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Inhibiting protein–amyloid interactions with small molecules:
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Abstract—This paper presents a surface-based approach to inhibit the binding of proteins to Alzheimer�s-related b-amyloid (Ab)
fibrils with small molecules. It reports the idea of using an intracellular, disease-related fibril as a material whose surface can be
coated with small molecules. Using an ELISA-based assay, molecular surface coatings with thioflavin T are shown to inhibit
65 ± 10% of the binding of two different anti-Ab IgGs to Ab fibrils. A molecular surface coating with 3,6-diamino acridine was able
to inhibit 76 ± 10% of the binding of an anti-Ab IgG to Ab fibrils. Maximal inhibition of these protein–amyloid interactions appears
in the low to mid-micromolar range of small molecule. This demonstration that molecular surface coatings can be used to attenuate
the interaction of proteins with these fibrils suggests a potentially new strategy for therapeutics in neurodegenerative amyloid
diseases.
� 2005 Elsevier Ltd. All rights reserved.
This paper describes the coating of Alzheimer�s-related
b-amyloid (Ab) fibrils with small molecules as a method
to inhibit the binding interactions between amyloid-
binding proteins with these fibrils. Amyloid fibrils
formed from misfolded proteins or peptides are a hall-
mark of many neurodegenerative diseases.1 One possible
cause for the development of Alzheimer�s disease (AD),
for instance, is the interaction of Ab peptides, oligomers,
and fibrils with cellular components in the brain.2 The
interactions between proteins (e.g., catalase,3 ABAD,4

and RAGE5) and aggregated Ab, for example, have
been reported3–5 for their potential contribution to
Ab-induced neurotoxicity in the pathogenesis of AD,
although there is still much debate as to which form of
aggregated Ab peptide (e.g., oligomers or fibrils) is most
toxic.6 These results suggest that therapeutic strategies
that interfere with protein–amyloid interactions (espe-
cially amyloid in aggregated form) may be useful for
the treatment of patients with AD. This paper presents
a simple and general surface chemistry approach to
inhibit the interaction of proteins with one form of
aggregated Ab—fibrils—using a small molecule.
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Molecular coatings on metallic and polymeric surfaces
are used frequently to attenuate interactions of proteins
with artificial materials for biological studies and biotech-
nology applications.7 Here, we extend this technology to
natural, biological materials and demonstrate proof-of-
concept for generating protein-resistive coatings on the
surface ofAbfibrils with smallmolecules.We hypothesize
that the binding of molecules to Ab fibrils can generate
surface coatings that are capable of resisting the interac-
tion of Ab-binding proteins with these fibrils, resulting
in a potentially new strategy to intervene in AD-related
pathology.We demonstrate that the small molecule, thio-
flavin T (ThT), can inhibit the interaction of amyloid-
binding proteins with AD-related Ab fibrils by binding
and coating the surface of these fibrils. In this research,
we used Ab-binding IgGs as simplifiedmodels for natural
Ab-binding proteins.

ThT—a fluorescent histological staining agent
(Fig. 2A)—is used extensively for the characterization
of Ab fibrils8 and for the detection of aggregation of
Ab in solution.9 Several groups10 have studied the inter-
action of ThT with Ab fibrils by fluorescence and
showed that ThT binds uniformly to the bulk of Ab
fibrils with high affinity (Kd�s ranging from high nM to
low lM10b,d). We propose that if ThT binds Ab fibrils
with high enough density to coat the bulk of the fibril,
ThT will be able to block potential binding sites for
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Figure 1. Illustration of the inhibition of IgG–amyloid interactions by

coating surfaces of Alzheimer�s-related Ab fibrils with small molecules.

(A) Ab fibrils imaged by atomic force microscopy. The dark regions

indicate the location of fibrils. The scale bar is 100 nm. The blownup

region indicates a schematic diagram of a single Ab fibril.16 (B)

Pathway (1) illustrates the binding of anti-Ab IgGs to the fibrils in the

absence of small molecules. Pathway (2) illustrates the proposed

binding of small molecules to Ab fibrils parallel to the direction of the

fibril axis;10e the proposed surface coating on Ab with small molecules

prevents anti-Ab IgGs from binding to the fibrils.
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proteins and thus function as an inhibitor for protein-
Ab fibril (here, IgG-Ab fibril) interactions (Fig. 1B).

We grew Ab fibrils in vitro from synthetic AD-related
Ab peptides (residues 1–42). We characterized these
fibrils by atomic force microscopy. Images indicated
the presence of fibrils (Fig. 1A) that were consistent with
literature reports11 in terms of size (5–10 nm in diameter
and >400 nm long) and in terms of morphology (single
fibrils and bundles of fibrils). We coated the wells of
commercial 96-well plates with freshly prepared Ab
fibrils and incubated them with solutions of ThT. After
removal of excess ThT, we treated the ThT-coated fibrils
in the wells with a monoclonal anti-Ab IgG� (clone
6E10, derived from residues 3 to 8 of Ab peptide as
antigens). Finally, we quantified the interaction of the
anti-Ab IgG with the ThT-coated Ab fibrils using an
ELISA-based assay (see Supporting Information for
details of this IgG-Ab inhibition assay).

Figure 2A shows that ThT had an inhibition concen-
tration corresponding to 50 percent inhibition (IC50)
of 5 lM for the binding of the anti-Ab IgG (clone
6E10, 0.16 lg mL�1) to the Ab fibrils (deposited from
solutions containing 1.3 lM Ab peptide).� We mea-
sured a total inhibition of �65% of the interaction be-
tween this IgG and Ab fibrils when we incubated the
fibrils with a 50 lM solution of ThT.§ Solutions of
ThT with concentrations higher than 50 lM did not
increase the total inhibition of the IgG-Ab fibril
interactions above �65 %.– Exposing the ThT-coated
Ab-fibrils to prolonged washing steps (from 0 to 4 h)
with PBS buffer prior to incubation with primary
anti-Ab IgG did not affect the total amount of inhibi-
tion of the IgG–amyloid interactions, suggesting that
the rate of unbinding of ThT from the Ab fibrils is
slow relative to the timescale of the binding assay.

To demonstrate that these surface coatings can inhibit
other proteins that bind to Ab fibrils, we tested the ability
of ThT to inhibit the interaction of Ab fibrils with an anti-
Ab IgG raised against a different epitope of Ab peptide
(cloneAMY-33, derived from residues 1–28ofAbpeptide
as antigens).Wemeasured an IC50 of 0.4 lM(Fig. 2B) for
ThTwith this IgG (cloneAMY-33) under the same condi-
� We used monoclonal IgGs to minimize the chance for cross-

reactivity of the IgGs with the other molecules used in our assay.
� Since we do not know the final amount of the Ab fibrils deposited in

the wells, we also incubated the Ab fibrils (1.3 lM) with solutions of

ThT prior to depositing the coated fibers into the wells and measured

an IC50 of 60 lM (See Supporting Information, Figure S1). For

comparison, we observed an IC50 of �1 lM when we used a 0.3 lM
solution of Ab peptide in the control procedure (data not shown). We

would, therefore, expect the observed IC50�s to be different using the

two procedures.
§ We defined 0 percent inhibition as the UV–vis signal observed when

the assay is run in the absence of small molecule and define 100

percent inhibition as the UV–vis signal observed when the assay is

run in the absence of both amyloid fibrils and small molecule.
– Coating the fibrils in solutions of ThT (>100 lM of ThT) prior to

deposition into wells resulted in a maximum inhibition of �80%

of the protein–amyloid interactions (See Supporting Information,

Figure S1).
tions we used to assay the first anti-Ab IgG (clone 6E10).
We observed a maximum inhibition of �65% of this IgG
(clone AMY-33)-Ab fibril interaction with solutions of
ThT having concentrations of 10 lM or higher.

When we used 3,6-diamino acridine (DAA)—another
histological staining agent for amyloid fibrils12,13—in-
stead of ThT, we observed similar inhibition of the
interaction between the anti-Ab IgG (clone 6E10) and
Ab-fibrils (Fig. 2C). We measured an IC50 of 4.6 lM
and a maximum inhibition of 76 ± 10% of the IgG–am-
yloid interactions when we used DAA. We observed
maximum inhibition of the interaction of this anti-Ab
IgG (clone 6E10) with Ab fibrils using concentrations
of DAA of 67 lM and higher.

We did not observe inhibition of the interaction between
the IgGs and Ab fibrils in control experiments using
1-naphthol-4-sulfonate (Fig. 2D)—structurally similar
molecules to 1-naphthol-4-sulfonate do not interact with
Ab fibrils14—suggesting binding of the small molecule to
the Ab fibrils is necessary for the observed inhibition
with ThT and DAA.

In all cases shown in Figure 2A–C, we did not observe
inhibition of the IgG–amyloid interactions above
76 ± 10% by small molecules. These results may be
due to the inability of the small molecules to bind effec-
tively to defects or the terminal ends of Ab fibrils (ThT is
known to bind only to the fibril form of Ab10c). Figure
2E shows TEM images of the IgGs (clone 6E10) bound
to Ab fibrils; the IgGs are labeled with gold particles for
clarity using a previously reported procedure.15 When
the Ab fibrils are coated with ThT prior to incubation
with a solution of anti-Ab IgGs, significantly fewer IgGs
appear bound to the Ab fibrils (Fig. 2F). These images
qualitatively support the results from the binding assays.



Figure 2. Inhibition of IgG-Ab fibril interactions with ThT. (A) Ab fibrils incubated with solutions of ThT and exposed to an anti-Ab IgG (clone

6E10). (B) Same assay as in (A) but using an anti-Ab IgG raised against a different binding epitope of Ab peptide (clone AMY-33). (C) Same assay as

in (A), except that the inhibition is plotted against the concentration of 3,6-diamino acridine (DAA) instead of ThT. (D) Same assay as in (A), except

that the inhibition is plotted against the concentration of 1-naphthol-4-sulfonate (NS) instead of ThT. (E) TEM images of anti-Ab IgGs (clone 6E10)

bound to Ab fibrils. For clarity, the antibodies are labeled with gold particles.15 (F) TEM images of fibrils coated with ThT followed by incubation

with anti-Ab IgG. Again, IgGs were labeled with gold particles for clarity. ThT-coated fibrils (arrows) were stained positively with uranyl acetate.

See Supporting Information for details and additional images. Scale bars are 200 nm.
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We believe, therefore, that at least part of the surface of
Ab fibrils is accessible for binding by anti-Ab IgGs even
after coating the surface of Ab fibrils with small mole-
cules. Perhaps, molecules that more thoroughly coat
the surface of Ab fibrils compared to ThT or DAA will
show improved total inhibition of protein-Ab fibril
interactions. The recent reports of small molecules that
can bind to Ab fibrils, can be tolerated in vivo, and
can be permeable to the brain17 suggest that protein-
resistive molecular coatings on Ab fibrils may also be
generated in living patients.

This work demonstrates that ThT can inhibit
65 ± 10% of IgG-Ab-fibril interactions, a result that
is confirmed using two different Ab-binding IgGs.
DAA was shown to be slightly better than ThT by
inhibiting 76 ± 10 % of these amyloid-protein interac-
tions. A molecule that does not bind to Ab fibrils—
1-naphthol-4-sulfonate—had no inhibitory effect on
the binding of anti-Ab IgGs to Ab fibrils. These re-
sults support the hypothesis that inhibition of the
interaction between proteins and Ab fibrils is due to
the coating of Ab fibrils with Ab-binding molecules.
The generation of protein-resistive surface coatings
on amyloid fibrils with small molecules is a first step
toward developing a new therapeutic strategy for the
inhibition of harmful protein–amyloid interactions in
neurodegenerative diseases.



P. Inbar, J. Yang / Bioorg. Med. Chem. Lett. 16 (2006) 1076–1079 1079
Acknowledgments

This work was supported by a Faculty Career Develop-
ment Award at UCSD. We thank the National Center
for Microscopy and Imaging Research at the University
of California, San Diego, for the use of their electron
microscope facilities and Professor Michael Burkart
for use of the UV–vis microplate reader. We thank Stacy
Takayama for her help with the inhibition assays. The
authors also thank Irina Gitlin, Emmanuel Theodora-
kis, and Yitzhak Tor for helpful discussions.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2005.10.067.
References and notes

1. (a) Soto, C. Nat. Rev. Neurosci. 2003, 4, 49; (b) Agoro-
giannis, E. I.; Agorogiannis, G. I.; Papadimitriou, A.;
Hadjigeorgiou, G. M. Neuro. Path. Appl. Neurobiol. 2004,
30, 215; (c) Kelly, J. Structure 1997, 5, 595.

2. (a) Dawbarn, D.; Allen, S. J. In Neurobiology of Alzhei-
mer�s disease, Oxford University Press: Oxford, 2001; (b)
Pereira, C.; Ferreiro, E.; Cardoso, S. M.; de Oliveira, C.
R. J. Mol. Neurosci. 2004, 23, 97.

3. (a) Milton, N. G. N. Biochem. J. 1999, 344, 293; (b)
Milton, N. G. N.; Mayor, N. P.; Rawlinson, J. Neurore-
port 2001, 121, 2561.

4. (a) Yan, S. D.; Fu, J.; Sot, C.; Chen, X.; Zhu, H.; Al-
Mohanna, F.; Collison, K.; Zhu, A.; Stem, E.; Saido, T.;
Tohyama, M.; Ogawa, S.; Roher, A.; Stern, D. Nature
1997, 389, 689; (b) Yan, S. D.; Shi, Y.; Zhu, A.; Fu, J.;
Zhu, H.; Zhu, Y.; Gibson, L.; Stern, E.; Collison, K.; Al-
Mohanna, F.; Ogawa, S.; Roher, A.; Clarke, S. G.; Stern,
D. M. J. Biol. Chem. 1999, 274, 2145; (c) Lustbader, J. W.;
Cirilli, M.; Lin, C.; Xu, H. W.; Takuma, K.; Wang, N.;
Caspersen, C.; Chen, X.; Pollak, S.; Chaney, M.; Trinch-
ese, F.; Liu, S.; Gunn-Moore, F.; Lue, L. F.; Walker, D.
G.; Kuppusamy, P.; Zewier, Z. L.; Arancio, O.; Stern, D.;
Yan, S. S.; Wu, H. Science 2004, 304, 448.

5. (a) Yan, S. D.; Chen, X.; Fu, J.; Chen, M.; Zhu, H.;
Roher, A.; Slattery, T.; Zhao, L.; Nagashima, M.; Morser,
J.; Migheli, A.; Nawroth, P.; Stern, D.; Schmidt, A. M.
Nature 1996, 382, 685; (b) Yan, S. D.; Roher, A.; Schmidt,
A. M.; Stern, D. M. Am. J. Pathol 1999, 155, 1403; (c)
Yan, S. D.; Roher, A.; Chaney, M.; Zlokovic, B.; Schmidt,
A. M.; Stern, D. M. Biochim. Biophys. Acta 2000, 1502,
145.

6. Lee, S.; Carson, K.; Rice-Ficht, A.; Good, T. Prot. Sci.
2005, 14, 593.

7. (a) Chapman, R. G.; Ostuni, E.; Takayama, S.; Homlin,
R. E.; Yan, L.; Whitesides, G. M. J. Am. Chem. Soc. 2000,
122, 8303; (b) Mrksich, M.; Chen, C. S.; Xia, Y. N.; Dike,
L. E.; Ingber, D. E.; Whitesides, G. M. Proc. Nat. Acad.
Sci. U.S.A. 1996, 93, 10775; (c) Chiu, D. T.; Jeon, N. L.;
Huang, S.; Kane, R. S.; Wargo, C. J.; Choi, I. S.; Ingber,
D. E.; Whitesides, G. M. Proc. Nat. Acad. Sci. U.S.A.
2000, 97, 2408; (d) Chen, X.; Ferrigno, R.; Yang, J.;
Whitesides, G. M. Langmuir 2002, 18, 7009; (e) Siegers,
C.; Biesalski, M.; Haag, R. Chem. Eur. J. 2004, 10, 2831;
(f) Yousaf, M. N.; Houseman, B. T.; Mrksich, M. Angew.
Chem. Int. Ed. 2001, 40, 1093.

8. LeVine, H., III Meth. Enzym. 1999, 309, 274.
9. (a) Blanchard, B. J.; Chen, A.; Rozeboom, L. M.; Stafford,

K.; Weigele, A. P.; Ingram, V. M. Proc. Natl. Acad. Sci.
U.S.A. 2004, 101, 14326; (b) Ono, K.; Hasegawa, K.;
Yoshiike, Y.; Takashima, A.; Yamada, M.; Naiki, H.
J. Neurochem. 2002, 81, 434.

10. (a) LeVine, H., III Protein Sci. 1993, 2, 404; (b) LeVine,
H., III Amyloid 1995, 2, 1; (c) LeVine, H., III Arch.
Biochem. Biophys. 1997, 342, 306; (d) Lockhart, A.; Ye, L.;
Judd, D. B.; Merritt, A. T.; Lowe, P. N.; Morgenstern, J.
L.; Hong, G.; Gee, A. D.; Brown, J. J. Biol. Chem. 2005,
280, 7677; (e) Krebs, M. R. H.; Bromley, E. H. C.;
Donald, A. M. J. Struct. Biol. 2005, 149, 30.

11. Hilbich, C.; Kisters-Woike, B.; Reed, J.; Masters, C. L.;
Beyreuther, K. J. Mol. Biol. 1992, 228, 460.

12. Vasser, P. S.; Culling, C. F. A. Arch. Pathol. 1959, 68, 487.
13. Shimadzu, H.; Suemoto, T.; Suzuki, M.; Shiomitsu, T.;

Okamura, N.; Kudo, Y.; Sawada, T. J. Labelled Compd.
Radiopharm. 2003, 346, 765.

14. Villa, S.; Cignarella, G.; Barlocco, D.; Gervasoni, M.;
Carcassola, G.; Giannino, L.; Mantegazza, P. Farmaco
2003, 58, 929.

15. Yang, J.; Mayer, M.; Kriebel, J. K.; Garstecki, P.;
Whitesides, G. M. Angew. Chem. Int. Ed. 2004, 43, 1555.

16. Kheterpal, I.; Williams, A.; Murphy, C.; Bledsoe, B.;
Wetzel, R. Biochem. 2001, 40, 11757.

17. (a) Mathis, C. A.; Wang, Y.; Klunk, W. E. Curr. Pharm.
Des. 2004, 10, 1469; (b) Hintersteiner, M.; Enz, A.; Frey,
P.; Jaton, A.; Kinzy, W.; Kneuer, B.; Neumann, U.;
Rudin, M.; Staufenbiel, M.; Stoeckli, M.; Wiederhold, K.;
Gremlich, H. Nat. Biotechnol. 2005, 23, 577.

http://dx.doi.org/10.1016/j.bmcl.2005.10.067
http://dx.doi.org/10.1016/j.bmcl.2005.10.067

	Inhibiting protein -- amyloid interactions with small molecules: A surface chemistry approach
	Acknowledgments
	Supplementary data
	References and notes

	Inhibiting protein -- amyloid interactions with small molecules: A surface chemistry approach
	Acknowledgments
	Supplementary data
	References and notes


