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SUMMARY

Inhibiting amyloid aggregation through high-turnover dynamic in-
teractions could be an efficient strategy that is already used by small
heat-shock proteins in different biological contexts. We report the
interactions of three topologically non-trivial, zinc-templated
metal-organic assemblies, a [2]catenane, a trefoil knot (TK), and Bor-
romean rings, with two b2-microglobulin (b2m) variants responsible
for amyloidotic pathologies. Fast exchange and similar patterns of
preferred contact surface are observed byNMR, consistent withmo-
lecular dynamics simulations. In vitro fibrillation is inhibited by each
complex, whereas the zinc-free TK induces protein aggregation and
does not inhibit fibrillogenesis. The metal coordination imposes
structural rigidity that determines the contact area on the b2m
surface depending on the complex dimensions, ensuring in vitro
prevention of fibrillogenesis. Administration of TK, the best pro-
tein-contacting species, to a disease-model organism, namely a
Caenorhabditis elegans mutant expressing the D76N b2m variant,
confirms the bioactivity potential of the knot topology and suggests
new developments.
1Science Division, New York University at Abu
Dhabi, Abu Dhabi, UAE
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INTRODUCTION

Under conditions of compromised homeostasis, proteins misfold and exhibit a gen-

eral propensity to aggregate into self-assembled fibrils that are characterized by

cross-b structure—in other words, a supramolecular arrangement of paired b strands

known as amyloid.1,2 Amyloid deposits in organs and tissues are associated with

neurodegenerative diseases (e.g., Alzheimer’s disease, Parkinson’s disease), spe-

cific functional degenerations (e.g., cataracts, carpal tunnel), and systemic pathol-

ogies (e.g., type 2 diabetes, amyloid light-chain [AL] amyloidosis).3 One strategy

for preventing amyloid formation is to administer drugs that bind and stabilize ag-

gregation-prone proteins,4,5 as does the benzoxazole tafamidis with tetrameric

transthyretin (TTR),6 some antibodies with Ab peptide oligomers,7–9 or antibody

fragments (nanobodies) with lysozyme10 or b2-microglobulin (b2m)11 variants.

Nevertheless, tight binding to fibrillogenic or protofibrillar proteins to counter the

pathologic effects of amyloid aggregation is not necessarily the easiest nor the

most convenient approach to pursue. Even for the mentioned benzoxazole, which

has already been approved for treatment of TTR amyloidosis, an alternative

mechanism of the onset of pathology12 raises questions about the efficacy of the
Cell Reports Physical Science 2, 100477, July 21, 2021 ª 2021 The Author(s).
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complexation strategy. In fact, a proposed class of anti-amyloid drugs, typically

small molecules, establish, with their protein counterparts, non-specific and more

or less dynamic interactions based essentially on transient hydrophobic and hydro-

philic interactions such asp-stacking and hydrogen bond formation,4,5 i.e., the same

type of supramolecular interactions that drive amyloid assembly.2 This dynamic con-

tact mode is very much reminiscent of the action of the small heat shock proteins

(sHsps), also referred to as small heat shock molecular chaperones, that interact

with and stabilize long-lived intermediate states of proteins on their off-folding

pathway, before aggregation.13 No refolding is achieved, but aggregation and pre-

cipitation are avoided by fast formation and disruption of labile adducts. For

example, the dynamic interaction of a sHsp such as aB-crystallin has been shown

to prevent the amyloid formation of Ab peptide, b2m, apolipoprotein C II, a-synu-

clein, and k-casein.14,15 Hence, small molecules whose fast-exchange interactions

are capable of interfering with fibrillogenesis can be viewed as small-molecule chap-

erones16,17 or pharmacological chaperones acting against protein homeostasis

dysfunction and misfolding diseases, as recently reviewed.18,19 Along this line, the

tetracyclines have been shown to inhibit the aggregation of amyloidogenic proteins

in vitro and to ameliorate the symptoms of some amyloid-associated dis-

eases.17,20,21 In addition to small organic molecules, nanoparticles (NPs) have also

displayed fast-exchange interactions with amyloidogenic proteins that successfully

interfere with fibrillogenesis in vitro,22–24 although the conditions and the character-

istics of some protein-NP systems may also increase the rate and extent of the

fibrillar aggregation.25 Attempts to modulate or reproduce protein interactions

have also been carried out using synthetic species exhibiting non-trivial 3D geome-

try provided by cystine-rich cyclic peptides called cyclotides,26,27 or short peptides

with multiple cystine-knots called knottins.28,29 Thanks to their chemical nature,

these compounds may advantageously exploit the same chemical characteristics

of the proteins to perform their function, in many cases without undergoing rapid

proteolysis in a cellular environment.

Here, we describe the interactions, between each of three synthetic, topologically

non-trivial metal-organic structures, a [2]catenane ([2]C), a trefoil knot (TK), and Bor-

romean rings (BR), and amyloidogenic proteins. The three structures effectively

inhibit fibrillogenesis in vitro and, in the case of TK, nearly remove the pathologic ef-

fects in vivo. The metal-templated structures were synthesized as acetate (Ac)

or trifluoroacetate (TFA) salts from a pair of organic ligands—2,6-diformylpyridine

and ((([2,20-bipyridine]-4,40-diylbis(methylene))bis(oxy))bis(4,1-phenylene))dime-

thanamine—and the corresponding Zn salts (Figures 1A and S1), to obtain, respec-

tively, the Zn2+ complexes [2]Cd4Ac, TKd6TFA, and BRd12TFA, as previously

described.30–32 In addition, the TK can accommodate two bromide anions in its cen-

tral cavity, a modification that enhances the rigidity of the complex.30,31 For this

reason, we also tested the TK in which two TFA counterions were exchanged for

two centrally lodged bromide anions. We refer to this complex as TK-Br, and to

the TKd6TFA complex as TK-TFA. For the Zn-templated complexes of [2]catenane

and Borromean rings, we use the shorthand notations [2]C and BR, respectively.

The metal-free TK (TK-DZn), which is more flexible than the metal-containing TK

was also studied. The idea of exploring the interactions of all of these species with

amyloidogenic proteins was suggested by the consideration that those supramolec-

ular interactions that are typical of the proteins’ repertoire and are heavily involved in

amyloid fibril assembly2 could also be established by the metal-organic structures

formed by the above-mentioned chemicals, whose non-trivial topology had repeat-

edly been shown.30–32
2 Cell Reports Physical Science 2, 100477, July 21, 2021



Figure 1. Structures of the considered non-trivial metal organic complexes and their effect on the

NMR spectrum of b2m

(A) Illustrations of the single-crystal X-ray structures of the topologically non-trivial metal-organic

species [2]C4+, TK6+, (TKd2Br)4+, BR12+, and the modeled structure of the metal-free TK-DZn, whose

protein interactions were studied. The metal-containing species are shown here devoid of their

respective counterions, except for (TKd2Br)4+, in which 2 bromide ions (red spheres) sit in the

central cavity30,31 and partially replace the trifluoroacetate (TFA) neutralization of TK6+ (TK-TFA).

TK-DZn is obtained from imine bonds reduction and metal removal (see the Materials subsection in

Experimental procedures) and exhibits the same knotted topology as is present in the metal-

containing knot. The chemical structure formulae of all of the species are given in Figure S1.

(B) Region from the overlay of 15N-1H HSQC spectra of 59 mM b2m without (black contours) and with

(cyan contours) 69 mM TK-TFA. SC indicates side chain NH connectivities. The entire 2D map is

shown in Figure S2B.
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The amyloidogenic proteins studied were b2m and its naturally occurring mutant

D76N b2m. Wild-type b2m is an 11.9-kDa protein that functions normally as the

non-polymorphic component of the major histocompatibility complex but precipi-

tates and thus causes a tissue-specific amyloidosis in patients undergoing long-

term dialysis.33 The variant protein D76N b2m—which bears a mutation at residue

76, with an asparagine in place of aspartate—is responsible for an aggressive hered-

itary systemic amyloidosis.34,35 Interactions between the metal-organic species and

the proteins were studied by NMR spectroscopy, fluorescence, atomic force micro-

scopy (AFM), and molecular dynamics (MD) computations. We found that, in solu-

tion, all of the metal-templated structures establish dynamic and preferential con-

tact at approximately the same locations of the surfaces of the proteins and that

they prevent fibrillar aggregation of D76N b2m. The TK complexes exhibited a

more efficient interaction pattern than [2]C and BR, likely due to possessing optimal

size, shape, rigidity, and solvation characteristics relative to the target proteins. The

more flexible and hydrophobic TK-DZn also made significant contact with the
Cell Reports Physical Science 2, 100477, July 21, 2021 3
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proteins, but induced aggregation and did not inhibit fibril formation in vitro.

Administration of TK complexes to a transgenic Caenorhabditis elegans strain ex-

pressing D76N b2m sharply reduced the expression-related impairment and

confirmed also in vivo the efficacy of the Zn-templated species with better interac-

tion performance. Overall, these results represent a proof-of-concept for a possible

avenue to interfere with protein-protein interactions. To contrast amyloid aggrega-

tion with the same type of supramolecular interactions that determine the onset of

the process, it is possible to resort to topologically non-trivial compounds with suit-

able dimension and rigidity. The chemical properties of these compounds that are

essential to establish the competing supramolecular interactions may be tuned in

principle to enforce high affinity for the target proteins while preserving kinetic

lability of the ensuing adducts.
RESULTS

b2m structure is preserved upon weak but specific interaction with TKs

To initiate this study, we monitored the interactions between the metal-organic

knots (TK-TFA and the more stable TK-Br30,31) and the wild-type b2m by one-dimen-

sional (1D) 1H NMR. Direct inspection of the largely dispersed aromatic region of the

TK spectra30,32 was, however, hampered by the overlapping signals from the protein

(Figure S2A). The protein used in NMR experiments was 15N-uniformly labeled,

which allowed 2D 15N-1H heteronuclear single quantum coherence (HSQC)36

spectra to be collected during the titrations (Figures 1B and S2B).

In the presence of TK-TFA, the chemical shifts of the protein’s backbone and side chain

NHs were essentially the same as those observed for the protein alone, as the largest

variations (Dd) observed for a few signals—typically the side chain amides correspond-

ing to N21, N24, and Q89 and the backbone amides corresponding to H13, F22, G29,

and R97—were comparable to the experimental resolution uncertainty of the com-

bined 15N-1H chemical shifts (G9.8 3 10�3 ppm)37 and therefore meaningful with

respect to average Dd values of (2.8 G 2.0) 3 10�3 ppm (Figure S3). The most signifi-

cant net effect of the TK-TFA concentration increase on b2m HSQC spectra was an

overall progressive decrease in the cross-peak intensities. This decrease, however,

proved to be unevenly distributed over the whole protein spectrum (Figure S4A). An

analogous pattern of peak attenuation was observed when the more rigid TK-Br30,31

was assayed (Figure S4B). However, at equimolar protein:TK-Br concentrations, the

average signal attenuation of the HSQC spectrum of the protein was 12% larger than

with TK-TFA. In addition, especially when KBr (2.8 mM) or NaCl (100mM) were present

in solution, larger Dd values (2- to 3-fold the experimental uncertainty) were measured

for the few locations previously mentioned and for S11, R12, E16, H51, F56, S61, and

N83 (Figure S3A and S3B), with the remaining signals conserving about the same chem-

ical shift as the isolated protein. It should be noted that the meaningful Dds and their

increases with ionic strength occurred most frequently at amides coinciding with or

adjacent to Asn, Gln, Asp, Glu, Ser, and Thr residues. This suggests that the interaction

with TK-Br and TK-TFA affects theH-bonding and/or solvation pattern of side chain car-

boxylates, carboxy-amides, and hydroxyls of the protein, besides sampling unevenly

several other accessible locations of the protein, as inferred from the attenuation of

the corresponding NMR signals. Significantly, an ionic strength level comparable to

the physiological one affected only the interactions involving hydrophilic sites on the

protein surface, but did not induce any precipitation or instability in the equimolar

b2m-TK-Br mixture. Also, the signal attenuation pattern appeared substantially unaf-

fected by the ionic strength. Since the invariance of the translational diffusion coeffi-

cients measured by diffusion ordered spectroscopy (DOSY)38 rules out the induction
4 Cell Reports Physical Science 2, 100477, July 21, 2021



Figure 2. Diffusion coefficient and interaction surface of b2m in the presence of TK

(A) Overlay of the aliphatic region of DOSY spectra obtained from 82 mM b2m solutions (black

contours), 82 mM b2m solutions with 94 mM TK-Br, either freshly prepared (red contours) or 10 days

after preparation (blue contours), and 108 mM aqueous TK-Br (purple contours). The deviations of

the DOSY for the samples with TK-Br are an artifact due to the overlap of protein and TK-Br signals.

Where no such overlap occurs, the diffusion coefficient of the protein does not change in the

presence of TK-Br.

(B) Illustration of b2m showing, with red highlights, the locations of the amino acid residues that

give rise to the most attenuated HSQCNH peaks—at least one standard deviation (SD) with respect

to the average attenuation (Figure S4)—as a consequence of the fast-exchange interaction with TK-

TFA. The involved regions are primarily strand D, loop DE, and part of strand E, as well as the other

adjacent and accessible locations on the same sheet (i.e., strand B and loop CD), and on the

opposite sheet (i.e., the contiguous edges of strands C, F, and loop BC), and the C-terminal

segment. With TK-Br, strand A and loop EF of the former sheet are also involved. The reproduced

structure is the NMR solution structure of b2m (PDB: 1JNJ).39 The secondary structure elements of

b2m are indicated according to the crystallographic naming scheme (PDB: 3HLA).40 Structures are

drawn with PyMOL (Schrödinger Inc.).
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of appreciable changes in b2m association equilibria15 by the TKs (Figure 2A), we

conclude that the attenuation of the protein HSQCNH peaks reflects line broadenings

due to chemical exchange and possibly transient dipolar contributions originating from

the dynamic interaction with the TK species. The same interaction regime is also re-

ported by the limited chemical shift changes of a few specific signals of the protein.

Thus, as inferred from the substantial invariance of theHSQC chemical shifts in the pres-

ence of TK-TFA or TK-Br, the b2m structure is conserved. However, a preferentially ori-

ented, fast exchange interaction does occur, as indicated by the uneven pattern in the

decrease in the intensities of the amide signals of the protein and by the small but

meaningful Dd values of certain amide signals. As reported in Figure 2B, the preferen-

tial interaction involves, with either TKs, approximately the same protein regions.

Interactions between the b2m motif and other Zn-templated non-trivial

structures

The encouraging results obtained with TK complexes and wild-type b2m prompted

us to study the interactions that other topologically non-trivial metal-organic
Cell Reports Physical Science 2, 100477, July 21, 2021 5
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structures of different size and shape would have with the protein. In these exper-

iments, we switched to the mutant D76N b2m and systematically investigated its

interactions with the Zn-templated complexes [2]C, TK-Br, and BR. In spite of the

structural invariance associated with the mutation,34 the thermodynamic stability

of D76N b2m is significantly decreased (by �50%) under physiological conditions,

and simultaneously the fibrillogenic tendency is greatly enhanced, with respect to

the parent species,34,35 which made the D76N variant ideal for distinguishing the

effects of the three Zn-templated structures. The interactions of D76N b2m with

TK-Br and the smaller ([2]C) or larger (BR) dimension analogs were mapped by

NMR using the same approach as used with the wild-type protein. The observed

effects in 15N-1H HSQC spectra recapitulate the fast exchange pattern, with un-

even attenuation of the cross-peak intensities and substantial lack of chemical shift

changes, except for those deviations detected also with the wild-type protein and

involving carboxylate, carboxy-amide, and hydroxyl-containing residues at the

edges of the AB loop and the facing C-terminal segment, and, on the opposite ex-

tremity of the molecule, at the FG loop ends and the neighboring BC loop. This

distribution pattern was reproduced with all of the Zn-templated species, with

average Dd values decreasing in the order TK-Br > [2]C > BR. It is worth mentioning

that, with D76N b2m and the three considered metal-organic species, we deal with

average Dd values that are at most comparable with the experimental resolution

limit (9.8 3 10�3 ppm), namely (1.0 G 1.1) 3 10�2, (7.6 G 8.6) 3 10�3, and

(4.5 G 3.1) 3 10�3 ppm in the presence of TK-Br, [2]C, and BR, respectively. We

rely, however, on chemical shift deviations that are typically 2–3 times that resolu-

tion limit, in practice the same as observed with wild-type b2m in the presence of

salts. This highlights a somewhat larger ‘‘sensitivity’’ of the D76N variant compared

with the wild-type isoform to the tested compound class. The NMR results confirm

that the structure of D76N b2m was consistently preserved in solution in the pres-

ence of the metal complexes. The extent of signal attenuation in the protein HSQC

spectra, however, was dependent on the interacting species. The average relative

intensities and corresponding standard deviations (RIav G SD), measured from the

ratios of the cross-peak intensities in the presence and absence of [2]C, TK-Br, or

BR, were 0.72 G 0.09, 0.59 G 0.12, and 0.89 G 0.07, respectively (Figures S5 and

S6). These RIav values of the NH signals indicate that the protein spectrum pertur-

bation, reflecting contact area and transient adduct lifetime, increases on moving

from [2]C to TK-Br, but sharply decreases with BR. The amount of attenuation

measured for the variant D76N with TK-Br was also larger than the corresponding

effect observed for wild-type protein with TK complexes (Figure 2B), primarily

because of an affinity gain due to the decreased charge of the mutant. This seems

a clear indication of hydrophobic interaction predominance. The same should

apply to all of the examined metal-organic partners of D76N b2m, as supported

by comparing the effect of BR on wild-type and mutant proteins, in the presence

of 100 mM NaCl (Figures S7 and S8). Only slight variations of the average Dds

and intensity attenuations were measured for D76N b2m with any of the addressed

complexes in the presence of 100 mM NaCl with or without buffer (5 mM NaHCO3)

(Figures S9A and S9B). Although variable in intensity, D76N b2m interactions with

the three different Zn-templated structures appeared structurally equivalent as was

observed for the wild-type protein with the different TK complexes and BR. There-

fore, the presence of different counterions balancing the Zn2+ charges, namely Ac

for [2]C, TFA and Br� for TK-Br, and TFA for BR, does not affect significantly the

interaction pattern. This can be readily appreciated from the illustrations of Figure 3

in which the red color highlights the protein regions whose signal were most atten-

uated by the presence of the three metal-organic complexes (see also Figures

S10A and S10B). Relevant details are reported in the legend of Figure 3. The
6 Cell Reports Physical Science 2, 100477, July 21, 2021



Figure 3. Interaction of D76N b2m with different Zn-templated structures

Sites of interaction between D76N b2m and [2]C (A), TK-Br (B), and BR (C) are highlighted in red in

the illustrations of the protein. Sites of interaction were inferred from the relative intensity (RI)

values of the HSQC amide peaks determined for 50 or 100 mM protein solutions, in the absence and

equimolar presence of the indicated Zn-templated complex. Given the broad extent of the

observed effects on the NMR spectrum of D76N b2m (Figure S5) compared to those apparent in the

spectrum of the wild-type protein (Figure 2B), the red highlighting depicts RI% (RIav� SD/2) for any

species to stress properly the sizeable attenuations induced by [2]C and TK-Br and the

corresponding similarities with the weakly attenuating BR. From these depictions, a largely

coincident interaction surface becomes apparent. The surface is composed, on one sheet, of

residues of strand D, residues near the beginning of strand E, strand B, and residues near the end of

the CD loop; and, on the opposite sheet, of the contiguous edges of strand C, strand F and loop

BC, and the C-terminal segment. Additional involvement of the segments of loop AB adjacent to

the end of strand A and the beginning of strand B is observed with TK-Br and BR, whereas with [2]C,

the interaction at strands D and E extends to the intervening loop DE. Labeling of the elements of

the structures is consistent with the crystallographic annotations for wild-type b2m (PDB: 3HLA).40

The NMR solution structure of the latter (PDB: 1JNJ)39 is used for any D76N b2m drawings, given

the conformational analogy of both variants.34,35
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lability of the interactions that were mapped by NMR was confirmed also by micro-

calorimetric measurements conducted under similar conditions (data not shown).

No thermodynamic parameter could be estimated to reveal an appreciable

binding.

MD simulations

Different species were submitted to MD simulations. In particular, to retrace the

experimental NMR examination, the interactions of wild-type b2m were considered

only with TK-Br, whereas the interactions of the D76N variant were simulated with all

of the metal-templated structures. The contacts between the wild-type protein and

TK-Br, are pictorially presented in Figure 4A. The adjacent panel (Figure 4B) displays
Cell Reports Physical Science 2, 100477, July 21, 2021 7



Figure 4. Interaction modeling by molecular dynamics (MD)

MD snapshots showing protein contacts with the considered metal-organic species. The snapshots

sampled over 10 ns MD are overlaid.

(A) Contacts of wild-type b2m and TK-Br.

(B) Most frequently contacting residues explicitly indicated and shown in sticks in the illustration

of b2m.

(C–E) Contacts of D76N b2m and [2]C (C), TK-Br (D), and BR (E).
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the residues of the protein that are mostly involved in those interactions. Simulations

show that contacts are formed and broken dynamically and that no complexes of

long-term stability are formed. The protein regions establishing the largest number

of contacts on average with TK-Br are, in order of importance, the DE loop with the

aromatic residue W60; the D strand with residues H51, S52, D53, L54, and F56; loop

AB with R12, H13, and N17; and loop FG with Q89 (Figures 4A and 4B). These po-

sitions are in good agreement with the NMR attenuation pattern, although it should

be noted that HSQC spectra monitor only the resolved NH signals, whereas the MD

short-range contacts are computed for any backbone and side chain atom of the

structure residues. For instance, some DE loop locations of b2m are in fact attenu-

ated in the presence of TK-Br (Figure 2B), but no information can be obtained for

W60 due to the exchange broadening impairing the observation of the correspond-

ing backbone and side chain peaks.

The MD runs of D76N b2m with any of the considered Zn-templated structures al-

ways produced a variety of transient adducts and no stable complex formation, as

obtained with TK-Br and wild-type b2m. The different sizes of [2]C, TK-Br, and BR

affect the number of contacts and the lifetime of the adducts, with the largest struc-

ture, BR, establishing more and longer-lasting contacts. A comparison of the relative

frequency of ligand-protein contacts in the three MD simulations of D76N b2m (Fig-

ures 4C–4E) confirms the occurrence of the most relevant contacts in loops DE, BC,

FG, and AB and strands D and E, with all of the tested metal-organic structures, in
8 Cell Reports Physical Science 2, 100477, July 21, 2021
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agreement with the NMR evidence (Figure 3). The same residues as illustrated in Fig-

ure 4B establish the most prominent contact fractions in D76N as well, although the

distribution statistics vary for each metal-templated species. In addition, the simula-

tions also highlight some interaction differences of the protein with the individual

metal-organic assemblies, such as the increased involvement of loop BC and

following strand C in [2]C and TK-Br contacts, nicely reproducing the experimental

NMR results.

The Zn-templated complexes inhibit fibrillogenesis in vitro

Fibrillogenesis of D76N b2m was monitored by the thioflavin T (ThT) fluorescence

assay and AFM, according to well-established protocols.34,35 The necessity of con-

ducting the experiments in the presence of the metal-organic complexes enforced

the testing of only aqueous samples of D76N b2m. When agitated in buffer-free wa-

ter (pH 6.6–6.8), i.e., under conditions that ensure the stability of the examined

metal-organic species, D76N b2m fibrillates.24,34,35 Wild-type b2m, on the other

hand, requires quite acidic pH41 to fibrillate in vitro. However, our Zn-based struc-

tures cannot be studied in acidic solution, which causes hydrolysis of their imine

bonds (Figures S11A and S11B). Although the considered metal-organic complexes

are stable in buffers such as phosphate (Figure S12), HEPES, or bisTris, and their so-

lutions with wild-type or D76N b2m can be studied without problems in a physio-

logic-like buffered ambient solution (NaHCO3 5 mM, NaCl 100 mM, pH 7.2), we

used unbuffered water because the actual isoelectric point (pI) of D76N variant is

close to neutrality.34,35 Thus, it is possible to rely on the buffering capacity of the pro-

tein itself to avoid possible partial quenching effects of ThT fluorescence arising from

buffer and salt anions.42 Figures 5A–5C report the time course of ThT fluorescence,

as monitored on incubating, under fibrillogenic conditions, the D76N b2m variant

alone or in presence of [2]C, TK (either TFA or Br) or BR, all at the same concentration

as the protein, i.e., 20 mM. The typical ThT fluorescence enhancement arising from

fibril formation was observed only in the samples that contained the protein alone,

whereas no hint of fibril formation was detected when any of the considered Zn-tem-

plated species was present. Control fluorescence determinations carried out on the

isolated metal-organic structures showed an emission maximum at 345 nm (Fig-

ure S13) and absorption maxima at 300 and 310 nm—wavelengths values quite

distinct from ThT excitation and emission wavelengths (445/480 nm). The addition

of TK-Br to preformed D76N b2m fibrils had no suppressing or reducing effect on

the ThT fluorescence level that was reached under fibrillogenic conditions (Fig-

ure S14A). This indicates that the TK-Br does not affect preexisting fibrils. [2]C and

BR were not tested in this assay, as it was inferred that they too would not dissolve

or disrupt pre-formed fibrils, due to their weaker interactions with D76N b2m (Fig-

ures 3 and S5–S10). Images obtained by AFM of protein samples submitted to fibril-

logenic treatment, in the presence or absence of the different metal-organic struc-

tures, are shown in Figures 5D–5G. The samples with [2]C, TK-Br, and BR (Figures

5E–5G) show approximately spherical NPs with diameters that typically range

�100 nm. In contrast, elongated fibrils are seen in the sample from the solution of

the isolated protein (Figure 5D), which is consistent with the results of the ThT assay.

The length of typical fibrils ranges from 0.5 to 1 mm.

Effect of the organic scaffold, TK-DZn

The inhibition of fibrillogenesis that was consistently observed when D76N b2m

samples were incubated with the metal-templated structures is intriguing, especially

considering the type of interaction occurring between the different species. The

pattern illustrated by Figures 1, 2, and 3 is essentially consistent with a weak interac-

tion that occurs through fast exchange, which seems counterintuitive in
Cell Reports Physical Science 2, 100477, July 21, 2021 9



Figure 5. D76N b2m fibrillogenesis assessment

(A–C) Time course of ThT fluorescence (in relative fluorescence units, RFUs), measured for 20 mM

D76N b2m solutions kept under fibrillogenic conditions at 37�C in the absence and presence of

20 mM [2]C (A), 20 mM TK-Br or TK-TFA (B), and 20 mM BR (C). The ThT concentration was 10 mM. The

lines joining the experimental points are only guides for the eye. The reported error bars are the

SDs of the 3 measurements that were performed for any experimental point. A more detailed ThT

fluorescence control at higher time resolution, with the relative fitting of the raising phase, is

reported in Figure 6D.

(D–G) AFM profiles obtained on samples from a 20-mM D76N b2m control solution (D) and from

20 mMD76N b2m + 20 mM [2]C (E), 20 mMD76N b2m + 20 mMTK-Br (F), and 20 mMD76N b2m +20 mM

BR (G) mixtures, all kept under fibrillogenic conditions at 37�C for 36 h (same as used for ThT

assays). For the sample in (D), the average fibril length and thickness were 650 G 100 and 90 G

30 nm, respectively. For the samples in (E)–(G), the average particle diameter was 99 G 33 nm.

Additional AFM images relative to protein/TK-TFA samples and control samples of TK-Br alone are

shown in Figures S14B and S14C, respectively.
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consideration of the final effect, which is the inhibition of a massive, ordered aggre-

gation process. The efficient turnover of labile interactions is, however, also the

signature of small-molecule chaperones such as doxycycline, a tetracycline that

has been proven to prevent b2m fibrillogenesis in vitro17 and that is being used suc-

cessfully as a therapy to alleviate the impairment caused by b2m amyloid deposits.20

To ascertain whether the inhibition of fibrillogenesis documented in Figures 5 and

S14 could be attributed to a generic chemotropism of the organic scaffolds of the

tested metal-organic complexes for the b2m variants, an additional series of exper-

iments was performed using the pure metal-free TK (TK-DZn). This choice was based

on the stronger interactions observed between the metal-organic knot and the b2m

variants. Unlike the metal-containing knots TK-Br and TK-TFA, TK-DZn is insoluble in

water. Therefore, addition to a protein solution was carried out by first drying an

acetonitrile solution of the metal-free knot in a vial and subsequently soaking the
10 Cell Reports Physical Science 2, 100477, July 21, 2021



Figure 6. NMR response, MD, and fibrillogenesis assay of D76N b2m in the presence of metal-free TK-DZn

(A) Region from the overlay of 15N-1H HSQC spectra of 56 mM D76N b2m without (black contours), with 56 mM TK-DZn (pale violet contours), and with

113 mM TK-DZn (green contours). The TK-DZn concentrations refer to the nominal amount of product dried from CD3CN and solubilized in the control

D76N b2m solution (see text). The full map along with circular dichroism control spectra of the protein alone and in the presence of TK-DZn (1:1) are

reported in Figure S16.

(B) Overlay of the aliphatic region of DOSY spectra obtained from 56 mM D76N b2m solutions without (black contours) and with 113 mM TK-DZn (green

contours). The diffusion coefficient of the protein clearly decreases in the presence of the Zn-free knot (see also Figure S17), reflecting an aggregation

process that is confirmed by the substantial changes in signal intensity and chemical shifts (A, Figures S15A–S15C and S16A).

(C) Final snapshot after 10-ns MD run showing the protein contacts with TK-DZn.

(D–F) ThT fluorescence time course measured for 10 mM D76N b2m solutions kept under fibrillogenic conditions, in the absence (D) and presence of

10 mM Zn-trifluoroacetate (E) and TK-DZn (F). Metal-free TK does not prevent fibrillogenesis. ThT assay was also performed with a control solution of

protein-containing Zn-trifluoroacetate to rule out any role of the salt in preventing fibrillogenesis. For the reported fitting of D76N b2m fibrillation, thalf =

3.72 G 0.07 h and t = 0.87 G 0.06 h (R2 = 0.965) for the protein alone (D); thalf = 3.90 G 0.06 h and t = 0.66 G 0.05 h (R2 = 0.970) in the presence of Zn(TFA)2
(E); and thalf = 3.25 G 0.08 h and t = 0.69 G 0.07 h (R2 = 0.940) in the presence of TK-DZn (F). The steepness of the fibrilllogenesis raising phase in the

presence of Zn(TFA)2 and TK-DZn is appreciably faster than the value observed with D76N b2m alone.
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residue in the same vial with a solution of wild-type or D76N b2m in 95:5 H2O:D2O

for several minutes. The solution was then transferred to an NMR tube. Dissolution of

TK-DZn in the aqueous solvent was confirmed by the presence of additional signals

in the aromatic region of the 1H NMR spectrum of the sample. To prepare corre-

sponding control samples, the procedure was repeated with vials from which only

pure acetonitrile had been evaporated. With both protein variants, the spectral re-

sults were similar (Figures 6A, 6B, and S17). An overlay of the 15N-1H HSQC spectra

of D76N b2m, without and with TK-DZn, is shown in Figure 6A. TK-DZn caused

changes in the spectrum of the proteins that were significantly different than those

caused by the Zn-containing structures. The NH correlation intensities and chemical

shifts in the spectra of the proteins were found to be much more perturbed by TK-

DZn than by the Zn-containing knots. In addition, a complete loss of several cross-

peaks was observed, along with generalized and significant shifts of the remaining

ones (Figures 6A, S15, and S16). TK-DZn did not, however, induce major changes

in the secondary structure of the proteins as confirmed by circular dichroism (CD)

control (Figure S16B), and the overall chemical shift dispersion was conserved, at
Cell Reports Physical Science 2, 100477, July 21, 2021 11
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variance with the pattern observed when a perturbation leads to partial or extensive

unfolding.43When challenged with the three Zn-templated species of different sizes,

the signals in the spectrum of the protein showed relatively similar attenuation pat-

terns encompassing characteristic local deviations that were consistent with weak in-

teractions between the proteins and the complexes occurring at preferred surface

sites (Figures 2, 3, and S1–S10).

In contrast, TK-DZn additions caused substantial protein aggregation, as confirmed

by a decrease in the translational diffusion coefficient of the protein measured by

DOSY (Figures 6B and S17). The locations exhibiting strong attenuations and loss

of signals should define the interface of the protein-TK-DZn-protein pairing (Figures

S15A–S15C and S16A). No effects on protein signal intensity, chemical shift, or diffu-

sion coefficient were detected in the spectra of control samples, which were pre-

pared with aliquots of pure acetonitrile that had been evaporated in the absence

of TK-DZn (Figure S17). Consistently with the experimental evidence, MD simula-

tions of wild-type b2m with TK-DZn also confirmed a sharp difference with respect

to the results obtained with the metal-containing knot. Namely, instead of the vari-

ety of transient adducts and no stable complex formation (Figure 4), simulations with

the neutral TK-DZn species led to aggregation into a single complex involving all sol-

utes and displaying manymore protein-knot and knot-knot contacts (Figure 6C) than

those transiently sampled in the system wild-type b2m-TK-Br. The protein was

observed to be sandwiched between two large aggregates of neutral knots at

strands A and G on one side and at strands D, E, and loop AB on the other side (Fig-

ure 6C). The simulated contacts were again in good agreement with the correspond-

ing evidence from NMR analysis of the protein/TK-DZn systems. The contrasting ef-

fects that the metal-containing and metal-free knots had on the protein were

consistently confirmed by ThT assay (Figures 6D–6F). Under fibrillogenic conditions,

TK-DZn did not prevent fibrillogenesis. Neither did zinc trifluoroacetate, which rules

out a direct role of the salt, and in particular of Zn2+, in the inhibition of

amyloidogenesis.

Administration of TK complexes to a disease model organism

C. elegans is an established model nematode for in vivo toxicological studies.44 Its

favorable characteristics include short life cycle, well-known reproductive and life-

span schedule, easy handling and control, and the similarity of its toxicological re-

sponses as compared to those of higher organisms. Moreover, transgenic strains

of C. elegans have proven to be valid animal models for replicating specific features

of different pathologies,45–47 including those related to protein aggregation,48,49

with a relevance extending also to drug screening.48,50 The possibility of obtaining

C. elegans transgenic strains expressing wild-type and highly amyloidogenic vari-

ants of b2m46,51 prompted us to also test the effects of our metal-organic assemblies

in vivo. Again, those species that exhibited stronger interactions with the proteins

in vitro (i.e., TK-TFA and TK-Br) were selected for testing in vivo. A new strain of

the worm CPV27, expressing D76N b2m with a thermo-inducible system,51 was

used, and results with this strain were compared to those observed with smg-1

(cc546) ancestral strain (PD8120 strain), which was used as control. Besides exhibit-

ing differences in larval growth and development with respect to the wild type,

C. elegansmodels expressing b2m variants are distinctively characterized by behav-

ioral phenotype differences in the survival curve, motility defect, and the brood

size.46,51 The last two factors along with the larval development are used to deter-

mine the movement index, i.e., a parameter measured by the INVAPP/Paragon

automated system, which has been shown to effectively distinguish C. elegans

phenotypes.52 The movement index parameter can be assessed by analysis of
12 Cell Reports Physical Science 2, 100477, July 21, 2021



Figure 7. Effect of TK complex administration on C. elegans motility

The movement index was measured on worms after 6 days at 25�C. The transgenic nematode strain

expressing D76N b2m (CPV27) was treated with the administration of TK-Br (blue), TK-TFA (cyan), or

doxycycline (purple), starting at the L4 larval stage. Controls were untreated animals of the same strain

(gray) and smg-1 (cc546) ancestral strain (black) without any TK complex administration. The movement

index values that are reported are means G standard error of the mean of 3 independent assays.

Significance levels of p < 0.001, p < 0.05, and p < 0.05 are obtained for the results with TK-Br, TK-TFA, and

doxycycline versus untreated CPV27 worms, according to non-parametric one-way ANOVA.
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the developing nematode colonies by automated collection and quantitation of

pixel-resolved images.51,52 The parameter measures the overall nematode culture

motility that correlates with the degree of impairment caused by the expression of

the amyloidogenic species.46,51 No fibrillar aggregates have ever been detected

in transgenic nematodes expressing the D76N b2m variant,51 but the observation

of oligomeric assemblies of the proteins in the soluble fraction of nematode homog-

enates correlates with the phenotypic pathology and thus suggests the occurrence

of protofibrillar oligomers that are considered responsible for the amyloid damage

at the cellular level.46,51 Figure 7 presents the movement indices, measured after

6 days at 25�C, of several specimens. The measurements were performed on trans-

genic C. elegans populations expressing D76N b2m, without and with the adminis-

tration of TK-TFA or TK-Br. Administrations began at the last larval stage (L4). The

untreated smg-1 (cc546) ancestral strain without any TK complex administration

was used for the corresponding control measurements. As shown in Figure 7,

expression of D76N b2m brought about a significant reduction in motility, and treat-

ment with the metal-templated knots restored that motility. In particular, a substan-

tial recovery in movement index, similar in magnitude to the known doxycycline ef-

fect,51 was observed in the transgenic strain treated with TK-Br, whereas a less

pronounced recovery was measured with TK-TFA. Given the inability of the knots

to disrupt a preexisting fibrillar assembly (Figure S14A), and assuming that the trans-

genic phenotype characteristics of C. elegans are due to the formation of protofibril-

lar oligomers,46,51 one is led to attribute the positive in vivo effect of the knots to an

efficient inhibition of fibril onset, an effect that is consistent with the evidence from

the fibrillogenesis inhibition experiments presented above (Figure 5).
DISCUSSION

Our experimental evidence indicates that dynamic noncovalent interactions be-

tween a class of topologically non-trivial metal-organic structures and b2m variants
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are responsible for inhibiting fibrillogenesis in vitro. The interactions were found to

involve primarily sheet I of the b sandwich of the b2m immunoglobulin motif (see Fig-

ures 2 and 3), which comprises strands D, E, B, and A (in decreasing order of involve-

ment), and to take place with the Zn complexes [2]C, TK, and BR, but not with the all-

organic TK-DZn. The effectiveness of the metal-templated species at preventing fi-

brillogenesis since the early stages of soluble protofibrils was also confirmed in vivo

in an animal model of amyloid disease. When the metal-organic TK was adminis-

tered to transgenic C. elegans cultures that express D76N b2m, the characteristic

phenotypic impairment usually exhibited by the worms was largely reduced and,

in some cases, almost completely suppressed, likely because of the inhibition of

the early oligomerization steps effected by the knots.

The examined metal-organic structures were found to be capable of establishing dy-

namic contacts with the surface of the b2m variants in a fast-exchange regime. This

type of interaction is comparable to those characteristic of small-molecule chaper-

ones,16–19 which are able to interfere with the nucleation and fibrillation mechanisms

of protein monomers.53 The molecular chaperone-like properties of the considered

metal-organic species are the direct consequence of the structural rigidity imparted

by the metal coordination and the chemical affinity contributed by the balanced mix

of polar and hydrophobic surface. Due to the unique geometries of the studied

metal-based structures, contacts with the surface of the proteins are limited in extent

and minimally adaptable, but occur at high frequency, which still allows for sufficient

water solvation of the transient adducts that they form with the proteins. In other

words, although affecting the hydration of some charged or polar side chains, these

interactions allow the protein to remain in solution rather than aggregating and

precipitating. The three metal-organic complexes have a similar chemical composi-

tion. Also, all three are relatively rigid due to metal coordination. It is their different

sizes and their rigidities that largely determine the relative effectiveness of their

labile interactions with b2m. In spite of the affinity of the organic scaffolds for

b2m, accommodating them on the protein surface to form optimal contacts is appar-

ently progressively hampered with increasing size. Size and rigidity are also determi-

nant to modulate the polar interactions that the metal-templated species may

engage by accessing the hydrophilic surface of the protein. Our results show that,

of the three tested complexes, the dimensions of the TKmatch the best compromise

between rigidity and affinity. With any of the considered structures, however, these

two characteristics preserve the folded structure of the proteins and prevent nucle-

ation and aggregation under fibrillogenic conditions through transient interactions

of polar and hydrophobic character that interfere with protein-protein contacts.

This is the same class of supramolecular interactions as the repertoire of those estab-

lished by protein side chains and backbone, namely hydrophobic, polar, and ionic.

By engaging these types of interactions that are quite generic for polypeptide chains

and certainly not requiring a specific structural complementarity, the considered

metal-organic species can compete with the partially misfolded protein assembly

leading to fibrils. Fibrillogenesis is in fact the consequence of the stability of a

generic intermolecular arrangement that can be attained by any polypeptide

chain.1,3 Therefore, our non-trivial Zn templates should not be selective for b2m.

Other proteins with similar chemical characteristics may exhibit an interaction with

the tested complexes. This should not be regarded negatively because it does not

cancel the property of competing and interfering with fibril assembly.

The surface of TK-DZn averaged over 1 ns of MD simulation is similar to that of TK-Br

(1,480 G 40 and 1,665 G 11 Å2, respectively). However, its greater flexibility deter-

mines the effects of its interactions with b2m. When the rigidity of the TK is lost after
14 Cell Reports Physical Science 2, 100477, July 21, 2021
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Zn2+ removal, the hydrophobic forces become predominant and drive the pairing of

the metal-free knot to the surface of the protein. This promotes desolvation and ag-

gregation under resting conditions, or partial unfolding, nucleation, and fibrillogen-

esis under proper perturbation (Figure 6).

We are aware that the present study addresses a single protein system, and concerns

may be raised as to how general these findings are. The kind of labile interactions we

have demonstrated for b2m and metal-organic knots show detectable preferential

affinities, but no particular system specificity, much like the generic character of

the interactions leading to polypeptide fibril onset. It is expected, therefore, that

similar interaction may also occur with other protein systems, but their generality

must be demonstrated by further direct studies.

In conclusion, the prevention of fibrillogenesis by the topologically non-trivial metal-

organic structures described in this study appears to be dependent upon the weak

polar and hydrophobic contacts that the structures develop with the surface of the

target proteins. Contact events consist of frequent labile sampling, which provides

a weak and dynamic interaction that supports protein hydration and suppresses ag-

gregation and fibril onset. The weak and dynamic nature of the interaction depends

on the rigidity and the dimensions of themetal-templated structures: metal-complex

rigidity and size limit the extension of the interaction surface on the protein.

Removing the metal from TK leads to a more flexible and hydrophobic structure,

the molecule TK-DZn, which develops stronger and more extensive contacts with

the proteins, thereby promoting hydrophobically driven aggregation.

The use of knots and links as research tools and their investigation as possible drug

leads is not unprecedented. The previously mentioned cyclotides26,27 and knot-

tins28,29 are peptide-based knots that are being considered with interest for these

purposes. Investigation of synthetic non-peptidic molecular knots and links such

as those described here is, to our knowledge, novel, and, as suggested by the

encouraging results presented above, worthy of further pursuit.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, G. Esposito (rino.esposito@nyu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All salient data generated by this study can be found in the article and supplemental

information. Additional information is available from the corresponding author upon

request.

Materials

Recombinant b2m and D76N b2m were prepared as described previously,34,41 as

were the complexes [2]C, BR, TK-TFA, and TK-Br30–32 and the cadmium-containing

TK (Cd-TK(TFA)6).
54 Cd (II) ions were removed from the TK complex by reduction of

the imine bonds to allow for the measurement of interactions between the all-

organic knot (TK-DZn) and b2m. The organic TK scaffold is easier to obtain by reduc-

tion of the Cd-based knots than by reduction of the corresponding Zn-based
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complexes. The metal-free TK was obtained as follows: Cd-TK(TFA)6 (25 mg,

9.6 mmol 1 equiv) was added to NaBH4 (29 mg, 384 mmol, 40 equiv) and dry

MeOH (10 mL) in a 25-mL reaction flask. The reaction mixture was stirred under Ar

atmosphere at room temperature for 15 h. After reaction completion, the mixture

was concentrated in a rotary evaporator. To remove unwanted side products (e.g.,

linear chain fragments) and sodium salts, 10 mL acetonitrile was added, and the re-

action mixture was filtered. The crude filtrate containing metal-free TK was further

purified by using size-exclusion chromatography with a 90:5:5 mixture of

CH3CN:H2O:CH3OH. The purified product was concentrated to dryness under vac-

uum for 20 h. The NMR and mass spectrometry (MS) characterization data are given:

TK-DZn: 12.80 mg, 42%; 1H NMR (500 MHz, ACN-d3, 25�C): d 3.76 (brs, 12H, Ar-

CH2), 4.15 (d, 12H, J = 7.6 Hz, Ar-CH2), 5.13 (ABq, 12H, J = 11.8 Hz, Ar-CH2), 6.12

(brs, 6H, Ar-H), 6.39 (d, 12H, J = 8.6 Hz, Ar-H), 6.54 (d, 12H, J = 7.5 Hz, Ar-H),

7.51 (d, 6H, J = 8.6 Hz, Ar-H), 8.06 (t, 3H, J = 6.8 Hz, Ar-H), 8.65 (brs, 6H, Ar-H),

9.53 (brs, 6H, Ar-H); 13C NMR (125 MHz, CD3CN, 25�C): d 51.6, 52.9, 68.2, 114.3,

116.6, 118.5, 120.6, 122.5, 129.6, 140.2, 149.0, 149.5, 150.5, 156.3, 157.5; MS

(high-resolution electrospray ionization mass spectrometry [ESI-HRMS]): m/z Calcd

for (C99H94N15O6)
2+: 794.3750 [M+2H]2+, found: 794.3722 [M+2H]2+.

NMR spectroscopy

NMR samples of 15N-uniformly labeled wild-type b2m and D76N b2m were prepared

by dissolving lyophilized powders in H2O/D2O 95/5 at pH* 5.4–6.1 (wild type) and

6.6–6.8 (D76N) (pH* = uncorrected pHmeter reading) at concentrations in the range

of 55–85 mM (wild type) and 50–100 mM (D76N). The Zn-templated species [2]C,

TK-TFA, TK-Br, and BR were added by microliter additions from 2 to 2.5 mM aqueous

mother solutions, whereas microliter aliquots of 2.5 mM TK-DZn dissolved in CD3CN

were dried before being soaked with aqueous protein solution. Some equimolar con-

trol samples of TK-Br or BR and wild-type b2m (60 mM) were prepared in�3–5 mM KBr

or NaBr, or 100 mM NaCl. Other control solutions of D76N b2m in 100 mM NaCl,

without or with 5mMNaHCO3 (pH 7.1–7.2), andwith [2]C, TK-Br, or BRwere alsomoni-

tored. NMR spectra were collected at 14.0 T, on the Bruker Avance III NMR facility of

the Core Technology Platform at New York University Abu Dhabi. The cryoprobe-

equipped spectrometer was operated at 600.19 and 60.82 MHz to observe 1H and
15N, respectively. A few spectra were also recorded at 11.7 T (1H and 15N resonance

at 500.13 and 50.68MHz, respectively) on the Bruker Avancemachine of the Biophysics

laboratory of Udine University. 2D 15N-1H HSQC36 were recorded over spectral widths

of 40 ppm (15N, t1) and 15 ppm (1H, t2) and digitized over 128–192 and 2,048 points,

respectively. For each t1 dimension point, 16, 32, or 64 scans were accumulated and

quadrature was accomplished by gradient-assisted coherence selection (echo-antie-

cho).55. DOSY38 spectra for the determination of diffusion coefficients were acquired

by 2D 1H DSTEBPP (double stimulated echo bipolar pulse) experiments.56 The z axis

gradient strength was varied linearly from 10% to 90% of its maximum value (�60 G/

cm), and matrices of 2,048 by 40–80 points were collected by accumulating 32–64

scans per gradient increment. Water suppression was achieved in DOSY experiments

by appending to the DSTEBPP sequence a pair of WATERGATE57 elements, according

to the excitation-sculpting58 mode, or, in the HSQC experiments,59 using a flip-back

pulse. All of the measurements were performed at 25�C.

MD simulations

The molecular structures of b2m and D76N b2m were based on the available

crystallographic coordinates with PDB codes 3HLA40 and 4FXL4, respectively. The

protonation states of titratable residues were assigned using the Bluues server avail-

able at https://protein.bio.unipd.it/bluues/.60,61 Protons were added using the
16 Cell Reports Physical Science 2, 100477, July 21, 2021
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pdb2gmx utility of the GROMACS simulation package,62 and topology and coordi-

nate files were generated using the psfgen utility of the NAMD simulation soft-

ware.63 The modeled [2]C, TK, and BR species were built using the reference coor-

dinate set.30–32 TK-Br was obtained from the reference coordinates by removing the

Zn and TFA ions of the central [ZnBr(TFA)3]
2� complexes.31 TK-DZn was obtained by

replacement of the three axial TFAs of the reference structure with water, removal of

the [ZnBr(TFA)3]
2� complexes and the coordinating Zn ions with the accompanying

waters, and reduction of the exocyclic imine nitrogens. The Amber99sb-ildn force-

field64 was used for all of the simulations. The temperature was kept constant at

310 K using Langevin dynamics with a relaxation time of 1 ps. b2m variants were

restrained, with residues C25 and C80 at the center of a cube where 26 knot mole-

cules were regularly arranged with a spacing of 36 Å. All of the species were

restrained within a sphere with a radius of 60 Å centered on the protein through a

harmonic potential active beyond the radius. After 1,000minimization steps, the sys-

tem was heated at 310 K in 100 ps and, after additional 1-ns simulation, a 10-ns MD

simulation was performed. Contacts were defined when the distance between two

heavy atoms was less than the sum of their van der Waals radii plus 1 Å.65 Zn and

Br bond distances were taken from published structures,30–32 whereas the corre-

sponding bond and bond angle and torsion angle force constants were set to

400 kcal/(Å2 mol), 50 kcal/(Å2 mol), and 0.0, respectively. The nonbonded parame-

ters for the same atoms were taken from the Amber forcefield. Charges were as-

signed using the Gasteiger andMarsili method for organic molecules66,67 and locally

modified for the presence of Zn and Br. MD simulations were performed with the

program NAMD 2.963 using the generalized Born surface area (GBSA) implicit sol-

vent model.68 GB radii were computed according to the Onufriev-Bashford-Case

(OBC) model,69 and salt effects were implemented in NAMD GB models through

a screening function.70 Surface areas were calculated from the area sampled by a

sphere of 1.4 Å radius, as averaged over 26 copies of the considered species submit-

ted to 1 ns of MD.

Fibrillogenesis and ThT fluorescence assay

A solution of D76N b2m (2 mg mL�1) in water (pH 6.6) was centrifuged, passed

through a 0.22-mm filter, and diluted to 20 mM either with water or a solution of [2]

C, TK-TFA, TK-Br, BR, or TK-DZn until the protein and knot/link were at equimolar

concentrations. The solutions were incubated at 37�C and vigorously stirred. Ali-

quots were taken at different times and submitted to ThT fluorescence analysis.

The procedure was performed in triplicate for each sample.

ThT fluorescence assays (445 nm/480 nm excitation/emission)71 on fibrillogenesis al-

iquots were conducted at 37�C on a PerkinElmer EnSpire 2300 fluorimeter in the

presence of 10 mM ThT in 50 mM glycine buffer, pH 8.3.

ThT fluorescence time courses were also measured for 10 mM D76N b2m solutions

kept under fibrillogenic conditions (orbital shaking at 700 rpm at 37�C for 36 h

with 40 mM ThT, pH 7.1). The fluorescence was monitored every 10 min, after

stopping the shaking, by means of a plate-reading fluorimeter. The plotted values

are the averages over the readings from three different wells. The fibrillogenesis ki-

netics represented by the ThT fluorescence raising phase were fitted by a Boltzmann

sigmoidal function plotted in red in Figures 6D and 6E and described by the

following equation:

y =
a

1+ exp � t� thalfð Þ
t

� �� �
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where y is the ThT fluorescence intensity, a is the difference between initial and final

fluorescence intensity values of the raising phase, thalf represents the time at half-

height of that fluorescence excursion, t is the time, and t is the time constant

describing the steepness of the curve.

C. elegans experiments

Ancestral smg1 (cc546) strain was purchased from the Caenorhabditis Genetics Cen-

ter (University of Minnesota, St. Paul, MN). Construction and characteristics of the

transgenic C. elegans strain expressing D76N b2 m (CPV27) have been previously

described.51 Nematode offspring of CPV27 and ancestral strains were maintained

and propagated at 16�C on solid Nematode Growth Medium (NGM) supplemented

with OP50 Escherichia coli preparations (Caenorhabditis Genetics Center) for

feeding. To obtain age-synchronized animals, adult nematodes were bleached

with alkaline solution (500mMNaOH, 1.5%NaClO) and the isolated eggsweremain-

tained at 16�C. When the L1 larval stage was reached, the expression of D76N b2m

was induced by shifting the temperature to 25�C to trigger the transgene expression

system.51 Three synchronized nematodes at the L4 larval stage were placed into

NGM agar plates and seeded with tetracycline-resistant E. coli (HT115) in the pres-

ence (100 mM) or absence of doxycycline or TK-Br or TK-TFA in distilled or EPA water.

Plates were imaged 6 days later using the recently developed INVAPP/Paragon sys-

tem and motility was scored as previously described.52 Controls were grown with

distilled water only, with either the transgenic or the smg-1 (cc546) ancestral strain.

Three independent assays were performed for each treatment or non-treatment.

AFM analysis

Samples for AFM were prepared by drop-casting on silicon wafer 10 mL aliquots of

the solutions, which had undergone 36 h of fibrillogenic treatment on silicon wafer.

The silicon substrates were 10 3 10 mm in size. Before and after drying for 2 days

under ambient conditions, these square-shaped substrates were mounted on an

AFM substrate holder. The surface topography of all of these samples, under wet

conditions or after 2 days of drying (before and after drying), were analyzed by

AFM (Model 5500 Atomic Force Microscope, Keysight Technologies, Santa Rosa,

CA) in non-contact mode. We used Si cantilevers (Nanosensors, Neuchatel,

Switzerland) with a resonant frequency of 200–500 kHz and a force constant of

10–130 Nm�1 to acquire height, phase, and amplitude imaging simultaneously.

The set point values were typically maintained at 2.25 V. Gwyddion free software

(version 2.47) was used for post-processing the acquired topographic scans.
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