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Abstract

Seeded conversion of tau monomers into fibrils is a central step in the progression of tau

pathology in Alzheimer’s disease and other neurodegenerative disorders. Self-assembly is

mediated by the microtubule binding repeats in tau of which either three or four are present,

depending on the protein isoform. Here we used double electron-electron resonance spectroscopy

to investigate the conformational ensemble of four-repeat tau fibrils. We observe that single point

mutations at key positions in the protein (ΔK280, P301S, P312I, D314I) markedly change the

distribution of fibril conformers after template-assisted growth, whereas other mutations in the

protein (I308M, S320F, G323I, G326I, Q336R) do not. These findings provide unprecedented

insights into the seed selection of tau disease mutants and establish conformational compatibility

as an important driving force in tau fibril propagation.
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Fibrils resulting from the aggregation of microtubule-associated protein tau are the

pathological hallmark of numerous neurodegenerative disorders including Alzheimer’s

disease and frontotemporal dementia.[1, 2] The propagation of tau fibrils is characterized by

template-assisted conversion of monomers[3–5] and cell-to-cell transfer of aggregates[6]
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leading to prion-like spreading of protein aggregates in the brain.[7] Six different tau

isoforms are expressed in the central nervous system, which can be grouped into three-

repeat (3R) tau and four-repeat (4R) tau, based on the number of microtubule binding

repeats in the amyloidogenic core region.[1] An asymmetric barrier allows 4R tau to grow

onto 3R tau seeds, but not vice versa.[8] Conformational differences between tau fibrils may

play an important role in determining phenotypic diversity in human tauopathies.[9] In vitro

experiments have demonstrated that fibrils of 4R tau are structurally heterogeneous,

composed of at least three distinct conformers.[10] Structural heterogeneity is a common

feature among amyloid fibrils and a potential basis for conformation-induced strain

switching in prion propagation.[11, 12] The investigation of heterogeneous amyloid

ensembles, however, is challenging as multiple conformers have to be monitored at the same

time.

In order to overcome this problem we have employed double electron-electron resonance

(DEER) spectroscopy,[13] a technique that has been used to measure the distances between

unpaired electrons of spin labels in proteins[14] and has emerged as a powerful new tool for

elucidating fibril structure.[15] Importantly, DEER is capable of describing the relative

populations of fibrils in a heterogeneous mixture.[10] Here we report that single point

mutations in key positions of 4R tau affect seed selection and thereby alter the populations

of fibril conformers. These findings establish conformational compatibility as an important

determinant in fibril propagation.

To explore the seeding properties of tau, we used truncated versions of 4R tau (K18) and 3R

tau (K19), which contain the repeat region that forms the structural core but not the

disordered fuzzy coat.[16] These constructs show properties similar to their full-length

counterparts with respect to cross-β structure,[17] strand-registry,[18] seeding,[5] uptake,[19]

and transmission,[20] yet have the advantage of greatly accelerated aggregation kinetics.[21]

We selected a representative K18 double cysteine mutant, 311/328, with a heterogeneous

conformation distribution[10] to examine differences in seed selection initiated by mutated

monomers. The following mutations were incorporated into the K18 311/328 core: known

disease-related mutants of ΔK280,[22] P301S,[23] S320F,[24] Q336R,[25] and additional

mutants of I308M, P312I, D314I, G323I, G326I. The latter mutants are not found in

humans, but were chosen based on their potential effects on seed selection because of the

position in the protein and the nature of the amino acid change. All mutated monomers grew

onto the templates provided by K18 wild-type (WT) seeds. Interactions between spin labels

of stacked tau molecules were avoided by diluting samples with a 50-fold molar excess of

K18 WT. Resultant DEER data were analyzed analogously for all samples to detect whether

the mutants grew preferentially onto specific fibril conformations present in the mixture.

Variations in seed selection were determined through comparison to the distance distribution

of non-mutated K18 311/328.

Before analysis of mutation effects, it is important to demonstrate that the K18 311/328

system is robust for use as an indicator of conformational variation. The sample was

prepared and analyzed in triplicate and the distribution shown to be reproducible (Figure

1a). When prepared with different seed batches, we consistently observe three distances for

this system at 3.2, 3.8, and 4.8 nm. The relative populations of fibrils adopting these
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conformations are also well-conserved (for data analysis, see Experimental Procedures and

Figures S1 and S2 in the Supporting Information). We therefore concluded that K18

311/328 is an appropriate starting point to examine variation in conformation selection of

mutated monomer grown onto K18 WT seeds.

We next examined the distance distributions for the mutant-bearing fibrils, and found that

several of the mutations gave distributions similar to that of non-mutated K18 311/328

(Figure 1b). Conversely, some of the mutations at significant positions in the protein

(ΔK280, P301S, P312I, and D314I) clearly changed the distribution of fibril conformers

following template-assisted growth (Figure 1c). The spin-labeled proteins did not affect

overall aggregation kinetics (Figure S3). Neither did the addition of ΔK280 to K18 311/328

alter the underlying distance distribution (Figure S4). This suggests that individual mutants

do not confer their growth properties onto K18 WT or K18 311/328, but instead act

independently.

It is noteworthy that the labeling efficiencies for all tau mutants were similar (Figure S5)

excluding the possibility that incomplete labeling of tau monomers resulted in the different

peak patterns observed in Figure 1c. To ensure that the dramatic changes in seed selection

were not a result of amorphous monomer aggregation, fibril formation was confirmed by

electron microscopy (Figure S6). Furthermore, continuous wave electron paramagnetic

resonance measurements verified that the mutant monomers became incorporated into the

fibrils (Figure S7). The spectra revealed no major broadening indicating the absence of large

subpopulations with spin labels < 2 nm apart. Spin labels separated > 5 nm apart are out of

the detectable range for the DEER measurements presented here.[10]

We propose that key mutations play a role in seed selection during fibril growth, whereas

mutations with similar distributions have little or no conformational effect. In addition to

variation in distance distributions, examination of the DEER data supports these

conclusions. When grouped according to degree of similarity to non-mutated K18 311/328,

the traces and fit functions for the background-subtracted data align with the grouping of

similar and dissimilar distance distributions (Figures S8–S10). The initial drop in signal of

the raw data before background subtraction provides a qualitative measure of the interaction

between the spin labels; in this area of the data, similar mutants trace together and different

mutants trace separately, with the ΔK280 mutant being the furthest outlier (Figure 2).

A shallow initial drop in the raw data corresponds to weak spin-spin interactions. This

suggests that the mutations with very different population distributions may contain

conformers with interspin distances larger than 5 nm. This quality was previously shown for

K19 fibrils[10] and now for ΔK280. Note that the ΔK280 mutation resides in the second

microtubule binding repeat and hence only occurs in 4R tau. Adoption of extended-

monomer conformations may account for the asymmetric seeding barrier demonstrated for

tau,[8] for which K18 can grow onto K19 fibrils, but K19 cannot grow onto K18. Since K18

ΔK280 may also adopt a more extended conformation, it was logical to test whether K19

could be grown onto pure K18 ΔK280 seeds. To determine whether K18 ΔK280 seeds can

recruit K19 we utilized an intrinsic acrylodan assay[8] to assess K19 aggregation. Acrylodan

labeled K19 tau without the introduction of K18 ΔK280 seeds produced a fluorescence
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spectrum with a λmax of around 522 nm, typical of monomeric tau. When K18 ΔK280 seeds

were added to K19 and incubated for 2 hours, the λmax of labeled K19 tau had significantly

blue-shifted, indicating the growth of K19 on K18 ΔK280 seeds (Figure 3a). For kinetic

traces and comparison with K18- and K19-seeded reactions see Figure S11. In order to

independently confirm K19 growth on K18 ΔK280 seeds, we carried out sedimentation

experiments of seeded reactions. In contrast with K18 WT seeds, K18 ΔK280 seeds were

shown to effectively seed K19 monomer (Figure 3b, see Figure S12 for triplicate

quantification). Importantly, the ability of K18 ΔK280 to seed K19 is not due to K18 ΔK280

fibrils aggregating more efficiently, as the sedimented seeds of K18 WT and K18 ΔK280

seeds were found to be of comparable density. Growth of K19 on K18 ΔK280 seeds is

furthermore supported by EM images taken after a K18 ΔK280 seeded reaction, revealing an

abundance of long fibrils that can be clearly distinguished from the short and fragmented

K18 ΔK280 seeds (Figure 3c and d). The new seeding competency of K18 ΔK280 is in line

with this protein having a different conformation from K18 WT[3] and emphasizes how a

single point mutation can effectively change the functional properties of a fibril.

In conclusion, DEER spectroscopy has provided a unique tool to study variations in protein

conformation. We utilized this tool to investigate the effects of single point mutations on

seed selection. We observe that some mutants of tau, when grown onto WT seeds, retain the

composition of the original ensemble, while other mutants significantly alter the populations

of conformers (schematically summarized in Figure 4). These effects can be explained by

the conformational compatibilities of individual mutants. Mutants that do not interfere with

any of the original conformers will be recruited akin to the WT monomer. Mutants that are

incompatible with some of the original conformers will change the overall composition of

the ensemble. While these selection processes could undoubtedly be modulated by

additional factors in the complex cellular environment of the human brain, our findings

provide an important general model of how new fibril ensembles might emerge. It is

plausible that the conformational composition of tau fibrils could vary for different forms of

inherited frontotemporal dementia, where dominant mutations in the tau gene (MAPT) are

linked to disease. Also important in the context of the herein presented study, at least in

some cases somatic mutations in tau could define the initial ensemble of conformers in

sporadic forms of tauopathies and hence influence the selective processes as fibrils spread

throughout the brain. Specifically, if different fibril ensembles composed of mutant tau

transferred to connected neurons (free of tau mutations) the recruitment of WT tau would

vary in a conformation dependent manner. The presented model shows striking similarities

to current models of strain mutation and selection in prions.[11] Remarkably, a single amino

acid difference at position 226 in the prion proteins of elk and deer, combined with

conformational selection of compatible seeds, determines strain mutation in chronic wasting

disease.[26] Although transmissibility of tau is confined to neurons within a single human

brain, the overall conformational selection processes appear to be governed by the same

underlying structural principles. It is likely that other pathological amyloid fibrils share

similar selection properties. The recent finding that structural variations in fibrils of the β-

amyloid peptide may contribute to variations in Alzheimer’s disease[27] underscores the

biological relevance of fibril conformation. Changes in fibril conformation through seed

selection could be an important molecular mechanism of diversifying disease phenotype.
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The existence of different fibril ensembles and their emergence upon spreading must be

taken into account when designing new therapeutic strategies for interfering with amyloid

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distance distributions of K18 311/328: a) reproducibility, b) mutants with distance

distributions similar to non-mutated K18 311/328, c) mutants with very different

distributions compared to non-mutated K18 311/328.
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Figure 2.
Overlay of raw DEER data for all mutants studied, including the K18 311/328 core and

singly labeled monomer (all data are normalized to the maximum signal intensity = 1). The

largest difference is apparent from the initial drop region as indicated by the dotted box.
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Figure 3.
K19 grows on K18 ΔK280 seeds. a) Fibril formation is monitored via acrylodan

fluorescence and is accompanied by a blue shift from 522 to 478 nm. b) Sedimentation

confirms K19 growth onto K18 ΔK280 but not K18 WT (Quantitation in Figure S4). c) EM

images of K19 WT (10 μM) grown onto 10% K18 ΔK280 seeds after 3 hours of incubation

at 37 °C, d) and of ΔK280 seeds without K19 WT addition. Bar = 400 nm.
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Figure 4.
General model for sequence dependent seed selection in tau fibril growth. Tau mutants that

are fully compatible with the conformational ensemble of WT tau seeds retain the original

composition of conformers (Mutant 1). Mutants that are not compatible cause a switch in the

dominant species (Mutant 2) and in some cases may amplify a minor subspecies (Mutant 3).

The reverse process in which monomers of WT tau grow onto mutant seeds will follow

similar selection rules based on conformational compatibility. Symbols of different color

and shape represent different conformers of tau fibrils.

Meyer et al. Page 10

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 February 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


