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Abstract

Although small molecules that modulate amyloid formation of different proteins and peptides in
vitro have been identified, significant challenges remain in determining precisely how these
species act. Here we describe the identification of rifamycin SV as a potent inhibitor of om
fibrillogenesis when added during the lag time of assembly. Biochemical experiments
demonstrate that the small molecule does not act by a colloidal mechanism. Exploiting the ability
of electrospray ionization-ion mobility spectrometry-mass spectrometry (ESI-IMS-MS) to resolve
intermediates of amyloid assembly, we show instead that rifamycin SV inhibits B,m fibrillation
by binding distinct monomeric conformers, disfavoring oligomer formation, and diverting the
course of assembly to the formation of spherical aggregates. The results reveal the power of ESI-
IMS-MS to identify specific protein conformers as targets for intervention in fibrillogenesis using
small molecules and reveal a mechanism of action in which ligand binding diverts unfolded

protein monomers towards alternative assembly pathways.



Aberrant aggregation of proteins into amyloid fibrils is a characteristic of over twenty-five
human disorders. ' In each case, the precursor protein is dissimilar in terms of its native fold and
primary sequence, yet amyloid fibrils share common structural and tinctorial features, such as a
cross-f organization of the polypeptide chain and the ability to bind dyes such as thioflavin-T
(ThT) and Congo red. > The observation of a common structural architecture for amyloid fibrils
has motivated efforts to elucidate the molecular mechanisms of fibril formation in vitro with the
aim of revealing possible targets for therapeutic intervention. Such investigations have led to the
observation of different species populated en route to amyloid fibrils, including oligomers of
different size and morphology, as well as protofibrils, annular aggregates and worm-like

.3
assemblies.

“® The heterogeneity, dynamic properties and transient nature of intermediates in
amyloid assembly, however, have hindered the structural analysis of assembly mechanisms and
have led to much debate regarding the culprit species of toxicity. " There is, therefore, an urgent
need to develop methods able to separate and characterize individual intermediates present during

amyloid assembly, so that small molecules able to inhibit or modulate the aggregation pathway

can be identified and their mechanism of action discerned.

The ability of small molecules to impede or modulate fibril formation has been assessed using an

array of proteins and peptides in vitro. > '* !

In studies of transthyretin, stabilization of the native
tetramer by ligand binding reduces the concentration of aggregation-competent monomer and has
provided an effective therapeutic route. > Catecholamines have been shown to inhibit fibril

13" while

formation of a-synuclein by preventing the conversion of protofibrils to fibrils,
molecules such as Congo red, clioquinol and lacmoid have been shown to act as inhibitors of
fibrillation by a variety of specific and non-specific binding mechanisms. > ' ' 11 A recent
study which investigated the ability of small molecules to modulate AP aggregation indicated

several possible mechanisms of intervention, including inhibition of oligomer formation,

inhibition of fibril formation, or both.> '7 Despite this classification and the wealth of studies



performed, the molecular mechanisms by which different ligands inhibit or divert the course of

amyloid assembly remain unclear.

In this study we analyzed the effect of 44 small molecules on the assembly of 3,-microglobulin
(Bom) into amyloid fibrils at low pH in vitro. Under the conditions used (pH 2.5) Bom has been
shown to assemble into long-straight (LS), twisted fibrils that bear all the hallmarks of amyloid.
1819 Since Bm has no known natural small molecule ligands and no obvious ligand binding site,
discovery of modulators of its aggregation requires screening rather than design. Inspired by the
recent discovery that an aromatic-rich region of the sequence of B,m involving residues ~60-70 is

uniquely important for the nucleation and elongation of LS fibrils ' '

the majority of small
molecules chosen for screening contained at least one aromatic group. Of all the compounds
tested, only one, rifamycin SV, was found to ablate fibrillation of $,m when added in the lag time
of assembly. Rather than acting by a colloidal mechanism as has been proposed for several small

molecule inhibitors of amyloid formation hitherto, '*'®

inhibition was shown to occur by a
specific binding mechanism. Using electrospray ionization-ion mobility spectrometry-mass
spectrometry (ESI-IMS-MS), combined with NMR and other biophysical methods, we identify
different conformers of ,m within the monomeric ensemble able to bind rifamycin SV and
determine the effect of ligand binding on the progress of amyloid assembly. The results reveal a
powerful inhibitor of B,m fibrillogenesis that exerts its action by binding to specific monomeric
conformers within the unfolded ensemble of precursor molecules, thus disfavoring oligomer
formation. As a consequence of ligand binding, new assembly route(s) are opened that result in

the formation of off-pathway spherical aggregates that do not contain the cross-f structure of

amyloid.



Results

Screening for small molecule inhibitors of Bm fibrillogenesis

Of the 44 small molecules selected for analysis, ~30 compounds have been shown previously to
affect fibrillogenesis of other proteins, or are analogues of such compounds (see Supplementary
Tables S1 and S2). Molecules chosen for screening included polyphenols, anisoles, stilbenes,
naphthoquinones, tetracyclines and anthraquinones. In the screen, | mM of each small molecule
in the presence of 10% (v/v) DMSO was tested for its ability to inhibit the fibrillation of 45 uM
Bom at pH 2.5 (see Methods). Assembly reactions were monitored where possible using
thioflavin-T (ThT) fluorescence. However, as has been reported previously 2, several of the
small molecules assayed interfere with the fluorescence of ThT, compromising the validity of this
assay (Supplementary Table S2). Alternative assays were performed, therefore, for each
compound in the test set, including analysis of fibril growth kinetics using turbidity
measurements at 635 nm (Figure 1a); assessment of the amount of soluble material remaining
after assembly has reached completion (taken as 48 h) using centrifugation (16,300x g) followed
by SDS-PAGE (Figure 1b); and negative stain transmission electron microscopy (TEM) of the
products of assembly after this time (Figure 1c). Together, these experiments revealed that of the
44 molecules tested, only one, rifamycin SV (Figure 1d), is able to abolish the ability of 3,m to
assemble into LS fibrils under the conditions employed (Supplementary Table S2). Rather than
forming LS fibrils, incubation of om in the presence of rifamycin SV results in the formation of
spherical aggregates = 36.0 =+ 7.0 nm (n = 200) in diameter, with rare examples of toroidal
structures (Figure 1c). Quantitative analysis of soluble protein remaining after incubation of the
protein with rifamycin SV for 48 h indicated that >90 % of f,m remains soluble in the presence
of rifamycin SV, compared with <5 % in the absence of the ligand (Figure 1b), indicating

efficient inhibition of fibrillogenesis by this molecule.

Rifamycin SV is an antibiotic that contains a naphthohydroquinone moiety attached to an

6



aliphatic ‘ansa’ chain (Figure 1d). Interestingly, the close analogues of rifamcyin SV, rifampicin,
rifaximin and rifamycin S, the latter formed by incubation of rifamycin SV for 24 h at pH 2.5
which results in the oxidation of the dihydroxynaphthalene group to its quinone form
(Supplementary Methods, Supplementary Figure S2a,b), did not abolish the formation of fibrils
(Supplementary Figure Sla-d), although they did increase lag time of assembly by 1.7-, 2.3- and
3.5-fold, respectively (Supplementary Table S2). 5-Hydroxy-naphthoquinone (juglone) and 5,8-
dihydroxy-naphthoquinone, each of which contains the naphthohydroquinone functionality of
rifamycin SV proposed to convey its anti-amyloid properties, 2124 31s0 had no effect of fibril
assembly (Supplementary Figure Sle,f and Supplementary Table S2). Similarly, suramin and
Congo red, which have been shown to bind to pym at neutral pH ** have no significant effect on

the yield of fibrillar material under the conditions employed here (Supplementary Table S2).

Inhibition of Bom fibrillogenesis by rifamycin SV does not occur by a colloidal mechanism

Previous studies of inhibitors of amyloid formation, including Congo red, lacmoid and clioquinol,
have suggested that these molecules act by a colloidal mechanism, rather than by specific binding
of the small molecule to the amyloidogenic precursor(s). '*'® Such molecules act via the
formation of micellar aggregates which inhibit amyloid assembly by chelating precursor
molecules. The unique ability of rifamycin SV to abolish B,m fibrillogenesis, while close
homologues are ineffective (rifampicin, rifaximin and rifamycin S), suggest that a colloidal
mechanism of inhibition is unlikely. Consistent with this view, 97% of rifamycin SV dissolved in
aqueous solution containing 10% (v/v) DMSO diffuses freely through a dialysis membrane of
molecular weight cut off 3000 Da, ruling out assembly of the ligand into large particles
(Supplementary Methods). Material able to pass though the dialysis membrane, along with a
sample of rifamycin SV that had been ultracentrifuged for 30 min at 418,000x g prior to addition
to the assembly reaction, also inhibit fibril formation (Figure 2a (i-iv)). Inhibition of B,m

fibrillogenesis by rifamycin SV is also unaffected by the presence of 5 mg ml™' of BSA '* (Figure



2b (i-iv)); no particulates are seen in samples of rifamycin SV using TEM (Supplementary Figure
S1g), or after rifamycin SV (1 mM final concentration) is added to preformed 3,m fibrils (Figure
2¢ (i, i1)). Rifamycin SV (1 mM) is also unable to inhibit fibrillation of 69 uM a-synuclein
(Supplementary Methods and Supplementary Figure S3). Together these data rule out a colloidal
mechanism of inhibition under the conditions used. Consistent with this conclusion, small-angle
neutron scattering experiments have shown that rifamycin does not form colloidal assemblies in
the presence of 10% (V/V) organic solvent *°, the solution conditions employed in all experiments

presented here.

Rifamycin SV inhibitsfibrillogenesis by binding early assembly inter mediates

Whether rifamycin SV prevents fibrillation by inhibiting fibril assembly, by destabilizing fibrils,
or both, was next determined by investigating the effect of the small molecule on fibril growth
and fibril stability. To test the latter scenario, LS fibrils were assembled from 45 uM B,m at pH
2.5 in the presence of 10 % (v/v) DMSO. After assembly was complete, the sample was incubated
with 1 mM rifamycin SV for different lengths of time (5 min to >300 h (Supplementary
Methods)) and the effect of the ligand on fibril stability was determined using TEM and SDS-
PAGE subsequent to centrifugation of the sample (Supplementary Figure S4). These experiments
showed that depolymerization of LS fibrils does not occur in the presence of rifamycin SV under
the conditions employed, even when the ligand is added in excess. The ability of rifamycin SV to
inhibit fibrillogenesis must occur, therefore, by the small molecule binding to one or more species

formed during fibril assembly.

To determine which stage(s) of the assembly reaction is/are affected by the presence of rifamycin
SV, B.m fibrillogenesis (45 uM monomer) was initiated at pH 2.5 and rifamycin SV (1 mM) was
added at different times during fibril growth. The time course of assembly was subsequently

monitored using TEM and by SDS-PAGE of the supernatant after centrifugation of the samples



(Supplementary Figure S5). The experiment revealed that rifamycin SV is able to inhibit fibril
formation only when added during the lag time of assembly, consistent with the ligand binding to
monomers and/or one or more of the oligomers known to be populated during the lag phase of

Bm assembly under the conditions employed. " **

In the assays presented above, excess rifamycin SV (~20-fold over B,m) was employed to ensure
complete inhibition of fibrillogenesis. To determine the minimum concentration of rifamycin SV
required to inhibit B,m fibrillation, the protein (45 uM) was incubated at pH 2.5 in the presence
of different concentrations of rifamycin SV (0 — 1125 uM) and the effect of the small molecule
on fibril formation was monitored using TEM and SDS-PAGE (Figure 3a-c). The results
indicated that >95 % of protein remained soluble when a ~5-fold molar excess of ligand is added
to monomeric B,m, yielding an ICsy value of ~300 uM for 45 uM B,m (Figure 3b). As a
consequence of ligand binding, the pathway of assembly is altered such that spherical aggregates,

rather than fibrils, form as the predominant product of assembly (Figure 3c).

Spherical aggregateslack the ordered B-sheet structure of amyloid

Whether the spherical aggregates formed from f,m in the presence of rifamycin SV contain
ordered B-sheet structure characteristic of amyloid was determined using far UV CD, combined
with analysis of the ability of these species to bind antibodies able to recognize oligomeric or

29-30 and to seed fibril growth (Figure 4). The far UV CD spectra of the spherical

fibrillar species
aggregates suggest that these species contain secondary structure that is distinct from the ordered
cross-f structure of amyloid (Figure 4a). Consistent with these observations, the spherical
aggregates are not recognized by the antibody WO1, which has previously been shown to bind to
amyloid fibrils formed in vitro from a wide variety of proteins, including the LS fibrils of pm *°

(Figure 4b), nor are they recognized by the antibodies A1l and OC, which identify generic

epitopes in pre-fibrillar and fibrillar oligomers, respectively. % Akin to short B,m amyloid fibrils
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(but not their longer counterparts) ', the spherical aggregates (2.4 uM monomer equivalent) were
found to be toxic to RAW 264.7 and SH-SYS5Y cell lines (Supplementary Methods,
Supplementary Figure S6), although the process by which toxicity is mediated currently remains
unknown. Finally, the ability of the spherical aggregates to seed fibril assembly was assessed.
Accordingly, spherical aggregates formed by incubation of 45 uM [(,m in the presence of 1 mM
rifamycin SV were added (5 % (V/V)) to acid unfolded monomeric ,m at pH 2.5 and their ability
to seed fibril growth was monitored using ThT fluorescence (Figure 4c) and TEM (Figure 4d). As
a control, 5 % (V/v) fibril seeds formed at an identical protein concentration was added to a
separate sample of monomeric protein. As expected, addition of fibrillar seeds removes the lag
phase required for nucleation of LS fibrils of Bom '8 and results in the rapid assembly of LS fibrils
(Figure 4c,d, orange and black lines). By contrast, the addition of the spherical aggregates has no
effect on the lag time of assembly and results in the formation of LS fibrils mixed with the
initially added spherical aggregates (blue line, Figure 4c,d). Combined with the antibody binding
and CD experiments described above, the results indicate that the spherical aggregates formed

from B,m in the presence of rifamycin SV lack the ordered cross-p structure of amyloid.

Specific conformers of Bom bind rifamycin SV and rifaximin

With the aim of deciphering the mechanism(s) by which rifamycin SV inhibits B,m fibril
formation and diverts the course of assembly to spherical aggregates, ESI-IMS-MS was used to
characterize the ligand binding capability of different monomeric conformers, as well as the

oligomers of B,m that form during the lag phase of fibril formation. *" % *

The power of this
technique was exploited to determine the mass, collision cross-section (CCS) and ligand binding
capability of each of the transient species within this heterogeneous mixture of assembling
species. * > At the acidic pH employed, monomeric f,m has been shown by CD (Figure 4a) and
NMR " ** to be unfolded, lacking ordered secondary structure, but containing non-random

interactions involving hydrophobic residues. Analysis of monomeric f3,m at pH 2.5 using ESI-
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IMS-MS reveals that three distinct conformers are co-populated at this pH: a highly expanded
monomer (~8% populated, CCS 2098 A?); a partially compact state (~57% populated, CCS 1775
Az) and a compact species (~35% populated, CCS 1317 Az) (see Methods and Figure Sa). 2 To
determine which, if any, of these species binds rifamycin SV, Bom (38 uM) was incubated at pH
2.5 with equimolar concentrations of rifamycin SV or, as a control, the non-inhibitor rifaximin,
and samples were analyzed immediately (within 2 min of ligand addition) by ESI-IMS-MS.
These experiments revealed that either one or two rifamycin SV molecules bind to each of the
monomeric 3om conformers resolved by ESI-IMS-MS at this pH, the mass of the bound product
indicating that the reduced form of the ligand without its Na counter ion binds to the protein
(Figure 5b and Supplementary Figure S2a). Strikingly, and in marked contrast with these results,
incubation of B,m with equimolar rifaximin, a ligand which is structurally closely related to
rifamycin SV yet does not inhibit fibril formation (Figure 5S¢ and Supplementary Figure Slc),
does not bind to the expanded and partially compact conformers of monomeric 3,m. Instead, only
the most compact conformer shows binding to this ligand (Figure 5c). Quantitative analysis of the
mass spectra showed that rifaximin increases the population of the most compact monomeric
species from ~35% without ligand, to ~80% in the presence of rifaximin (Supplementary Figure
S2c, Supplementary Methods). By contrast, binding of rifamycin SV has no significant effect on

the equilibrium population of different monomeric forms (Figure 5).

The very different effects of rifamycin SV and rifaximin on B,m fibrillation, despite their close
structural similarity, suggests that the inhibition of fibrillation results from the unique property of
rifamycin SV to bind to the expanded and partially compact conformers within the dynamic
ensemble of monomers, while binding to the most compact species is ineffective in preventing
fibril formation. The specificity of the interaction between B,m and rifamycin SV was confirmed
by analyzing the binding of equimolar rifamycin SV to ,m in the presence of an 10-fold molar

excess of rifaximin (Supplementary Figure S2c¢), or by incubating equimolar 3,m, myoglobin (an
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alternative protein) and rifamycin SV (Supplementary Figure S2d). In each case preferential
binding of rifamycin SV to ,m occurred, confirming the specificity of the interaction between

this small molecule and B,m.

The highly aromatic-rich region of the human ,m sequence encompassing residues ~60-70 has
been proposed as an important region for nucleation of fibril formation at pH 2.5. ¥ To determine
whether this sequence is involved in ligand binding, rifamycin SV was added to a variant of f,m
lacking three aromatic residues in this region (F62A,Y63A,Y67A). ' ' Previous experiments
have shown that the triple mutant F62A,Y63A,Y67A is only able to form amyloid fibrils at pH
2.5 when incubated for highly extended time periods. '® Strikingly, addition of an 8-fold molar
excess of rifamycin SV to 38 uM F62A,Y63A,Y67A results in only limited binding between the
ligand and the variant compared with the extent of ligand binding to wild-type Bom observed by
ESI-IMS-MS (Supplementary Figure S7). The data suggest that aromatic residues in the region
60-70 of the sequence of B,m play a role in ligand binding, either directly, by being involved in
the binding site, or indirectly, by affecting the conformational properties of the unfolded

ensemble. '’

To investigate further how rifamycin SV affects the conformational properties of wild-type Bom
at pH 2.5, rifamycin SV (0 — 1500 pM) was added to '*N-labeled protein and the effect of ligand
binding on the chemical shift and intensity of resonances arising from the protein was measured
by NMR (see Methods). The 'H-">’N HSQC spectrum of monomeric Bm obtained at pH 2.5 in
the absence of ligand shows limited chemical shift dispersion (Figure 6a), consistent with
previous observations that this species is primarily a dynamic acid-unfolded polypeptide chain

that is monomeric under the conditions employed. 2**

Nonetheless, several resonances display
significant line broadening such that these peaks are not observed or are have low intensity in the

'H-">’N HSQC spectrum, specifically those arising from resonances in regions enriched in
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hydrophobic and aromatic resonances (residues 29-51 and 58-79), suggestive of substantial non-

random conformations within the acid-unfolded protein. 34

While the chemical shifts of resonances observed in the "H-""N HSQC spectrum of acid-unfolded
Bom remain unchanged upon the addition of rifamycin SV (Supplementary Figure 8a) the
intensity of all resonances decreases substantially when the ligand is added (Figure 6a-c,
Supplementary Figure S8a). At 800 uM rifamycin SV (an 8-fold molar excess over protein), few
resonances remain detectable in the spectrum, consistent with rapid and quantitative formation of
large oligomeric species that have a long correlation time and hence give rise to resonances too
broad to detect using 'H-""N HSQC NMR. Control experiments in which rifaximin was added to
"*N-labeled B,m in similar concentrations to those of rifamycin SV (Supplementary Figure S8b),
or in which rifamycin SV was added to the triple mutant F62A,Y63A,Y67A (Figure 6d and
Supplementary Figure S8c)) showed little effect on the chemical shift and no significant change
in intensity of resonances arising from ,m, reinforcing the view that the interaction of ,m with
rifamycin SV is highly specific and that aromatic residues in the region 60-70 are required for
binding. In a separate experiment resonances arising from rifamycin SV were also monitored as
Bom was titrated into the sample. These experiments also showed a loss of signal for rifamycin
SV in the presence of Bom, consistent with the ligand binding to species of ,m with correlation
times larger than would be expected for a ligand:monomer complex or intermediate exchange
from weak binding of the ligand to the monomer (Supplementary Figure S8d). Consistent with
this observation, analysis of the time-course of assembly of the spherical aggregates of fom in the
presence of rifamycin SV using ESI-MS showed depletion of the monomer without the
observation of higher order oligomeric species, presumably because the spherical oligomers
either do not ionize sufficiently well, or are too heterogeneous or too large in mass to detect using

ESI-MS (Supplementary Figure S8d). Overall, therefore, the combination of ESI-IMS-MS and
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NMR show that binding of rifamycin SV to specific expanded conformers of f,m halts assembly

of the monomer into fibrils by diverting the course of assembly into large spherical aggregates.

Rifamycin SV disassembles early on-pathway assembly inter mediates

The mechanism by which rifamycin SV diverts f,m assembly towards spherical aggregates was
explored further using ESI-IMS-MS. In these experiments, 3,m (38 pM) was incubated under
fibril forming conditions in the presence or absence of rifamycin SV or rifaximin (each in a 10-
fold molar excess). The presence of oligomeric species after incubation for 1 h was subsequently
determined using ESI-IMS-MS under conditions optimized for the detection of non-covalently
bound protein oligomers (see Methods). Oligomers formed during the lag phase of fibril
formation of Bym have been characterized previously using analytical ultracentrifugation, ESI-
MS and ESI-IMS-MS, the results revealing the formation of dimers, trimers and tetramers, but no
higher order oligomers, during the lag phase. %’ ** Oligomeric species are observed within 2 min
of dissolution of Bym into buffer conditions that favour fibril formation, with ~ 8%, ~0.5% and
~0.5% of the total protein assembling into dimer, trimer and tetrameric species, respectively, after
this time (Supplementary Methods and Supplementary Figure 9a). ESI-IMS-MS spectra of
samples after incubation for 1 h at 37 °C (corresponding to the mid-lag time in the absence of
ligand (Figure 7a)) in the absence of ligand revealed no significant difference in the population of
oligomers (Figure 7b). The addition of rifamycin SV at the onset of assembly results in the
absence of oligomeric species after incubation for 1 h and results in the presence of monomers
that bind up to four rifamycin SV molecules after this time (Figure 7c). In marked contrast with
these results, addition of rifaximin to the fibril growth assays has little effect on the oligomers
formed: dimers, trimers and tetramers all remain visible in the ESI-IMS-mass spectra after 1 h,

with the ligand remaining bound only to the most compact monomeric conformers (Figure 7d).
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To determine whether rifamycin SV is able to disassemble oligomers formed at different times
during the lag phase, a second assembly reaction was monitored in which 3,m fibrillation was
initiated in the absence of rifamycin SV. The ligand (10-fold molar excess) was added to the
reaction at different times during the lag phase and the population of oligomeric species was
monitored immediately prior to ligand addition, and 2 min thereafter, using ESI-IMS-MS
(Supplementary Figure 9). This experiment revealed that rifamycin SV causes the rapid
disassembly of dimers, trimers and tetramers when added at all times during the lag phase,
resulting in ligand-bound monomers. At early time-points, where the population of oligomers is
maximal, rifamycin SV-bound dimers are observed after addition of the inhibitor, their
population changing from ~ 8% immediately before ligand addition to < 0.5% immediately after
rifamycin SV is added (Supplementary Figure 9a,b). At later time-points, ligand-bound dimers
are not observed, presumably because their population is too low to detect using ESI-IMS-MS.
These experiments confirm the ability of rifamycin SV to disassemble oligomers, presumably by
thermodynamically favoring the monomer bound state. Such an activity is consistent with the
rapid equilibration of oligomeric species with monomers determined previously using subunit
exchange experiments monitored using ESI-IMS-MS. ** Taken together, therefore, the ESI-IMS-
MS and NMR data suggest a mechanism of action of rifamycin SV in which ligand binding
prevents fibril formation by disfavoring oligomer formation and by binding to expanded and
partially compact monomers that are crucially involved in the nucleation step of fibrillation. As a
consequence of this interaction the course of monomer assembly is diverted to an alternative

route(s) that result(s) in the formation of spherical aggregates.
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Discussion

The results presented above describe a screen for inhibitors of ,m fibrillogenesis that builds on
previous findings that aromatic residues play a key role in fibril nucleation and elongation of this
protein. '® ' Using different methods of analysis we identify the antibiotic rifamycin SV as a
potent inhibitor able to block fibril formation of Bom in a specific and quantitative manner when
added in the lag time of assembly. Rifamycins (including rifamycin SV, rifamycin S, rifamycin B
and rifampicin) have been shown to inhibit amyloid formation of a variety of proteins by diverse
mechanisms involving stabilization of the monomer, destabilization of oligomers and/or fibrils,
and through their action as a free radical scavenger, although the precise mechanisms involved
remain unclear. 2"****%> Here, by combining a screen for inhibition of p,m fibrillation with
analyses using NMR and ESI-IMS-MS and comparing the behavior of structurally closely related
ligands that have profoundly different effects on the course of assembly, we identify specific
conformers within the dynamic ensemble of unfolded monomers that are able to bind rifamycin
SV and, as a consequence, reveal the role of specific conformeric states in the fibril assembly
mechanism. Above all, the results of the ESI-IMS-MS and NMR experiments support a model for
the inhibition of B,m fibrillation in which rifamycin SV binding to the expanded and/or partially
compact forms of f,m monomer prevents fibril nucleation (Figure 8), demonstrating the ability of
the approach developed to identify one or more specific conformers as the crucial agent(s) in
fibril nucleation, even within a rapidly interconverting ensemble of unfolded species. These
conclusions are consistent with our previous findings that the rate of fibril formation increases at
low pH, concomitant with the protein unfolding, and correlates with an increased population of
the most expanded species within the monomeric ensemble, *’* hence identifying these
conformers as important targets for developing inhibitors of fibrillation. In addition, rifamycin
SV disassembles dimers, trimers and tetramers formed in the lag phase of assembly; species
shown previously to be on-pathway to fibril nucleation, *® hence further precluding fibril

formation. By contrast, rifaximin binds only to the most compact conformers and, as a
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consequence, remodels the equilibrium between monomeric conformers, resulting in a decreased
population of the more expanded conformers. This results in an increased lag time, but fibril

formation successfully proceeds (Figure 8).

At low pH, Bom aggregates on a complex energy landscape that involves different monomeric
conformations (expanded, partially compact and compact species) as judged by ESI-MS *’ and
ESI-IMS-MS. ** These species are in dynamic equilibrium with each other as well as with the
dimers, trimers and tetramers that are on-pathway to fibril assembly (Figure 8). 27.28.36 previous
studies have shown that altering the experimental conditions perturbs the equilibration between
different monomeric conformers ® ** and switches the assembly pathway from the formation of
LS fibrils that are produced via a nucleated mechanism,’® to the formation of worm-like fibrils
that develop without a lag phase and are less well-ordered assemblies. 39:40 These pathways are in
direct kinetic competition, such that careful balancing of the rates of fibrillation along each route
can result in pure products (LS or WL fibrils) or a mixture of both. **® Despite exploring a wide
range of conditions, however, other assembly routes or products of assembly have not been
observed, suggesting a bifurcation in the assembly landscape that leads to two well-defined
energy minima occupied by LS or WL fibrils. Addition of rifamycin SV during B,m assembly
thus allows access to a new assembly pathway that results in a thermodynamic minimum
occupied by spherical aggregates with structural properties distinct from those of both WL and
LS fibrils. This assembly route is presumably kinetically or thermodynamically disfavored in the
absence of ligand and is made possible by ligand binding to aromatic residues in unfolded

monomers of B,m that are known to be crucial for fibril assembly. '® ' The result is the

formation of spherical aggregates that do not possess the cross-f structure of amyloid.

Many proteins and peptides have been shown to utilize aromatic stacking interactions to promote

fibril nucleation and elongation and to stabilize amyloid fibrils. *' Accordingly, small molecules
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enriched in aromatic moieties have been shown to inhibit fibrillation in other systems including
a-synuclein, AP, Tau, amylin, insulin, calcitonin and human prions. 5 10,14, 42-95 While in some
cases inhibition has been shown to occur via a non-specific colloidal mechanism, '*'® in many
cases the mechanism of inhibition, the target(s) of ligand binding and the manner by which ligand
binding modulates assembly, remain unclear. Here, using 3,m assembly at pH 2.5 as a model
system, we show that ESI-IMS-MS is able to resolve rapidly interconverting conformers of
protein molecules with the same mass and to determine their ligand binding capabilities.
Furthermore, this technique is able to separate and analyze protein assemblies of different mass
without prior isolation, so that the ligand binding capability of individual conformers, the
consequences of ligand binding on their structural properties, and the effect of ligand binding on
the progress of assembly can be discerned in real-time within a single experiment. As well as
becoming an increasingly utilized structural tool for the determination of assembly mechanisms *
448 we show here that ESI-IMS-MS offers a new and hitherto unexplored capability to identify
specific, even rarely populated conformers, able to bind ligands and to determine the effect of
binding on an assembly mechanism. The approach can be applied to the plethora of
macromolecular assembly reactions involving proteins, nucleic acids and their co-factors that are
known to play central roles in cellular homeostasis as well as in disease. ESI-IMS-MS, therefore,
is not only of generic utility for developing new, fundamental understanding of the mechanisms
of proteins self-assembly into the cross-f structure of amyloid, but, as a screening method in the
development of therapeutics, it also will enable the exploration and refinement of inhibitors of

amyloid formation to a level of precision that would not be possible without the unique

separating and resolving powers of this approach.
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Methods

Fibril growth experiments

Thioflavin-T (ThT) fluorescence was recorded using either a FLUOstar Optima or FLUOstar
Omega reader (BMG) and 96-well blackwall plates (Costar) sealed with clear sealing film
(Axygen). Samples had a volume of 100 pl containing 100 pM ThT in 25 mM sodium acetate /
25 mM sodium phosphate (pH 2.5), 0.04 % (w/v) NaNs, 10 % (v/v) DMSO, 1 mM test compound
and 45 pM B,m (purified as described in '®). All assays contained 45 pM B,m and 1 mM small
molecule and were incubated at 25 °C with agitation (600 rpm). Measurements were acquired
simultaneously for three or more replicates for 48 h. Seeded experiments were performed under
identical conditions but with the addition of 5 % (V/v) preformed LS ,m fibrils or rifamycin SV-
induced B,m oligomers at the start of the reaction. Turbidity measurements were acquired by
monitoring the apparent absorbance at 635 nm using a NEPHALOstar Galaxy reader (BMG) and
96-well clear plates (Greiner) sealed with clear sealing film (Axygen). For these experiments the
samples were prepared as described above, except that ThT was not included in the reaction. The

data were normalized to the signal at ~ 2 h after the initiation of each reaction.

SDS-PAGE

The effect of small molecules on fibril formation and disassembly was monitored by SDS-PAGE.
In each experiment 50 pl from each of the replicate samples for each test compound was removed
and pooled. The pooled sample was centrifuged at 16,300x ¢ for 30 min and 20 pl of supernatant
analysed by SDS-PAGE. A similar sample was analysed without centrifugation to reveal the total
protein within each experiment. Gel band intensities were quantified using SnapGene software

(Syngene).

Electron microscopy
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Samples from the growth or depolymerisation assays were examined undiluted on freshly ionized
formvar- and carbon-coated TEM grids (Agar) using negative staining with uranyl acetate as

previously described. '®

Circular dichroism (CD)

CD spectra were acquired using a Jasco J-715 spectropolarimeter using 45 uM [,m incubated for
48 h in the presence or absence of 1 mM rifamycin SV (initially dissolved in acetonitrile) in 25
mM sodium acetate / 25 mM sodium phosphate (pH 2.5). Spectra were acquired at 25 °C using a
2 nm band width and 20 nm min™' scanning speed. A total of five scans were averaged for each

dataset. Spectra of the buffer constituents were then subtracted from that of the protein sample.

ESI-IMSMS

Samples for ESI-IMS-MS analysis were infused into a Synapt HDMS (Waters UK Ltd.)
quadrupole-travelling wave IMS-0aTOF mass spectrometer, equipped with a Triversa Nanomate
(Advion Biosciences) automated nano-ESI interface. Positive ESI was used with a capillary
voltage of 1.7 kV and a nitrogen nebulising gas pressure of 0.7 p.s.i.. The ion accelerating
voltages into the trap and transfer T-wave devices were set at 6 and 20 V, respectively. Mass
calibration was performed by an infusion of Csl cluster ions and the raw data were processed

using MassLynx v.4.1 software (Waters UK Ltd.).

Analysis of ligand binding to monomeric £m

Bom (38 uM) was dissolved in 10 mM ammonium formate (pH 2.5) containing 40 uM or 400 uM
of test compound in 10 % (v/v) acetonitrile. A sampling cone voltage of 70 V was used to
preserve protein/ligand interactions and a backing pressure of 3.8 mbar was applied. Data were
acquired over the range m/z 500-6000. For IMS-MS experiments, the wave height was ramped

from 4-10 V at a speed of 300 ms™.
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Analysis of oligomers of Am

To initiate fibril assembly lyophilised Bom (38 uM) was dissolved in 100 mM ammonium
formate (pH 2.5) to form a stock solution. The sample was then sterile filtered, and the
concentration determined using the Ajgo. Fibril growth was allowed to progress by incubation at
37 °C in a FLUOstar Optima (BMG, Offenburg, Germany) and aliquots were removed and
analysed in real time using ESI-IMS-MS. To determine the effect of test compound (final
concentration 400 uM in 10 % (V/v) acetonitrile) an identical stock solution of f,m was used so
that detailed quantitative comparisons of oligomer populations could be made (described in the
Supplementary Methods.). Ligand was either added at the start of assembly or at different times
during the lag phase. A backing pressure of 3.8 mbar was applied and data were acquired over the
range m/z 500-8000 with a sampling cone voltage of 170 V applied in order to observe larger
oligomeric species. For IMS-MS experiments, the wave height was ramped from 4-20 V with a

speed of 200 ms™.

NMR analyses

NMR experiments were carried out using 100 uM "“N-labeled p,m in 25 mM sodium acetate / 25
mM sodium phosphate (pH 2.5), 10 % (v/v) DO, 0.04 % (w/v) NaN;3 and 10 % (v/v) DMSO
containing the required amount of test compound.. Rifamycin SV (1 mM) and other ligand

samples were prepared in the same buffer and 3,m was added to the desired final concentration.

NMR experiments were performed at 25 °C using a Varian Unity Inova spectrometer operating at
a 'H frequency of 500 MHz. Gradient enhanced 'H-"’N HSQC spectra were acquired as

previously described using 128 complex points and 16 scans per increment with spectral widths

of 4508 Hz and 1200 Hz in the 'H and °N dimensions, respectively. '*

Immunor eactivity assays
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Dot blots of the B,m samples were probed with WO1 *°, OC *° or A11 * antibodies as previously
described ¢ except that phosphate-buffered saline (with 0.01% (v/v) Tween 20 for A1l and OC
antibodies and 0.2 % (V/V) Tween 20 for WO1) was used as buffer. Control experiments in which
LS fibrils or monomers were immobilised onto nitrocellulose and incubated with 1 mM rifamycin
SV prior to the addition of each antibody confirmed that rifamycin SV does not prevent binding
to the A1l epitope. Similarly, incubation of each sample with or without 1 mM rifamycin SV in
solution prior to immobilisation gave identical results on immunoblotting with WO1 and OC

antibodies.
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Figure L egends

Figurel
Fibrillogenesis of Bom at pH 2.5 in the presence of different small molecules. a Aggregation

reactions monitored using turbidity at 635 nm. In each case 45 uM [B,m was incubated in the
presence of 10 % (v/v) DMSO alone (black), 1 mM rifamycin SV (Rif, red), 1 mM rosmarinic
acid (Ros, cyan), 1 mM resveratrol (Res, orange) or 1 mM epigallocatechin gallate (EGCG,
purple) each in 10% (v/v) DMSO. One example of each measurement is shown. b Analysis of
material remaining in the supernatant after 48 h incubation of each sample in the presence or
absence of different ligands. SDS-soluble protein remaining in each sample was measured after
centrifugation using SDS-PAGE (labeled ‘supernatant’). The total protein concentration is also
shown (labeled ‘whole’). ¢ TEM images of the species formed after incubation of ,m with
different small molecules for 48 h (scale bar = 200 nm). The insert in the second image (labeled
rif) shows an expanded image (5-fold) of a spherical aggregate. d Molecular structure of

rifamycin SV.

Figure2

Inhibition of fibril formation of B,m by rifamycin SV does not occur by a colloidal mechanism.
The data presented show the ability of rifamycin SV treated in different ways to inhibit f,m fibril
formation monitored by TEM and SDS-PAGE analysis of the supernatant following
centrifugation of each sample. a Incubation of (i) Bym alone, (ii) Bym+rifamycin SV, (iii)
Bom+ultracentrifuged rifamycin SV, (iv) Bym+rifamycin SV dialysate. b Incubation of (i)
Bom-+rifamycin SV, (ii) fom+BSA, (iii) fm+BSA+rifamycin SV, (iv) BSA alone. ¢ TEM images
of preformed Bom fibrils prior to (i) and after (ii) addition of rifamycin SV. All samples were
dissolved in 25 mM sodium phosphate/sodium acetate, pH 2.5 with a final concentration of 10%

(v/v) DMSO and incubated at 37°C, 200 rpm for 48 h before analysis. Where BSA was present, a
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final BSA concentration of 5 mgml™ was used (Supplementary Methods). TEM images of the

representative lanes are shown alongside (scale bar = 200 nm).

Figure3

Effect of the concentration of rifamycin SV on fBom fibril formation. a SDS-PAGE analysis of
SDS-soluble, low molecular weight material remaining after 48 h incubation of 45 uM [,m in the
presence of increasing concentrations of rifamycin SV (numbers above the gel correspond to the
molar ratio of rifamycin SV:B.m in the different samples). The lane labeled ‘whole’ depicts the
total protein in each sample. b Percent soluble material remaining after 48 h incubation versus the
molar concentration ratio of rifamycin SV:[3,m determined by quantification of the data shown in
a. ¢ TEM images of species present in each sample at the end of the incubation (48 h). The
numbers correspond to the molar ratio of rifamycin SV to monomeric Bom in each sample (scale

bar =200 nm).

Figure4

Structural properties of spherical aggregates of B,m formed in the presence of rifamycin SV. a
Far UV CD spectra of monomeric ,m (green), LS fibrils (blue) and spherical aggregates of Bom
(red) obtained by incubating 45 uM B,m in the absence or presence of 1 mM rifamycin SV. b Dot
blots of LS fibrils (mean length 1440 nm) and rifamycin SV-induced spherical aggregates of f,m
with the antibodies WO1, A11 and OC. For positive controls for all antibodies, oligomers of Ap;.
40 were used according to 4 Fibrillar oligomers of biotinylated A4, formed according to 30
were used as controls for OC. Control experiments (see Methods) confirmed that rifamycin SV
does not prevent binding to each epitope. C Fibril growth of monomeric B,m (45 uM at pH 2.5,
25 °C, 600 rpm) in the presence of 5 % (V/v) fibril seeds (orange), 5 % (V/V) spherical aggregates
(SA) formed in the presence of rifamycin SV (blue), or no seeds and no rifamycin SV (black).

Seeds (fibrils or spherical aggregates) were taken from the end point (48 h) of incubation of 45
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uM monomeric 3,m in the absence or presence of 1 mM rifamycin SV. d TEM images (scale bar
= 200 nm) of the samples shown in C taken after 48 h incubation using the same color coding as

in C.

Figure5

ESI-IMS-MS 3D Diriftscope plots (IMS drift time versus m/z versus intensity (z = square root
scale)) of B,m monomeric conformers and their ligand binding capabilities at pH 2.5. a B,m
alone; b Bym and equimolar rifamycin SV and ¢ ,m and equimolar rifaximin. In b and c the
small molecule was initially dissolved in acetonitrile. The ligand was then diluted 10-fold into the
protein sample and mass spectra obtained within 2 min of mixing. All spectra were obtained
using 38 uM B,m at 25 °C, pH 2.5 with protein dissolved in 10 mM ammonium formate and a
sampling cone voltage of 70 V (i.e., conditions optimised to monitor protein-ligand binding). The
molecular structures of rifamycin SV and rifaximin are shown below each spectrum. The colored
circles represent the number of ligand molecules bound to each charge state of Bom in the
different spectra. Note that the mass of the bound product indicated that rifamycin SV binds to
B.m in the reduced, Na'-free form and no chemical modification of the protein occurs in the
presence of either ligand. Charge states belonging to different conformational states are circled
and individually labeled. The summed m/z spectrum for B,m alone is shown on the left-hand

side.

Figure6

'H-"N HSQC NMR spectra of Pym and its variant F62A,Y63A,Y67A in the presence of
rifamycin SV. a 100 uM B,m in the absence of ligand or in the presence of b 400 uM or ¢ 800
uM rifamycin SV. In b and c the spectra were acquired immediately upon addition of the small
molecule to the protein. d "H-""N HSQC NMR spectra of 100 uM F62A,Y63A,Y67A in the

presence of 800 uM rifamycin SV. Note that increased conformational dynamics in this variant
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gives rise to sharper lines for several resonances compared with the wild-type protein, which are
seen as the additional peaks in the spectrum of this variant. ** Direct overlays of 'H-""N HSQC
NMR spectra of wild-type b2m in the presence of rifamycin SV and rifaximin and

F62A,Y63A,Y67A bound to rifamycin SV are shown in Supplementary Figure 8a-c.

Figure7

Bom assembly at pH 2.5, 37 °C monitored using ThT fluorescence and ESI-IMS-MS. a Progress
of assembly of B,m (with no ligand) monitored by ThT fluorescence with the 1 h time-point
marked with a dotted line. The trace is included to show the progress of assembly in the absence
of ligand. b ESI-IMS-MS Driftscope plot of Bom 1 h after incubation without ligand. ¢ ESI-IMS-
MS Driftscope plot of B,m in the presence of a 10-fold molar excess of rifamycin SV 1 h after
ligand addition. d ESI-IMS-MS Driftscope plot of f,m in the presence of a 10-fold molar excess
of rifaximin 1 h after ligand addition. All ESI-IMS-MS Driftscope plots show IMS drift time
versus m/z versus intensity (z = log scale) and the corresponding mass spectrum for each
experiment is shown on the right hand side. Data were acquired at a sampling cone voltage of 170
V, conditions optimized for the detection of protein oligomers. All samples initially contained 38
uM B,m monomer dissolved in 100 mM ammonium formate and were incubated at 37 °C and
200 rpm prior to removal of an aliquot for analysis using ESI-IMS-MS. The oligomers in all plots
are colored monomer (cyan), dimer (pink), trimer (dark blue) and tetramer (orange). The red
circles in C indicate one or more molecules of rifamycin SV bound to different protein species.
The green circles in d indicate one or more molecules of rifaximin bound to different protein
species. TEM images (scale bar = 200 nm) were taken for each sample 48 h after incubation was

commenced.

Figure8

27



Model of the inhibition of f,m aggregation by rifamycin SV at pH 2.5. Acid-unfolded ,m forms
an interconverting ensemble of expanded, partially compact and compact monomers. These
species assemble into amyloid fibrils (TEM image, scale bar = 200 nm) via dimers, trimers and
tetramers that accumulate prior to nucleation of assembly. ** *® Previous analysis of the on-
pathway oligomers using ESI-IMS-MS has enabled the collisional cross section and stability of
these species to be discerned. ** Studies here using ESI-IMS-MS reveal that binding of rifamycin
SV (shown as a red circle) to the expanded and partially compact monomeric conformers
disfavors the formation of the dimers, trimers and tetramers known to be on-pathway
intermediates of amyloid formation. *° As a consequence, protein self-assembly is re-routed
towards the formation of large spherical aggregates that lack the cross-p structure of amyloid and
are incapable of further assembly under the conditions employed (TEM image, scale bar = 200
nm). The closely related structural analogue, rifaximin (shown as a green circle), by contrast,
binds only to compact monomers within the unfolded ensemble, such that the population of these
conformers is increased. As a consequence, the formation of dimers, trimers and tetramers that
are cricual intermediates in fibril nucleation can still occur, but the lag time of assembly is

increased compared with assembly in the absence of the ligand.
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Figure 6
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