome is the same as shown in figure 5. Here one
can see that the peptides are only present in the pellet fractions.
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Chapter 6
The interaction mechanisms of amyloid binding proteins with misfolded protein aggregates
and/or amyloid fibrils is still an ill-documented area in the amyloid field. Currently, several
structures are available of antibodies or enzymes in complex with a single amyloid peptide 1–7.
The structures of antibodies in complex with such single peptides show a highly specific interaction mechanism whereas the structures of insulin degrading enzyme with Aβ or AIAPP
peptide give insight into the wide range of substrate recognition in this enzyme. There are
many proteins that interact with diverse range of aggregated amyloid peptides, like APOE8,9,
RAGE10–12, antibodies13–16 and tPA17. The mechanism of these interactions remain unknown
as no structural information is available for these proteins in complex with amyloid oligomers
or fibrils. Our goal was to characterize the interaction of such binding proteins with amyloid
aggregates.
The role of the FnI domain in amyloid binding
FnI domains have been reported to bind amyloid aggregates and misfolded proteins18. Our
yeast derived FnI domain constructs bound amyloid aggregates, but based on an ELISA our
constructs had two orders of magnitude lower affinity for the same ligands as was previously
reported. Accurate binding constants for protein ligand interactions are usually determined
by ITC or SPR. As described in chapter 2 the determination of an accurate binding constant
for the FnI domain amyloid interaction with ITC was far from straightforward. The very
noisy signal in the measurements containing Aβ fibrils prevented further analysis of the data.
SPR has been used successfully to determine protein amyloid interactions in the past19–21 and
measurements with full length tPA gave concentration dependent binding curves, as expected. In contrast the FnI domains did not show any interaction with the Aβ fibrils. Immobilization of the Aβ fibrils could have resulted in the inaccessibility of the FnI domain binding site
on the fibrils. This implies two things: i) amyloid fibrils have a different binding site for FnI
domains from that of full length tPA and ii) the FnI domain in tPA is not essential for the
binding of tPA to amyloid.
In chapter 5 we address these two propositions. Truncated tPA constructs that lack either the
FnI domain or the FnI-EGF-like tandem domain had similar binding affinities for Aβ and
AIAPP fibrils, indicating that the FnI domain is not essential for the binding.
The binding site for tPA is located on the surface of the amyloid fibril and not at the fibrils
ends. This rules out interaction with the exposed β-stands at the fibril ends and strongly favors
interactions with the highly repetitive side chains on the fibrils surface. We further concluded
that the interaction is mainly mediated by hydrophobic interactions as high ionic strength
buffers did not disturb the binding of tPA to amyloid fibrils.
We can conclude that the FnI domain is not essential for the binding of tPA to amyloid, however the results obtained in chapter 5 do not rule out the interaction of the FnI domain with
amyloid. The interaction of FnI domains with amyloid is supported by pull down assays and
ELISA. Thus it is likely that tPA binds to amyloid fibrils with multiple domains and multiple
binding sites on the amyloid fibrils are present.
The FnI-EGF-like tandem domain of FXII
Chapter 3 describes the crystal structure of the FnI-EGF-like tandem domain of FXII that
was solved, using experimental phasing, to a resolution of 1.6 Å. The domain-domain orientation in this structure is similar to that of the previously determined FnI-EGF-like tandem
domain of tPA22. Soaking with amyloid forming peptides did not result in any complex forma94
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tion. Some of the peptides used, such as FP13 and Aβ14-24, readily form large aggregates at
concentrations required for soaking and therefore could not diffuse into the crystal. Another
peptide that was used for soaking, FP6, can form dimers and trimers or be monomeric at the
concentration used in the soaking experiment. The lack of complex formation with FP6 indicates either that the FnI domain of FXII does not bind monomeric or low oligomeric peptide
forms or that the binding site is not accessible in the crystal.
Other reported functional roles of these domains, like the binding to negative surface and
the interaction with the EGF receptor, were discussed based on the structure. The interaction
of FXII with the EGF receptor is very unlikely. First of all, a large conformational change is
necessary to prevent steric clashes of the FnI-domain with the receptor and secondly an important residue for the EGF-EGFR interaction is substituted in the EGF-like domain of FXII.
The FnI domain does contain a patch of positively charged residues that could contribute to
the interaction of FXII with negatively charged surfaces.
Interaction of single domain antibodies with Aβ
The crystal structures of Aβ binding single domain antibodies (VHH), G7 and PS2-8, are
described in chapter 4. An initial hypothesis that these single domain antibodies would bind
monomeric Aβ peptides was falsified by NMR experiments. The titration of monomeric Aβ
to 15N-labeled VHH did not result in any chemical shift perturbations of peak broadening whereas the titration of Aβ fibrils to the VHH resulted in severe peak broadening. The
interaction with the Aβ fibrils is mediated by positively charged residues on the VHHs. This
finding is further supported by the fact that the negatively charged Glu22 of Aβ was also important for the interaction. We suggest that the negative stretch on the fibrils surface on Aβ
fibrils, formed by Glu22, serves as a binding platform for the positively charged patch on the
VHHs. Additional experiments have to be done to explain the differences in functionality between G7, PS2-8 and 2H. G7 lowers the cytotoxicity of Aβ, while the other two single domain
antibodies do not affect the cytotoxicity.
Amyloid surface as binding platform
In the majority of deposited structures of amyloid-like conformations the β-sheets are composed of in-register β-strands. This results in long ladders of the same side chains in parallel
β-sheets or alternating side chains in anti-parallel β-sheets. These long ladders of residues
can serve as a binding platform for proteins, just as other surfaces, like ion exchange resins or
hydrophobic interaction resins, would do.
For example negatively charged ladders on amyloid are a binding platform for several single
domains antibodies, as the ones described in chapter 4, G7, 2H and PS2-8, and the one used
in the studies of Haupt and coworkers23,24. It is conceivable that also other types of residues in
the amyloid fibril can serve as binding surface, such as negatively charged residues or hydrophobic residues. The latter are important in the interaction of tPA with amyloid fibrils.
For future studies involving amyloid binding proteins it is worthwhile to test whether the
interaction is based on electrostatic or hydrophobic interactions or a combination of both.
Knowledge about the nature of the interaction can serve as a starting point for the design of
structural studies. The combination of techniques used in this thesis is suitable to confirm
the interaction between these amyloid binding proteins and amyloid. Extensive mutagenesis
studies should be done to confirm that the suspected residues are involved in the interaction.
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Chapter 6
Structural insights
It will be an enormous challenge to determine high resolution structures of amyloid in complex with a binding protein. The large size and heterogeneous nature of the amyloid fibrils
make them only suitable to be studied with EM or solid state NMR, but both these techniques
have their limitations. With EM it is virtually impossible to obtain a resolution that enables
one to determine a detailed model of the interaction site. Solid state NMR has the limitation that isotope labeled proteins have to be used to determine distance restraints between
residues. The expression of isotope labeled amyloid peptides is done by a number of labs25,26,
however this was not possible for the constructs we tested.
Amyloid peptides require careful preparation to give the desired aggregation state or to obtain
a seed free monomeric peptide solution. Despite these experimental difficulties it might be
feasible to study for example the VHH-Aβ fibril interaction in detail with solid state NMR.
Specific labeling strategies can be used to reduce the number of cross-peaks in the spectra and
generate sufficient distance restraints to determine an accurate model, which could support
the mutagenesis data presented here in chapter 4.
Another possible tool one could use in future high resolution structural studies for proteins
that bind to amyloid surfaces are the peptide self-assembly mimics (PSAMs) of the group of
Koide. They designed capped β-strand ladders that mimic β-sheets found in amyloid, based
on the Borrelia outer surface protein (OspA)27,28. If the requirements for the protein-amyloid
interaction are known, one is able to design a PSAM with these specific side chains. Both
X-ray crystallography and solution NMR could be used to obtain structural data of such a
well-defined complex.
Thus, there are opportunities in the near future to determine structures of protein-amyloid
interactions, but one should have extensive insights in the interaction mode in order to design
an optimal strategy for biophysical investigation.
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In de literatuur zijn veel eiwitten beschreven die aan ontvouwen eiwit aggregaten en amyloïde
fibrillen binden. De manier waarop deze eiwitten aan de aggregaten binden is echter nauwelijks beschreven. Momenteel zijn er enkele eiwitstructuren beschikbaar van antilichamen en
enzymen die gebonden zijn aan amyloïde vormende peptiden in een niet geaggregeerde toestand. De structuren van antilichamen in complex met een enkele peptide geeft de specificiteit
van de antilichamen goed weer, terwijl de structuur van een insuline afbrekend enzym in
complex met verschillende peptiden (Aβ, AIAPP en insuline) juist weergeeft dat dit enzym
een breed scala aan mogelijke substraten kan afbreken. Geen van deze structuren verschaft
inzicht in hoe eiwitten aan de aggregaten zouden kunnen binden.
Er zijn een groot aantal eiwitten bekend die aan vrijwel alle soorten amyloïde fibrillen binden.
Door het gebrek aan hoge resolutie structuren van deze eiwitten aan amyloïde fibrillen is lastig om tot een goed onderbouwde beschrijving van de interactie te komen. Ons doel was om
hoge resolutie structuren van een aantal eiwitten met amyloïde achtige aggregaten te bepalen
en op deze manier meer inzicht te krijgen in hoe eiwitten, zoals t-Plasminogeen Activator
(tPA) aan, de verschillende amyloïde aggregaten binden.
De rol van het FnI domein in de binding aan amyloïde
Het FnI domein is een onderdeel van onder andere tPA en bloedstollingsfactor XII (FXII).
Dit domein kan binden aan amyloïde aggregaten en is beschreven als een essentieel onderdeel
van zowel tPA als FXII voor de interactie van deze eiwitten met amyloïde aggregaten. De FnI
domein ewitten die in gist geproduceerd waren, hadden een veel lagere bindingsaffiniteit voor
ontvouwen eiwit aggregaten dan dat beschreven was in de literatuur. In hoofdstuk 2 laten we
zien dat het werk aan ontvouwen eiwitten veel experimentele problemen met zich mee brengt
in technieken die veelvuldig gebruikt worden om nauwkeurig de affiniteit te bepalen. Isothermische titratie calorimetrie (ITC) was niet te gebruiken doordat de ontvouwen eiwitten grote
fluctuaties in het signaal gaven. Een andere techniek om bindingsaffiniteit te bepalen is surface plasmon resonance (SPR). Deze techniek gaf een bindingsaffiniteit voor tPA die in grote
lijnen overeen kwam met de waarden beschreven in de literatuur, maar voor het FnI domein
eiwit kon er geen affiniteit bepaald worden, omdat er geen bindingssignaal was. Dit zou kunnen betekenen dat de bindingsplek voor het FnI domein niet beschikbaar is als de amyloïde
fibril aan de chip gebonden is. Mocht dit het geval zijn, dan: i) hebben amyloïde fibrillen een
bindingsplek voor FnI domeinen die niet overeen komt met de bindingsplek van tPA en ii) is
het FnI domein niet essentieel voor de binding van tPA aan amyloïde fibrillen.
In hoofdstuk 5 gaan we dieper in op deze twee stellingen. Verkorte versies van tPA die het FnI
domein of het FnI-EGF dubbel domein missen hebben een vergelijkbare bindingsaffiniteit
voor amyloïde fibrillen als tPA, wat dus impliceert dat het FnI domain niet essentieel is voor
de binding.
De bindingplek van tPA ligt op het oppervlakte van het fibril en niet aan de uiteinde van het
fibril. Dit betekend dat het zeer onwaarschijnlijk is dat tPA een interactie heeft met de terminale β-strands van amyloïde fibrillen en maakt het erg waarschijnlijk dat tPA interacties
heeft met herhalende zijketens die het oppervlakte van het fibril bedekken. Verder is het zeer
aannemelijk dat de interactie tussen tPA en amyloïde fibrillen gedomineerd word door hydrofobe interacties, omdat de binding niet beïnvloed wordt door een hoge zout concentratie.
We concluderen dat het FnI domein niet essentieel is voor de interactie tussen tPA en amyloïde fibrillen, maar de resultaten uit hoofdstuk 5 sluiten interactie tussen FnI domeinen
en amyloïde fibrillen niet uit. Co-sedimentatie experimenten en ELISAs laten wel degelijk
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binding tussen FnI domeinen en amyloïde fibrillen zien. Onze visie is dat tPA een aantal
bindingsplekken voor amyloïde heeft die elkaar zouden kunnen versterken, daarnaast zijn er
vele bindingsplekken beschikbaar op het amyloïde fibril.
Het FnI-EGF domein van FXII
De structuur van het FnI-EGF domein van FXII is beschreven in hoofdstuk 3. Deze kristalstructuur is bepaald met behulp van experimenteel verkregen fases en is opgehelderd tot een
resolutie van 1,6 Å. De structuur lijkt veel op de structuur van het FnI-EGF domein van tPA.
Pogingen om een complex van FXII-FnI-EGF met amyloïde vormende peptiden te bepalen
hebben tot niets geleid. Een aantal van de peptiden die gebruikt zijn vormen bij lage concentraties al grote aggregaten was de diffusie van deze peptiden in het kristal zou kunnen
verhinderen. Een ander peptide, FP6, is bij de concentratie die gebruikt werd in het experiment voornamelijk als monomeer aanwezig. In de kristallen die in de FP6 oplossing hadden
geweekt was ook geen gebonden FP6 te vinden. Het is dus zeer onwaarschijnlijk dat het FnI
domain van FXII monomeer FP6 bind met de delen van het eiwit die blootgesteld zijn aan de
vloeistofkanalen in het kristal.
Naast het binden aan amyloïde zijn er meer rollen weggelegd voor het FnI domein van FXII.
Zo is het mogelijk dat het FnI domein bijdraagt aan de binding van FXII aan negatief geladen
oppervlakten. De structuur laat een aantal positief geladen aminozuren zien die gegroepeerd
zijn. Daarentegen is het onwaarschijnlijk dat dit stuk van FXII cellen stimuleert om te delen
door te binden aan de EGF-receptor. Ten eerste mist het EGF domein van FXII een belangrijk
aminozuur voor de binding aan de receptor en verder moet de domein-domein positie van
het FnI domein ten opzichte van het EGF domein een geheel andere oriëntatie aannemen.
De interactie van enkel domein antilichamen met Aβ
In hoofdstuk 4 worden de kristalstructuren van Aβ bindende enkel domein antilichamen
(VHH) G7 en PS2-8 beschreven. In eerste instantie was de hypothese dat deze VHHs monomeer Aβ zouden binden en hierdoor de toxiciteit van Aβ verlagen, maar deze werd al snel
ontkracht. NMR titratie experimenten met monomeer Aβ toonde aan dat de VHHs niet aan
monomeer Aβ bonden. Een titratie met Aβ fibrillen zorgde voor een zeer grote lijnverbreding
in het spectrum van de VHHs, wat een teken is voor interactie. De VHHs binden aan Aβ fibrillen door positief geladen aminozuren met een reeks negatief geladen glutaminezuur residuen of de Aβ fibrillen. Zowel mutagenese van de positief geladen aminozuren op de VHHs
als mutagenese van het glutaminezuur in Aβ leidde tot verminderde binding. Ondanks dat
er meer inzicht is verkregen in de interactie van de VHHs met Aβ is er nog meer onderzoek
nodig om de verschillen in activiteit van de VHHs te verklaren. G7 verminderd te toxiciteit
van Aβ vele malen meer dan PS2-8 en H2 terwijl er maar enkele aminozuren verschillen in
de VHHs.
Amyloïde oppervlakte als bindingsplatform
De meeste structuren van amyloïde-achtige conformaties laten zien de β-sheets in de fibrillen
zijn opgebouwd uit β-stands die hetzelfde register hebben. Als het parallelle β-sheets zijn geeft
dit op het oppervlakte van het fibril lange ladders van dezelfde aminozuurzijketens en als het
anti-parallelle β-sheets zijn wisselen twee verschillende aminozuurzijketens elkaar continu af.
Deze lange ladders van herhalende zijketens kan hetzelfde effect hebben als bijvoorbeeld de
matrix in een chromatografie kolom. In hoofdstuk 4 hebben laten zien dat ladders van nega101

tief geladen aminozuren een bindingsplatform maken voor de VHHs. De binding van tPA aan
amyloïde gaat door ladders van hydrofobe aminozuren.
Voor toekomstige onderzoek aan eiwitten die binden aan amyloïde is het raadzaam om een
idee te krijgen welke chemische eigenschappen van belang zijn voor de binding van het te
onderzoeken eiwit aan amyloïde. De experimenten die beschreven zijn in dit proefschrift
kunnen hierbij als leidraad dienen.
Inzicht in de structuur
De structuur bepaling van een eiwit dat gebonden is aan een amyloïde fibril zal nog een hele
opgave zijn. De grootte van de fibrillen en de variatie in lengte maken het lastig om hoge resolutie structuren te bepalen van een amyloïde fibril alleen. De informatie die nu beschikbaar
is over de structuur van amyloïde, is verkregen met EM en vaste stof NMR. Beide technieken
hebben hun beperkingen als het gaat om het bepalen van een eiwit dat gebonden is aan een
fibril. Voor EM is de resolutie die gehaald kan worden de beperkende factor, deze is namelijk
niet hoog genoeg om uitspraken te doen over welke aminozuren er een belangrijke rol spelen
in de interactie. Voor NMR is er isotoop gelabeld eiwit nodig om het experiment te kunnen
doen en voor veel plasma-eiwitten is dit niet haalbaar. Dit neemt natuurlijk niet weg dat er
überhaupt geen inzicht te verkrijgen is in de details van de interactie, het vergt alleen een
combinatie van verschillende complementaire technieken om deze informatie te verkrijgen.
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