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Cnidarian fluorescent protein (FP) derivatives such as GFP, mCherry,
and mEOS2 have been widely used to monitor gene expression and
protein localization through biological imaging because they are
considered functionally inert. We demonstrate that FPs specifically
bind amyloid fibrils formed from many natural peptides and
proteins. FPs do not bind other nonamyloid fibrillar structures such
as microtubules or actin filaments and do not bind to amorphous
aggregates. FPs can also bind small aggregates formed during the
lag phase and early elongation phase of fibril formation and can
inhibit amyloid fibril formation in a dose-dependent manner. These
findings suggest caution should be taken in interpreting FP-fusion
protein localization data when amyloid structures may be present.
Given the pathological significance of amyloid-related species in
some diseases, detection and inhibition of amyloid fibril formation
using FPs can provide insights on developing diagnostic tools.

GFP-like proteins | amyloid fibril | binding | inhibition

myloids are protein aggregates that self-assemble into highly

ordered fibrillar structures (1, 2). Amyloids came into
prominence due to their association with a large number of human
diseases (3, 4). Numerous neurodegenerative diseases have amy-
loid fibrils as characteristic biomarkers of the disease state. Alz-
heimer’s disease is characterized by the formation of amyloid
plaques — clumps of amyloid fibrils formed by the aggregation of
the proteins AB1-40 and AB1-42 (5, 6). The aggregation of tau
protein into amyloid fibrils is found in a class of related neuro-
degenerative diseases collectively known as “tauopathies” (7).
Parkinson’s disease features cerebellar amyloid aggregates of
a-synuclein (8-10), and Huntington’s disease has the hallmark of
aggregated huntingtin (11-14). Beyond neurodegenerative dis-
ease, protein aggregation is associated with systemic amyloidosis
(15, 16) and diabetes (17, 18). Amyloid fibrils have also been
found to be factors in the transmission of infectious diseases.
PAPf39 (a 39-residue peptide corresponding to residues 248—286
in human prostatic acidic phosphatase) and SEM1 (a 22-residue
peptide corresponding to residues 86—107 in human semenogelin
I protein) amyloid fibrils, both naturally occurring in human se-
men, have been found to increase infectivity of viruses including
HIV (19). Thus, understanding the causes of protein aggregation
is essential for the development of diagnostic tools and thera-
peutic agents to combat these widespread and growing health
problems.

It is known that amyloid fibril formation in vitro follows a
nucleation-dependent elongation mechanism, and the process is
generally irreversible. However, due to the lack of adequate an-
alytical methods, the detailed understanding of the structural
features of various intermediates on the fibrillation pathway, in-
cluding the structure and mechanism of nuclei formation, remains
elusive. For example, the fluorescent dyes thioflavin T (ThT) and
Congo Red (CR) are believed to be specific for the fibrillar
structure but cannot report on the structural changes that occur
during the nucleation phase of the fibrillation reaction.
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In studying amyloid fibril formation using GFP (green fluores-
cent protein from Aequorea victoria) fusion proteins, we made the
serendipitous discovery that GFP alone colocalized with amyloid
fibrils. To examine how ubiquitous this was, we extended our
studies to other cnidarian fluorescent proteins (FPs), mCherry, a
monomeric derivative of dsRed protein from sea anemone Dis-
cosoma sp. and mEOS2, monomeric derivative of photoactivatable
green to red fluorescent protein from stony coral Lobophyllia
hemprichii, and probed their ability to bind over a dozen different
amyloid fibrils. Here, we present evidence that FPs bind specifi-
cally to the core of various amyloid fibrils, and allows various in-
termediates on the fibrillation pathway to be visualized using
fluorescence microscopy. We also find that FPs can bind early
prefibrillar species along the fibrillation pathway and can inhibit
amyloid fibril formation.

Results and Discussions

GFP Binding to Amyloid Fibrils Visualized by Confocal Fluorescence
Microscopy. We formed amyloid fibrils from biologically relevant
peptides and proteins (AM1-40, ApM1-42, Ap1-42, PAPf39,
SEM1, IAPP, insulin, hen egg white lysozyme) as well as nonbi-
ological materials such as catalytic (20) or chemical (21) fibrils and
confirmed the presence of fibrillar material using atomic force
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microscopy (AFM) (Fig. 1 A and B and SI Appendix, Fig. S1). The
presence of fibrillar material can also be visualized by confocal
fluorescence microscopy (CFM) in the presence of the traditional
amyloid binding chemical dyes thioflavin T (ThT) and Congo Red
(CR) (Fig. 14). When these fibrillar structures were imaged by
CFM in the presence of GFP, mCherry (Fig. 1 A and B and S/
Appendix, Fig. S1), or mEOS2 (SI Appendix, Fig. S2), we also
detected significant binding of the FP proteins to the fibrils. To
show that FPs bind specifically to fibrillar structures and not to
corresponding monomers, we performed a dot blot experiment
(Fig. 1C). In these experiments, fibrils or the corresponding mo-
nomeric form of the amyloidogenic polypeptides were spotted onto
a nitrocellulose membrane, exposed to an FP, and imaged by
fluorescence microscopy. Only fibrillar structures showed binding of
GFP or mCherry (Fig. 1C and SI Appendix, Fig. S3). These results
suggest that FPs bind specifically to amyloid fibrils of these peptides.

Some amyloid fibrils made of larger proteins have a “fuzzy
coat” around them, formed by unstructured parts of the protein
that are not involved in the formation of the amyloid core. Two
proteins, tau and a-synuclein (a-syn), form such coated fibrillar
structures (22). We found that GFP fails to bind such fibrils as
evident by CFM imaging (Fig. 1 D and E). However, if the tau
and a-syn fibrils were pretreated with a nonspecific protease
(subtilisin) that removes this “fuzzy coat,” then binding was de-
tected (Fig. 1 D and E). To further confirm that the presence of a
“fuzzy coat” prevents recognition of the amyloid core of tau by
GFP, we used two truncated tau constructs, K18 and K19 (23).
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K18 and K19 lack N- and C-terminal unstructured sequences,
which form the “fuzzy coat” (Fig. 1F), but retain the ability to form
amyloid fibrils. Importantly, both K18 and K19 amyloid fibrils
show GFP binding by CFM imaging in the absence of subtilisin
treatment (Fig. 1G). These findings suggest that FPs are proteins
that specifically recognize the amyloid core of the fibrillar
structures.

GFP Binds Amyloid Fibrils with High Affinity. We next quantified the
macroscopic kinetic and thermodynamic parameters of GFP
binding to amyloid fibrils. To this end, we visualized the binding of
GFP to fibrillar structures by time-resolved total internal reflec-
tion fluorescence (TIRF) microscopy. TIRF microscopy of indi-
vidual PAPf39 amyloid fibrils shows that GFP molecules freely
move around while dynamically binding and unbinding the fibrillar
material (Movie S1). Quantitative analysis of the TIRF data al-
lows estimates of kinetic parameters for binding k,, = 0.027 +
0.02 s7'nM™" and ko = 0.62 + 0.04 s~ (SI Appendix, Fig. S4).
The macroscopic apparent equilibrium binding constant (intrinsic
binding constant of GFP per site) estimated from the kinetic
constants was Ky, = kogekon = 23 = 5 nM. This rather high affinity
also supports the notion of high specificity of GFP binding to
amyloids fibrils.

GFP Does Not Bind Nonamyloid Fibrillar or Extended f-Sheet Structures.
We next sought to examine whether FPs can bind nonamyloid
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Fig. 1. GFP and mCherry bind various amyloid fibrils. (A) Biological amyloid fibrils: AFM images (column 1) show the presence of amyloid fibrils in all samples.

CFM (columns 2-5) images of 90 pg/mL amyloid fibrils in the presence of 5 pM GFP (column 2), 5 yM mCherry (column 3), 50 pM ThT (column 4), and 50 uM CR
(column 5). (B) Nonbiological amyloid fibrils: AFM images of fibrils made of synthetic heptapeptide or the small-molecule-derived chemical fibril 1541. Both of
these nonbiological amyloid fibrils can bind GFP and mCherry as seen from CFM images. See also S/ Appendlix, Fig. S1. (C) Dot blot experiments show that GFP
binds to amyloid fibrils but not to their corresponding monomeric peptides. Upper, silver staining, Lower, GFP staining. See also S/ Appendix, Fig. S3. (D and E)
GFP binds to a-synuclein or full-length tau only after their “fuzzy coats” were removed by treatment with nonspecific protease subtilisin. (F and G) The
amyloid fibrils made of tau variants K18 and K19 (i.e., that contain only amyloid core forming repeat domains) do not require treatment with subtilisin to
bind GFP. (Scale bars: AFM: A and B, 500 nm; CFM: A, B, and D-G, 5 pm; C: silver staining, 1 mm; C: GFP staining, 0.5 mm.)
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fibrillar structures. Protein-based fibrillar structures that are not
amyloids, such as microtubules or actin filaments, showed no de-
tectable binding (Fig. 24). To further probe the specificity of FPs
for amyloid fibrils, we examined the ability of FPs to bind another
form of protein aggregate, the amorphous aggregate. We used
amorphous aggregates (24) formed by IgG and BSA and found
that GFP did not bind to either (Fig. 2B), supporting the previous
conclusion that these FPs are specific to amyloid fibrils and not to
other types of protein aggregates. Interestingly, ThT and CR,
chemical dyes that are believed to be specific to amyloid fibrils,
both bound to the amorphous IgG and bovine serum albumin
(BSA) aggregates (Fig. 2C). Finally, we asked if GFP can bind
proteins that contain extended f-sheet structures. For these ex-
periments, we examined pertactin and OspA proteins in sedi-
mentation velocity experiments, in which protein—protein
interactions can be detected by an increase in sedimentation co-
efficient of GFP in the presence of protein of interest. The sedi-
mentation coefficient of GFP alone or in the presence of pertactin
or OspA does not change, suggesting no detectable binding
(Fig. 2D). This result provides further support to the notion that
that FPs bind not just any p-structure but specifically cross-f am-
yloid structures.

GFP Bind Various Species on Fibrillation Pathway and Inhibits Fibrillation.
Next, we sought to test whether GFP can bind other intermediate

A Micro-
tubules

F-actin

Br. Field
Br. Field

GFP
GFP

C(S) 474 nm

1

2 3 4 5
Sedimentation Coefficent (S)

species along the fibrillation pathway. For this we periodically re-
moved aliquots of fibrillation reaction at defined time points and
following the addition of GFP, imaged the solution using CFM (S
Appendix, Fig. S5). The CFM images were collected over a relatively
large area (900 pm x 900 pm) to generate a statistically meaningful
dataset (Fig. 34). In parallel, we monitored fibrillation using the
traditional method of monitoring the changes in bulk fluorescence
from CR (Fig. 34) or ThT (SI Appendix, Fig. S5). CFM images
showed the appearance of detectable particles already after 1 h into
the fibrillation reaction when no CR or ThT signal increase was yet
been observed. To quantify the time-dependent distribution of in-
tensities in particles of different sizes, we have binned them into
three groups: small identifiable particles (SIPs) with sizes less than
25 um?% medium identifiable particles (MIPs) with sizes between
25 pm? and 75 pm?; and large identifiable particles (LIPs) with
sizes larger than 75 pm?% The time-dependent histogram shows
the appearance of SIPs early in the kinetic pathway with no
detectable MIPs or LIPs (Fig. 3B). As time progressed, the frac-
tion of SIPs decreased, while the fraction of MIPs started to in-
crease, reaching a maximum at ~20 h. Importantly, the fraction of
LIPs, appearing at later time points, coincides with the increase in
bulk fluorescence signal from CR (Fig. 3B). These experiments
suggest that GFP can bind not only mature fibrils but also smaller
nonmonomeric species populated during the lag phase of the
fibrillation reaction.
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Fig. 2. GFP does not bind nonamyloid fibrils, amorphous aggregates, and proteins with extended p-sheet structures. (A) Tubulin and actin form fibrillar
structure (microtubules and F-actin, see AFM images in row 1), these fibrillar structures are visible in bright field images in solution (row 2) but do not show
staining with GFP (row 3). (B and C) Amorphous aggregates of IgG and BSA do not show fibrillar structure in AFM imaging, are visible in bright field images in
solution but do not show staining with GFP, but are stained by ThT and CR. (Scale bars: A-C: AFM, 500 nm; CFM, 5 um.) Note that images corresponding to
bright field, GFP, and Proteostat (ProtStat) are images of the same field of view. (D) Soluble monomeric proteins pertactin and OspA that have extended
B-sheet structure do not bind GFP as can be seen from comparing sedimentation velocity experiments of GFP alone and in the presence of pertactin and OspA
(S/ Appendix, Fig. S10). Cartoon representation of structures of GFP (PDB ID code: 2B3P), pertactin (PDB ID code: 1DAB) and OspA (PDB ID code 20Y7) are

shown on the same scale.
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Fig. 3. Use of GFP to monitor kinetics of amyloid fibril formation. (A and B) CFM images monitoring kinetics of fibril formation as a function of time for
1.0 mg/mL SEM1 peptide. (Scale bar: 100 um.) For these experiments, aliquots from the reaction were mixed with 5 pM GFP in PBS and 10 x 10 grid of CFM
images covering 900 pm x 900 um area were acquired. In parallel, bulk changes in CR fluorescence were monitored (S/ Appendix, Fig. S5A). CFM images were
analyzed by binning particles by size: SIPs < 25 um?, MIPs > 25 ym? and <75 pm?, and LIPs > 75 pm?. Notably, distributions of LIPs and CR overlap. See S/
Appendix, Fig. S5B for reproducibility and ThT-based monitoring of fibrillation kinetics. (C and D) GFP shows dose-dependent inhibition of the amyloid fibril
formation for SEM1 and PAPf39 amyloid fibrils. The concentration of the peptide in all reactions is 1 mg/mL. The different colors correspond to the ratios of
the molar concentration of peptide monomer to the molar concentration of GFP. Data are shown as mean + SD of triplicate experiments and the lines are

drawn to guide the eye.

We next asked whether the interactions of FPs with smaller
particles can modulate the kinetics of fibrillation. For these ex-
periments, GFP/mCherry was added to the fibrillation reaction
at the beginning (i.e., time 0; see SI Appendix, Fig. S64) and the
fibrillation was monitored by ThT/CR bulk fluorescence assay
(Fig. 3 C and D and SI Appendix, Fig. S6 B and C) and CFM
imaging (SI Appendix, Fig. S7). It is evident that GFP/mCherry
inhibits fibrillation kinetics in a dose-dependent manner. Impor-
tantly, complete inhibition occurs at super substoichiometric ra-
tios, suggesting binding to the small oligomeric species. Additional
evidence for binding of GFP to species formed during the lag-
phase comes from time-point inhibition assays (SI Appendix, Fig.
S8A). For these experiments, GFP was added to the fibrillation
reaction at different time points of fibrillation reaction and fi-
brillation was monitored by CR bulk fluorescence assay (SI Ap-
pendix, Fig. S8B). Addition of GFP early in the lag phase
produced complete inhibition, while addition late in the lag phase
led to a longer lag phase. Importantly, addition of GFP during the
elongation phase of the reaction did not inhibit the fibrillation,
suggesting GFP binding to elongating fibrils does not prevent
monomer addition.

GFP Binds Amyloid Fibrils in a Preferred Orientation. To answer the
question of whether GFP binding on the amyloid fibrils occurs in
a particular fixed orientation relative to the fibril axis, we used
fluorescence polarization microscopy. Solution containing fibrils
in the presence of GFP or Proteostat (a dye that is similar in
structure to a ThT dimer but has fluorescence properties that
allow coimaging with GFP) was imaged with vertically or hori-
zontally polarized light. The integrated fluorescence intensity
ratios of the two images were plotted as a function of fibril angle
from horizontal (SI Appendix, Fig. S9). It is known that the
Proteostat dipole moment is aligned with the fibrillar axis (25), in
agreement with our measurements. Since GFP shows a profile
just opposite to that of Proteostat, the dipole moment of the
GFP chromophore is perpendicular to the fibril axis. The di-
rection of the electronic transition dipole moment relative to the

Xu et al.

molecular axis of GFP has been established (26) and is consistent
with a parallel orientation of p-sheets of the GFP barrel to the
amyloid cross-beta structure. More importantly, it implies that
GFP adopts a fixed orientation on the amyloid fibril.

Mapping Amyloid Binding Surface on GFP. We next sought to map
the surface of the GFP molecule that is involved in binding the
fibrillar core. To this end, we performed paramagnetic relaxation
enhancement (PRE) NMR experiments (27). In these experi-
ments, the proximity of residues on the interface can be detected
by an increase in nuclear relaxation rates due to the presence of a
paramagnetic center. PAPf39 fibrils incorporating the paramag-
netic probe (Materials and Methods) were mixed with GFP, and
paramagnetic relaxation enhancement of GFP chemical shifts was
measured (Fig. 44). The resonances that experienced the largest
PRE were mapped onto the three-dimensional structure of GFP
(Fig. 4B). We found that the majority of PREs mapped to one face
of the GFP p-barrel consisting of p-sheets 7 through 10. This face
of GFP does not show any obvious physico-chemical properties
except that it contains three surface Tyr residues that line up to
form a row perpendicular to the direction of the p-strands
(Fig. 4B). Considering that most amyloid-binding dyes contain
phenolic groups, we hypothesized that this row of Tyr is important
for the GFP binding to the fibrils. To test this hypothesis, we
substituted these three Tyr residues with Ala to make nsaGFP (no
surface aromatics) and probed this GFP variant in fibril inhibition
assay (Fig. 4C). The nsaGFP had significantly lower inhibitory
activity than WT GFP, suggesting that the Tyr row is important in
modulating GFP interactions and, thus, indirectly supporting the
mapping of GFP interface for amyloid fibrils using PRE NMR.
We further tested the requirements for having Tyr residues at
these positions by replacing them with Phe residues (i.e., keeping
the aromatic moiety without the hydroxyl group, fsaGFP) and
observed lower inhibition similar to nsaGFP (Fig. 4C). Moving the
Tyr row to adjacent positions on the same face of GFP in the
background of nsaGFP resulted in recovery of the inhibitory ac-
tivity (nsaGFP+4Y), while adding two rows of Tyr residues on the
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Fig. 4. Mapping of amyloid binding interface on GFP. (A) Experimentally derived NMR PREs are plotted as a function of the residue number of GFP: GFP in
the presence of spin-labeled PAPf39 monomer (circles) or PAPf39 amyloid fibrils (triangles and squares). Red line shows the cutoff value based on GFP alone;
open symbols show the signal below threshold, and cyan triangles and pink squares are for the values above threshold obtained from two different inde-
pendent experiments using different labeling schemes. (B) Mapping the residues with a PRE above threshold on the structure of GFP (PDB ID code: 2B3P).
Surface Tyr residues are shown as red CPK models, while cyan and pink colored surfaces correspond to the residues with PRE above threshold from two
independent experiments identified in A. (C) Comparison of the inhibitory activity of GFP variants with different locations of Tyr row. All experiments are
performed at 1,000:1 molar ratios of SEM1 to GFP. (D) Schematic rollout structure of GFP with the location of the surface mutations using the same color-

coding as in C.

same face (nsaGFP+2 x 4Y) augmented the inhibitory effect.
Interestingly, placing the Tyr row on the opposite side of the GFP
surface (nsaGFP-4Y) had an inhibitory effect similar to that of
nsaGFP (Fig. 4C). These experiments suggest that the Tyr row on
a defined face of GFP can modulate binding. However, removal of
the Tyr row does not completely abolish the binding, suggesting
that other residues on the same face of GFP contribute to the
interactions with the amyloid fibrils.

Conclusions

In conclusion, we have provided evidence that GFP, mCherry,
and mEOS2 specifically bind amyloid fibrils. This suggests that
protein localization imaging studies should avoid use of FP-
fusion proteins if amyloid structures are known to be present.
Furthermore, considering that there are many GFP and mCherry
derivatives with different photophysical properties (excitation/
emission wavelength, quantum yield), our findings suggest that
FPs may be broadly useful as tools to study structural, thermo-
dynamic, kinetic, and morphological aspects of amyloid fibril
formation.
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