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Supplementary Figure 1 NSwt (wt), NSsm (sm) and NStm (tm) generate negligible ThioT 
fluorescence when incubated alone under the conditions used in Ab1-42 aggregation assays. Data 
points plotted represent means of triplicate measurements; SE are plotted but are too small to be 
visible. Similar results were obtained under the conditions used for ccbw and a-syn aggregation 
assays. 
 
 
 
  



 

      
 

 
 
 
 
 
 
 
 
 

 

 

 

 

Supplementary Figures 2A&B.  Effects of NS on the amorphous aggregation of CS and CLIC1. 
(A) CS (1.8 µM), either alone or supplemented with individual proteins indicated in the key, was 
incubated for 2 h at 43 °C to induce aggregation. (B) CLIC1 (60 µM), either alone or supplemented 
with the individual proteins indicated in the key, was incubated at 37 oC for 5 h to induce aggregation. 
The molar ratios of test protein:CS or test protein:CLIC1 are indicated in the respective keys. In both 
cases, protein aggregation was measured as turbidity, recorded as optical density (OD) at 360 nm, in 
absorbance units (AU) as a function of time. Data points are the mean of triplicate measurements ± 
SEM and the results shown are each representative of two independent experiments. In some cases, 
the error bars are too small to be visible.  
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Supplementary Figure 2C.  NS did not inhibit the reduction-induced amorphous aggregation 
of BSA. BSA (10 µM) was incubated with 20 mM DTT for 5 h at 37°C and aggregation measured as 
turbidity at 360 nm. Each of the test proteins (indicated in key) were present at a molar ratio of test 
protein:BSA = 1:2. Data points are the mean of triplicate measurements ± SEM and the results shown 
are representative of two independent experiments.  
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Supplementary Figure 3 The conditions used for protein aggregation assays induce no 
detectable, or very limited, polymerization of NS. Images of native polyacrylamide gels, analysing 
the effects of various incubation conditions on wild type (wt) NS and single mutant (sm) NS. In all 
cases, 10 µg of NS protein was loaded into each lane (protein identity and treatments indicated above 
respective lanes). (A) Incubation of wt NS for 18 h at 37 oC (corresponding to Figures 2B&C) had no 
visible effect on its migration in native gel electrophoresis (NGE), however (B) extensive 
polymerization of wt NS was induced when the protein was incubated at 55 oC for 1.5 h (this extreme 
condition does not correspond with any used in protein aggregation assays presented in this 
manuscript). (C) Incubation of wt and sm NS at 37 oC for 15 h (considerably longer than the 6 h at 
37 oC used to produce the results shown in Figure 7B) had no visible effect on the migration of either 
protein in NGE. sm NS migrates slightly faster than wt NS under these conditions. (D) Incubation of 
wt and sm NS at 30 oC for 30 h (corresponding to Figures 2A & 7A) had no visible effect on the 
migration of either protein in NGE. (E) Incubation of wt NS at 43 oC, conditions used in the 
amorphous aggregation of CS, induced detectable but very limited polymerization of wt NS 
(represented by the relatively faint band towards the top of the gel). Mutant NS was not tested in 
amorphous protein aggregation assays. All incubations were performed in PBS, except those shown 
in (E) which were performed in the buffer used in CS aggregation assays (50 mM Tris-HCl, 5 mM 
Hepes, pH 8.0). Results shown are each representative of at least two independent experiments.  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 4. PyMOL-generated structure of an NS dimer showing the 14-residue 
homologous region (depicted in red), which is positioned distant from the dimer interface. 
 
 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplementary Figure 5. Effects of hTTR and mTTR on the heat-induced aggregation of CPK 
and CS. (A) CPK (15 µM), either alone or supplemented with individual proteins indicated in the 
key, was incubated at 43°C for 5 h to induce aggregation. a-Lactalbumin (a -Lac) was used as a non-
chaperone control protein. (B) CS (1.8 µM), incubated either alone or supplemented with individual 
proteins indicated in the key, was incubated at 43°C for 3 h to induce aggregation. Superoxide 
dismutase 1 (SOD) was used as a non-chaperone control protein. In both (A) and (B), clusterin (CLU) 
was used as a known chaperone protein expected to inhibit aggregation of the client protein, and 
protein aggregation was measured as turbidity, recorded as optical density (OD) at 360 nm, in 
absorbance units (AU) as a function of time. Data points are the mean of triplicate measurements ± 
SEM and the results shown are each representative of two independent experiments. In some cases, 
the error bars are too small to be visible. In (B), the reduction in OD 360 nm for CS alone between 
1.5-3 h is attributable to "settling" of large aggregates in the wells, which we have noted occurs with 
some batches of CS. For this reason, in this case, comparisons between OD for the various samples 
were made at 1.5 h (see Figure 5D). 
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Supplementary Figure 6 Rational design of NS mutants. (A) Sequence alignment and structural 
superimposition of the putative anti-amyloid motif with TTR in light blue and NS in light brown. 
Identical residues are in red and similar ones in blue (i.e. those with blosum62 score greater or equal 
than zero). The root mean square deviation (RSMD) for the distance between the a-carbon (Ca) 
atoms in this alignment is 1.28 Å. (B) Scatter plot of solvent exposure of amino acids belonging to 
the motif within the native structures of transthyretin (y-axis) and neuroserpin (x-axis). Solvent 
exposure for amino acid X is calculated with respect to the solvent-accessible surface area of X in the 



  

context of an extended Gly-X-Gly 3-peptide. All residues highly exposed to the solvent (exposure >~ 
0.25), which are those most likely to engage with the substrate, are either identical (red squares) or 
similar (blue squares), while more different residues (grey dots) are not exposed and are likely 
involved in structural contacts with the protein core. (C, D) Structural alignment of the putative anti-
amyloid motif with structurally similar motifs (C⍺ RMSD ≤ 0.75 Å) from the PDB90 database. (C) 
The structure of the NS motif is shown to the left superimposed with 142 structurally similar hits (73 
unique sequences), and the corresponding residue frequency is represented on the right with residues 
at each position sorted from the most frequent at the top and coloured according to their observed 
frequency (colour-bar); the sequence above the plot is that of the NS motif. (D) Same as (C) but for 
transthyretin, for which the search returned 79 hits corresponding to 32 unique sequences. (E) 
Structure of bacterial pyruvate oxidase (PDB 2dji) coloured in light brown; this protein represents the 
only hit in common between the NS and TTR alignments shown in panels C and D. The matching 
motif is shown in dark grey and is structurally aligned to the NS (light blue) and TTR (pink) motifs. 
Candidate mutation sites are highlighted in green. (F) Designed mutations were identified by 
combining together information relating to residue solvent exposure, residue identity within the NS, 
TTR and 2dji motifs, and amino acid frequencies from the sequences of the structurally similar motifs 
(C, D). Amino acids coloured in red are fully conserved positions that are likely to be crucial for 
preserving the structural integrity of the motif. Selected mutations are coloured in green. 
 
Methods to rationally design NS mutants 
 
To verify whether or not the identified 14-residue putative anti-amyloid motif is indeed the source of 
the observed anti-amyloid activity, we rationally designed a set of mutations at solvent-exposed sites 
that are identical in NS and TTR. The goal was to select residue substitutions with the highest 
likelihood of disrupting the anti-amyloid activity, while preserving the structural integrity of the 
motif. Therefore, substitutions were carried out to amino acids with very different sidechain 
chemistry, but that were expected to have no effect on the structure.  
 
Specifically, we first analysed the motif in the context of the native structures of NS and TTR 
(Supplementary Figures 6A&B). This analysis revealed that those residues that are most solvent-
exposed in the native states, and hence most likely to interact with the amyloidogenic substrates, are 
either identical or chemically-similar in the two proteins, as would be expected from a functionally-
relevant structural motif. Supplementary Figure 6B shows that there are six sites that are more than 
25% solvent-exposed in both proteins, and hence likely to be involved in functional interactions.  
 
To narrow down this list of candidate mutation sites, and to select those mutations least likely to 
affect the structure of the motif, we searched the PDB90 database for structurally-similar motifs. The 
PDB90 contains all structures from the Protein Data Bank with less than 90% sequence identity, and 
we searched it for structural motifs of the same length (14 residues) by using the MASTER program 
(5 ) with a C⍺ atom RMSD cut-off of 0.75 Å. This structural search was carried out by using as query 
both the NS and TTR motifs (Supplementary Figures 3C&D).  
 
The analysis of the amino acid sequences forming these structurally-similar motifs revealed that 
positions D3, A10, and especially G12 are likely to play an important role in defining the structure of 
the motif, as they are highly conserved among the structurally similar motifs identified 
(Supplementary Figure 6C). These sites were therefore removed from the list of candidate mutation 
sites. Moreover, as the C⍺ RMSD between the NS and TTR motifs is 1.28 Å, the search was carried 
out with a RMSD cutoff of 0.75 Å and yielded only one fragment that is structurally-similar to both 
motifs (residues 493-506 of PDB 2dji chain A, a bacterial pyruvate oxidase, Supplementary Figure 
6E).  
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We therefore selected a set of candidate mutations by combining information about amino acid 
identity between the NS and TTR motifs, their residue solvent-exposure, the amino acid frequencies 
and consensus sequences of structurally similar motifs, and the sequence of the 2dji motif, as this 
represents a ‘structural intermediate’ between the two motifs. Supplementary Figure 6F shows that 
the first choice mutation to test was K9E, as this is a solvent-exposed site with a lysine in both NS 
and TTR, which suggests it is likely to be functionally important for anti-amyloid activity. 
Conversely, a glutamate is found at this site in the 2dji motif as well as in the consensus sequence of 
motifs structurally similar to the NS one, while it is second-ranking among those structurally similar 
to TTR. Taken together, these observations suggest that a glutamate will preserve the structural 
integrity of the NS motif, while the charge reverse brought about by this substitution is likely to have 
a large impact on anti-amyloid activity. Other possible mutations identified with this strategy are K5A 
and L11Q, as (i) these substitutions change substantially the sidechain chemistry and thus are likely 
to impact activity; (ii) these are the amino acids found in the 2dji motif, and (iii) these sites are not 
particularly conserved in motifs structurally similar to that of NS, which suggest that these mutations 
will likely preserve the structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 

 
 
Supplementary Figure 7. Electrophoretic and immunoblotting analyses of recombinant wild 
type and mutant neuroserpin. (A) SDS PAGE analysis of purified NSwt (wt), NSsm (sm) and NStm 
(tm) under non-reducing conditions. Additional bands at ~ 40 kDa and ~33 kDa are indicated by black 
arrowheads and are likely to represent minor cleavage products. (B) Western blot of the same proteins 
probed with anti-6His antibody. In A and B, the molecular mass of protein standards (left) is shown 
in kDa. (C) Native gel electrophoresis of the same three NS molecules. Results are representative of 
three independent experiments.  
 
 
 
 
 
  



  

 
 
 
Supplementary Figure 8. Interaction of wild type and mutant NS with tPA to form covalently 
linked NS-tPA complexes. Composite image of Coomassie blue-stained, non-reducing 10% SDS-
PAGE gels showing results of the analysis of purified wild-type NS (wt), mutant NS (sm and tm), 
tPA and mixtures of wt/sm/tm-NS and tPA. Molecular markers of known mass (kDa) are indicated 
on the left side of the image and the sample loaded into each well is indicated at the top of the image. 
The Acetylyse tPA preparation is mostly comprised of single-chain tPA (tPAsc; indicated at right of 
image). Individual NS proteins resolve at ~ 46 kDa (large arrowhead). When (wt, sm or tm) NS was 
incubated with tPA, high molecular weight, SDS-stable species were detected (note the prominent 
band at ~ 95 kDa indicated by the asterisk); an increase in cleaved NS was also detected (small black 
arrowhead).  
  



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Supplementary Figure 9. Native immunodot-blot measuring the binding of biotin Ab1-42 to 
immobilized wild-type and mutant neuroserpin. (A) Samples of biotin Aβ1-42 (purchased from 
Anaspec, CA, USA) were collected at 5 h (T1) and 12 h (T2) following the start of the aggregation 
assay, which was monitored using the time-dependent increase in ThioT fluorescence. Data points 
represent means +/- SEM (n=3). T1 and T2 represent presumptive early (oligomeric) and late 
(fibrillar) species. (B) 0.25 µg of NSwt, NSsm and NStm, and α-lactalbumin (α-lac, used as a non-
chaperone control protein), were spotted onto a nitrocellulose membrane and the membrane 
subsequently blocked with 5% (w/v) skimmed milk in PBS (SM/PBS) for 1 h at room temperature 
(RT). The blot was then incubated with 40 µM biotin-Aβ1-42 (T1 or T2) for 1 h at RT and washed 
twice with PBS to remove any unbound biotin-Aβ1-42. Finally, biotin-Aβ1-42 bound to immobilised 
proteins was detected using streptavidin-HRP (1:1000 dilution in SM/PBS). The blot was developed 
using enhanced chemiluminescence (please refer to the main text Methods section for details). Results 
shown are representative of 2 independent experiments.   



  

                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 10. Amphipathicity of predicted NS and TTR α-helices. Helix pinwheel 
projections were generated to show predicted regions of hydrophobicity on the homologous α-helices 
corresponding to NS (left) and TTR (right). Hydrophobic residues are depicted in yellow, charged 
residues in blue, and polar residues in red. The residues in this figure are numbered according to their 
placement in the 14-mer sequence (residues 1–14). Residues L4 and L8 (NS), and T4 and W8 (TTR) 
are predicted to have limited solvent exposure (Supplementary Figure 6B), but the remaining residues 
may in each case constitute an amphipathic a-helix. 
 
 
Methods to generate pinwheel structures  
 
Alpha-helical pinwheel structures were generated by the Helical Wheel Projections tool (Don 
Armstrong and Raphael Zidovetzki; Version: Id: wheel.pl,v 1.4 2009-10-20 21:23:36 don Exp; 
University of California, Riverside, United States) using the default settings. Only residues 
corresponding to the α-helices within the 14-mer region of similarity were used; residues 303-310 for 
NS and residues 95-101 for TTR (residue numbering includes the N-terminal signal peptides in both 
cases). Protein sequences were obtained from UniProtKB/Swiss-Prot reviewed entries. 
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Supplementary Table 1. Secondary structure content predicted from far UV CD analysis of 
NSwt, NSsm and NStm (see Figure 6A). 
 

 

Protein Alpha-Helix Beta-strand Turn Disordered 

NSwt 16.2 40.7 11 32.2 

NSsm 25.2 39.2 9.3 26.4 

 
NStm  21 40.7 9.8 28.5 

 
 
 
 
Supplementary Table 2. Apparent melting temperatures (Tm) for NSwt, NSsm and NStm 

measured by thermal shift assay (see Figure 6B). Values shown are means of 8 replicates and the 
corresponding SEM are also indicated. 
 

 
Protein 

 

 
Apparent Tm 

(oC) 
 

 
SEM (oC) 

 
 

NSwt 

 
51.8 0.06 

 
NSsm 

 
51.3 0.1 

 
NStm 

 
49.3* 0.3 

 
* Significantly different from NSwt and NSsm (ANOVA, Tukey's multiple comparison test, p < 0.05) 
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