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ABSTRACT: The trpzip peptides are small, monomeric, and extremely stable β-
hairpins that have become valuable tools for studying protein folding. Here, we
show that trpzip-3 inhibits aggregation in two very different amyloid systems:
transthyretin and Aβ(1−42). Interestingly, Trp → Leu mutations renders the
peptide ineffective against transthyretin, but Aβ inhibition remains. Computational
docking was used to predict the interactions between trpzip-3 and transthyretin,
suggesting that inhibition occurs via binding to the outer region of the thyroxine-
binding site, which is supported by dye displacement experiments.
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Amyloid disease is characterized by the aggregation of
normally soluble peptides and proteins, ultimately

resulting in mature fibrils rich in β-sheet structure. The
consensus view is that it is the soluble-oligomeric form of these
proteins that is the most toxic, while fibrils are relatively
inert.1−4 One popular strategy for combatting this aggregation
is the stabilization of the native, low molecular weight
structures of these peptides and proteins. Two particularly
well-studied amyloid systems are transthyretin (TTR) and the
amyloid β-peptide (Aβ).
TTR is a homotetramer consisting of 127 residue monomers

with an IgG-like fold in a dimer of dimers arrangement. TTR is
a secondary carrier of the thyroid hormone thyroxine in plasma,
and it has two binding sites at the dimer−dimer interface.
Familial amyloid polyneuropathy (FAP) and senile systemic
amyloidosis (SSA) are two diseases caused by tetramer
dissociation, partial unfolding, and aggregation of the
monomers. Whereas FAP is due to point mutations, SSA is
sporadic and present to varying degrees in much of the elderly
population.5 In both cases, tetramer destabilization and partial
unfolding of the monomer can lead to aggregation and
formation of amyloid fibrils.6 Tetramer stabilization is a
strategy that has been used successfully to reduce TTR
aggregation. The endogenous ligand thyroxine, and other
polyaromatic molecules including diflunisal,7 curcumin,8 and
tafamidis9 stabilize the tetrameric form of TTR and prevent
aggregation. Tafamidis (trade name Vyndaquel) is currently in
phase II/III clinical trials and has been approved by the
European Medicines Agency in 2011 for treatment of FAP.10 In

contrast to TTR, Aβ is a small peptide, and it is relatively
unstructured in solution. However, like TTR, it undergoes a
conformational change and aggregates; Aβ is the primary
proteinaceous component of plaques associated with Alz-
heimer’s Disease. The inhibition of Aβ by peptides containing
β-structure is well documented.11−13 However, to our knowl-
edge there are no accounts of the inhibition of TTR
aggregation by peptides. Interestingly a recent account
suggested that β-amyloid binds to TTR; however, it appears
that the interaction occurs after tetramer dissociation.14

We are interested in the development of broad-spectrum
inhibitors of amyloid formation. The trpzip peptides are among
the smallest β-hairpin peptides known to fold spontaneously
without the use of disulfide-bonds or metal ions.15 The four
tryptophan residues are located at every other position in the
sheets, resulting in all Trp residues falling on the same face in
the folded hairpin. The small size and stability of the trpzip
peptide make it an ideal scaffold for peptide inhibitor studies.
Here, we describe investigations of two trpzip peptides to

assess their ability to inhibit aggregation in two different
amyloid systems: TTR and Aβ. In particular, we focused on
trpzip-3 (TZ) and a W→ L mutant, where all four Trp residues
were replaced with Leu (L4-TZ, or leuzip) (Figure 1A). We
chose the W → L mutation to allow us to discern whether any
inhibitory properties were due to the trpzip fold specifically, i.e.,
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the β-hairpin structure, or interactions with the Trp residues. It
has been demonstrated that the contribution of cross-strand
interactions between two Leu residues in a similar system, while
stabilizing, was much weaker (ΔΔG + 1.25 kcal mol−1 when
compared to the interaction between two Trp residues).16

Consequently, we anticipated that the L4-TZ hairpin would
remain intact, but possibly be destabilized relative to TZ.
To verify that both peptides formed β-structures and to

ensure that the W to L mutations were well tolerated, we
evaluated the global structures of the peptides using circular
dichroism (CD) and Fourier transform-infrared (FTIR)
spectroscopies (Figure 1). Consistent with previous results,
the CD spectrum of TZ shows a strong exciton coupling
between the Trp residues, manifesting as a Cotton effect
centered at 221 nm (Figure 1B).15 The FTIR spectrum of TZ
shows a strong absorbance at 1630 cm−1, consistent with β-
sheet structure17 (Figure 1C). L4-TZ displays two negative
bands in the CD spectrum, centered at 223 and 198 nm,
indicative of β-sheet and random coil content, respectively
(Figure 1D). The FTIR spectrum confirms β-sheet, with a
strong absorbance at 1630−1625 cm−1 (Figure 1E). Interest-
ingly, the FTIR spectrum suggests more ordered β-structure
than might be expected based on the CD,17 which may result
from analyzing the peptide as a dried film. Analytical size
exclusion chromatography of a sample of L4-TZ that had been
in solution for 1 week showed it to be monomeric (Figure S1,
Supporting Information). L4-TZ unfolded irreversibly, as
probed via variable temperature CD spectroscopy (Figure S2,
Supporting Information), in contrast to TZ, which displays
reversible and highly cooperative unfolding.18 Taken together,
these results indicate that the W → L mutation TZ variant
exists as a monomeric, soluble β-hairpin in solution, although it
is somewhat less structured than TZ in solution.

To evaluate the antiamyloidogenic properties of the designs,
a large excess of TZ or L4-TZ was coincubated with TTR or
Aβ, and aggregation was monitored via Congo red binding or
ThT fluorescence, respectively, relative to uninhibited
aggregation (Figure 2). TTR and Aβ spontaneously aggregate

at low pH and neutral pH, respectively. We were unable to use
ThT to monitor fibril formation in the TTR assay, as the
addition of ThT to freshly dissolved and filtered TTR gives
high background fluorescence, which obscures any increase
upon fibril formation, as has been documented by others.19 A
20-fold excess of peptide was incubated with TTR, and 10-fold
excess of peptide was incubated with Aβ. TTR aggregation was
evaluated at the peak Congo red value (36 h). TZ inhibited
aggregation by 60% when coincubated with TTR. In contrast,
no inhibition was observed for L4-TZ under these conditions.
For comparison, 2 equivalents of the small molecule inhibitor
diflunisal resulted in greater than 90% inhibition of aggregation
under these conditions (Figure 2A). Congo red binds multiple
species during the aggregation process, not just fibrils. We
therefore performed AFM and confirmed that fibrils were
present in both the uninhibited TTR sample and the TTR +
L4-TZ sample. In contrast, there was little fibril formation in
the TTR + TZ sample, supporting the ability of TZ to inhibit
fibril formation (Figure S3, Supporting Information). Lowering
the concentration of TZ from 20 to 10 equivalents produced no
change in the inhibition; however, only 16% and 8% inhibition

Figure 1. Structural characterization of peptides. (A) Primary
sequence of TZ and L4-TZ. (B) CD spectrum of TZ showing strong
exciton coupling of tryptophan residues centered around 220 nm. (C)
FTIR spectrum confirms β-sheet structure of TZ with a minimum at
1630 cm−1. (D) CD spectrum of L4-TZ displaying minima at 220 and
198 nm. (E) FTIR spectrum of L4-TZ, which displays a minimum at
1625 cm−1.

Figure 2. Inhibition of amyloid formation. (A) Inhibition of TTR
aggregation. TTR was allowed to aggregate at pH 4.5 in the absence of
peptide (black) or with 20 mol equiv of TZ (blue) or L4-TZ (red). To
determine maximal inhibition, TTR was incubated at neutral pH to
prevent aggregation (gray). Results for the addition of 2 equivalents of
the small molecule diflunisal is shown for reference (green). (B)
Inhibition of Aβ aggregation. Aβ was allowed to aggregate at neutral
pH in the absence of inhibitor (black) or presence of 10 mol equiv of
TZ (blue) or L4-TZ (red).
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was observed for 5 and 2 equivalents, respectively (Figure S4,
Supporting Information). Interestingly, Aβ, however, was
inhibited by both peptides. At 12 h, 55% of Aβ aggregation
was inhibited by TZ and 69% inhibition was achieved with L4-
TZ (Figure 2B).
Both TZ and L4-TZ inhibited Aβ during the early stages of

aggregation, which suggests that they are interacting with the
monomer versus the soluble aggregates. The inhibition of TTR
by only one of the hairpins was interesting given the ability of
both to inhibit Aβ. Considering both peptides are β-hairpins,
our initial assumption was that the hydrophobic face formed by
the four Trp residues of TZ was responsible for TTR inhibition,
whereas it was most likely the β-sheet itself that inhibited Aβ. It
is well-known that TTR must first dissociate to the monomer
before partial unfolding and aggregation can occur,20 while Aβ
aggregates from a relatively unstructured monomer.21 The
interaction between TZ and TTR could occur in one of two
ways: with the monomer since tetramer dissociation would
provide previously buried hydrophobic surfaces that could
interact with TZ; or with the tetramer possibly through the two
hydrophobic thyroxine binding sites.
Previous work has shown that the fluorescent dye 8-

anilinonaphthalene-1-sulfonate (ANS) binds in the thyroxine
binding-sites of TTR, competitively displacing thyroxine.22 To
begin dissecting the mechanism of TZ inhibition of TTR
aggregation, we performed an ANS displacement assay to see
whether the TZ could displace ANS from TTR tetramers. We
first saturated the thyroxine binding sites with ANS, and then
attempted to competitively displace the dye with our peptide.
In good agreement with previous experiments, we found
titration of tetrameric TTR with ANS resulted in a peak
fluorescence value at approximately 2 equivalents of ANS for
every TTR tetramer, indicating saturation of the thyroxine
binding site22 (Figure S5, Supporting Information). Further
addition of TTR resulted in a decrease in the fluorescence
signal, presumably due to the increasing absorbance of
unbound dye. Next we incubated increasing concentrations of
peptide in a solution of 1 μM tetrameric TTR and 2 μM ANS.
(Figure 3) Complete loss of fluorescence occurred after the
addition of 13.5 μM TZ, returning fluorescence to levels
observed in the absence of TTR, indicating that all the ANS

was displaced from the TTR binding site. Similar titration of
L4-TZ failed to influence the fluorescence, indicating that L4-
TZ was not interacting with the thyroxine-binding site.
Maintenance of the tetrameric structure of TTR was confirmed
at high concentrations of TZ by size exclusion chromatography,
supporting our hypothesis that TZ is interacting with the
tetramer and not stabilizing TTR as monomers or dimers
(Figure S6, Supporting Information; note also the agreement
between the TTR-TZ and TTR-diflunisal traces).
Each TTR tetramer contains two thyroxine-binding sites,

located in channels formed at the dimer−dimer interface. Three
cavities are defined by symmetric pairs of residues from each
monomer that line the channel. The arrangement of the
hydrophobic portions of the side chains create small pockets,
named the halogen binding pockets that accommodate the
iodine atoms of thyroxine.23 The innermost cavity consists of
residues Ala 109/109′, Leu 110/110′, Ser 117/117′, and Thr
119/119′. The middle cavity consists of residues Lys 15/15′,
Leu 17/17′, Ala 109/109′, and Leu 110/110′. The outermost
pocket, closest to the surface of the molecule, is defined by
residues Met 13/13′, Lys 15/15′, Thr 106/106′, and Ala 108/
108′.24 To rationalize the displacement of ANS by TZ, we
performed computational docking using HADDOCK.25,26

For the HADDOCK calculations, we defined “active”
residues in the TTR tetramer as residues Lys 15/15′ and Ala
108/108′ due to their location in the outer binding pocket and
experimentally observed interaction with thyroxine in the
crystal structure.24 The four Trp residues of TZ were chosen as
active residues due to loss of inhibition of TTR aggregation but
maintenance of β-hairpin structure upon mutation to Leu.
From the pool of 200 structures, the two top scoring clusters
contained 108 and 82 structures, respectively, which accounted
for 95% of all models that proceeded to the water refinement
stage. In both cases, the peptide is oriented in the thyroxine
binding site with the strands parallel to strand A and A′ of TTR
(Figure 4A); however, the structures in cluster 2 are rotated
180 degrees with respect to the structures in cluster 1 (Figure
4B). In both clusters, the Trp-containing faces are oriented
toward the protein, burying the hydrophobicity of the side-
chains and forming contacts with both monomers. While the
TZ molecule is too big to be accommodated entirely within the
thyroxine binding site, the Trp residues enter the binding site
far enough to form hydrophobic interactions with all outer
binding pocket residues with the exception of Ala108/108′.
Additional contacts include Ser 52/52′, His 56/56′, and Val
121/121′.
To further investigate the 180° rotation of the docked

ensembles, we performed molecular dynamics (MD) simu-
lations of TZ in order to gain insight into the side chain
dynamics of the Trp residues. We found that the χ1 rotamer
preference of the NMR structure was held throughout a 100 ns
simulation, as would be expected to maintain the trpzip fold.15

The χ1 rotamers for TZ populated were gauche- for residues 2
and 9 (−77.04 ± 19.86° and −71.23 ± 13.04°) and trans for
residues 4 and 11 (179.62 ± 10.56° and −177.93 ± 12.77°).
When visualized in their 3D arrangement in the hairpin, Trp 4
and Trp 9 are in the center of the molecule, flanked by Trp 2
and Trp 11, creating a 2-fold axis of symmetry with respect to
the side chains alone. Therefore, the two ensembles populated
during the docking represent similar solutions. Many contacts
between TZ ensemble 1 (Figure 5A) and monomer A are
repeated between ensemble 2 (Figure 5B) and monomer A′.

Figure 3. TZ displaces ANS fluorescence. Increasing concentrations of
TZ (blue) or L4-TZ (red) were incubated with a solution containing 1
μM TTR and 2 μM ANS, and changes in ANS fluorescence were
observed. Addition of 13.5 μM TZ returned fluorescence levels to
those observed in the absence of TTR, indicating displacement of ANS
from the tetramer. Similar addition of up to 135 μM L4-TZ failed to
affect the fluorescence.
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The interaction of TZ with the majority of the residues in the
outer binding pocket of TTR, while weak, appears to be
sufficient to displace ANS. The displacement of ANS confirms
interaction with the tetrameric protein, as once the tetramer
dissociates the thyroxine binding site no longer exists. Taken
together, the interaction between TZ and tetrameric TTR and
subsequent inhibition of amyloid formation indicate that TZ is
stabilizing TTR in the tetrameric form. This stabilization
prevents dissociation to the monomer from which aggregation
occurs. This mechanism has been demonstrated with many
small molecule inhibitors, including tafamidis and the diflusinal
control presented here.27,28

Crystal structures of TTR with both tafamidis and diflunisal
bound are available (3TCT and 3D2T, respectively).29,30 Both
make contact with all three cavities within the binding channel.
The 3,5-dichloro groups of tafamidis and the 2,4-difluoro
groups on diflunisal are buried in the innermost core, making
contact with Ser 117, Thr 119, and Leu 110. The remainder of
the molecules makes contact with all residues of the middle
cavity. The carboxylate groups of tafamidis point toward the
opening of the cavity, and because of the pseudo axis of

symmetry, alternate conformations interact with both Lys 15
and Glu 54 via water bridges. Diflunisal is shorter and does not
extend as far as tafamidis and only makes contact with Lys 15.
In contrast, TZ lies parallel to the binding channel, with Trp
residues oriented toward the channel. The TZ residues only
interact with the outer pocket, except for Ala 108, and instead
make additional outer surface contacts with Ser 52, His 56, and
Val 121.
We have shown novel amyloid inhibitory properties of the

trpzip-3 (TZ) peptide against Aβ and TTR. Through dye
displacement and computational docking, we predict that
inhibition of TTR aggregation occurs via interaction with the
tetramer, whereby the Trp-containing face of TZ interacts with
the outer residues of both faces of the thyroxine binding site.
The small size and stability of the trpzip scaffold makes it a
good template for future peptide-based drug designs aimed at
improving the affinity.
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Figure 5. Surface representation of tryptophan residues of the top
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a common hydrophobic surface formed by (A) Trp residues 2, 9, and
11 in ensemble 1 and (B) residues 2, 4, and 9 in ensemble 2. The
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Each structure is rotated 180° from each other, revealing similar
surfaces despite backbone orientation.
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