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ABSTRACT: Intrinsically disordered proteins (IDPs) not only
play important roles in biological processes but are also linked with
the pathogenesis of various human diseases. Specific and reliable
sensing of IDPs is crucial for exploring their roles but remains
elusive due to structural plasticity. Here, we present the
development of a new type of fluorescent protein for the
ratiometric sensing and tracking of an IDP. A β-strand of green
fluorescent protein (GFP) was truncated, and the resulting GFP
was further engineered to undergo the transition in the absorption
maximum upon binding of a target motif within amyloid-β (Aβ) as
a model IDP through rational design and directed evolution.
Spectroscopic and structural analyses of the engineered truncated
GFP demonstrated that a shift in the absorption maximum is driven by the change in the chromophore state from an anionic (460
nm) state into a neutral (390 nm) state as the Aβ binds, allowing a ratiometric detection of Aβ. The utility of the developed GFP
was shown by the efficient and specific detection of an Aβ and the tracking of its conformational change and localization in
astrocytes.
KEYWORDS: protein design, protein engineering, fluorescent protein, intrinsically disordered protein, chromophore state, sensor protein

1. INTRODUCTION
Intrinsically disordered proteins (IDPs) exist in incompletely
folded states with undefined secondary structures, accounting
for more than 44% of human proteome.1 IDPs form dynamic
complexes through interaction-induced local folding (folding-
upon-binding) and play critical roles in a variety of biological
processes.2−5 However, their dysfunctional behaviors are
linked with the pathogenesis of various diseases.6 As typical
IDPs, amyloid-β (Aβ) and α-synuclein undergo conforma-
tional changes into aggregates comprising stacked β-sheets,
called amyloids. Such amyloidogenic proteins have been
recognized as the hallmark of neurodegenerative diseases,
including Alzheimer’s and Parkinson’s diseases.7,8

For a comprehensive understanding of the biological
functions and pathological relevance of IDPs, specific and
reliable sensing of IDPs are prerequisite. However, currently
available approaches to sensing protein molecules have been
developed mainly based on well-defined structural information
typically found in globular proteins, and consequently, they are
not applicable to the study of IDPs.9−12 Unlike globular
proteins, IDPs exist in a diverse range of conformational
ensembles, displaying structural plasticity, promiscuous bind-
ing, and propensity to aggregate.13,14 Such unusual character-
istics have imposed difficulties in developing efficient methods
for detecting and tracking of IDPs.13,15,16 To date, most

commonly used approaches include the attachment of
fluorescent dyes or the genetic fusion of fluorescent proteins
to IDPs, mainly focusing on visualization of their local-
ization.17−21 Nevertheless, these methods pose some draw-
backs such as the need for complicated conjugation procedures
and severe disruption of native IDP structures. Consequently,
there is a strong quest for the simple and specific sensing of
endogenous IDPs.
Here, we report a new type of fluorescent protein that allows

specific and simple tracking of an IDP. As a template, green
fluorescent protein (GFP) was employed, considering that its
fragmented parts or a β-strand-truncated variant can form a
complete β-barrel structure when complemented.22,23 We
hypothesized that this complementation process is similar to
the binding mode of IDPs in that both the fragmented parts
and truncated form of GFP exist in disordered states as IDPs
and undergo the folding-upon binding to an interacting
partner. Based on this, we truncated a β-strand of green
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fluorescent protein (GFP) and further engineered the resulting
truncated GFP through a rational design and directed
evolution to undergo the change in the absorption maximum
upon binding of a target motif in Aβ as a model IDP. The
spectroscopic and structural analyses of the engineered GFP
demonstrated that a shift in its absorption maximum is driven
by the transition in the chromophore state from an anionic
into a neutral one as the Aβ binds. We showed the utility of the
developed GFP by detecting and tracking the conformational
change and localization of Aβ in astrocyte cells in a highly
specific and distinct manner, which has been difficult by
existing methods. Details are reported herein.

2. RESULT

2.1. Strategy for the Design of a Truncated GFP for the
Ratiometric Sensing of Aβ
As a proof of concept, we aimed to develop a truncated form of
GFP that undergoes a shift in the absorption bands when
complemented with a target motif within Aβ, enabling the
ratiometric sensing of Aβ (Figure 1A). Aβ is produced by the
proteolytic digestion of a transmembrane protein (amyloid
precursor protein) and then released into extracellular space.
Although Aβ is one of the best-known IDPs, its sensing and
analysis have been a challenge due to its tiny size and structural
plasticity.6,24 Due to the unstable structural characteristics of
IDPs, rapid signal response is essential for their accurate
detection. Typical β-strand-truncated GFPs are known to
undergo chromophore maturation after the complementation,
requiring a lengthy duration of time.23,25 In contrast, β-strand-
truncated GFPs with matured chromophore frequently exhibit
a high background fluorescence, resulting in low signal-to-noise
ratios, even in the absence of a complementing peptide.26,27

Such truncated GFPs are known to retain partial structure and
prone to significant photoexcitation via anionic chromo-
phores.28−30

To address these issues, we intended to develop ratiometric
fluorescence sensing of Aβ instead of a traditional single-
wavelength fluorescence measurement. A ratiometric sensing
provides a self-calibrating feature, significantly reducing the
background noise and artifacts.31,32 The absorption spectrum
of the GFP’s chromophore is determined by the protonation
state of its phenol group, displaying the protonated A state
(neutral) and deprotonated B state (anionic) with absorption
maxima at around 395 and 475 nm, respectively.33 The
protonation state of the chromophore (chromophore’s pKa
value) is influenced by the arrangement of the surrounding
amino acids. We thus hypothesized that a truncated form of
GFP which favors a neutral chromophore when complemented
with a target motif would result in an increase in the ratio of a
neutral to an anionic state of the chromophore in response to
the increasing Aβ level compared to the uncomplemented
state.
Our design strategy involves two steps (Figure 1B): First, a

target motif sequence of an Aβ is embedded into a β-strand-
truncated GFP to generate a motif-embed-truncated GFP and
the neighboring β-strands of the truncated GFP are optimized
to accommodate the motif. Next, the resulting truncated GFP
is subjected to a directed evolution for the selection of a
truncated GFP showing the highest change in the absorbance
band in the presence of the embedded motif.
2.2. Rational Design and Directed Evolution of a trGFP
Accommodating an Aβ Motif

We first constructed a truncated form of GFP by deleting
seventh β-strand from circularly permutated GFP derived from
superfolder GFP (sfGFP) as previously described.34 We
reasoned that such a truncated GFP (trGFP) would be suited
for our goal based on the observation that the seventh β-strand
has a crucial position for modulating the protonation state of
the chromophore (H148, numbered according to sfGFP).35 In
addition, the chromophore of a seventh β-strand deleted GFP
was known to mature spontaneously during expression.36 To

Figure 1. Schematic illustration of the development of a truncated GFP (trGFP) for the ratiometric sensing of Aβ. (A) A trGFP undergoes a shift
in two absorption bands through the transition of the chromophore from a protonated (neutral) to a deprotonated (anionic) state upon
complementation with a target motif within an IDP. (B) Two-step strategy involving a rational design and directed evolution for developing a
trGFP for the ratiometric sensing of Aβ.
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determine a specific sequence motif in an Aβ to be embedded
into the trGFP, a series of 11-residue sequence motifs were
examined by a moving window along the Aβ sequence in terms
of the complementarity to nearby β-strands of the trGFP using
the B-SIDER algorithm (Figure S1).37,38 As a result,
13HHQKLVFFAED23 motif within Aβ was finally selected as
a target motif to be embedded into the trGFP (Figure 2A and
Table S1). The target motif was embedded through genetic
fusion by replacing the native seventh β-strand downstream of
the sixth β-strand. The motif-embedded trGFP was observed
to emit negligible fluorescence when expressed in Escherichia
coli, implying that the embedded motif sequence does not fit
well. We thus used the B-SIDER algorithm to rationally
optimize the two neighboring β-strands of the trGFP to
maximize the complementarity to the motif sequence. In our
previous study, the B-SIDER algorithm, which is a sequence-
based complementary β-sheet design approach, was shown to
be effective for a redesign of the β-strands of GFP.37 In
addition, owing to the presence of the chromophore in this
case, a sequence-based approach focusing on the neighboring
β-strands could result in a favorable outcome, whereas a
structure-based optimization would be tricky. In order to avoid
any perturbations in core side-chain packing, outward amino
acids on the neighboring β-strands (G3, K5, N7, Y43, and S45)
were chosen for optimization. The motif-embedded trGFP was
modeled, and the β-sheet complementarity resulting from
mutations at the selected mutation sites was evaluated using
the B-SIDER algorithm (Figure S2). Based on the B-SIDER
scoring matrix, we predicted the amino acids to be substituted
at the mutation sites for a higher β-sheet complementarity

(Figure 2A, right). A focused mutant library was constructed
using degenerate codons containing the top-5 amino acids in
terms of score at each position. The library was transformed
into E. coli, followed by plating on selective media containing
IPTG. Under blue light at approximately 450 nm, we visually
selected an initial clone, designated as trGFP1.0 (Table S2).
The motif-embedded trGFP1.0 emitted a marginal fluores-
cence under blue light and folded stably into a monomer
(Figures 2B and S3).
To improve the stability and fluorescence intensity of

trGFP1.0, we conducted four rounds of directed evolution
using error-prone PCR (epPCR) and selected a clone emitting
a significantly increased fluorescence in the presence of
embedded motif, which was designated as trGFP1.1 (Figure
2B and Table S2). However, motif-embedded trGFP1.1 was
observed to still favor an anionic chromophore state with a
biased excitation at about 480 nm (Figure 2C). Therefore,
directed evolution was further performed for trGFP1.1 to alter
the preference of its chromophore state toward a neutral state
when it was complemented with the Aβ motif (Table S3). The
target motif was embedded through genetic fusion, as
described earlier. However, in this instance, a flexible linker
with an extended length was fused to the N-terminus of
trGFP1.1 to efficiently screen positive clones (Table S1). We
screened the clones using a UV light with a wavelength of
approximately 365 nm and finally selected a clone, termed
trGFP2.0. The motif-embedded trGFP2.0 exhibited a signifi-
cantly enhanced absorbance at 390 nm (Figure 2B−D), and
spectroscopic analysis confirmed that it shows a biased
excitation at the A band (protonated, neutral chromophore)

Figure 2. Development of a trGFP for ratiometric sensing of Aβ through a two-step procedure involving rational design and directed evolution. (A)
Design of a trGFP accommodating an Aβ motif through a rational design of neighboring β-strands using the B-SIDER algorithm. The model
structure of the motif-embedded trGFP is presented on the left. The embedded target motif sequence (red) is surrounded by the 1st (S1) and 3rd
(S3) β-strands of the trGFP. The β-sheet complementarity scores for mutations at five positions (G3, K5, N7, Y43, and S45, shown in red) were
calculated using the B-SIDER algorithm and are presented as a heat map (right). Selected amino acid residues at five positions in the final clone
(trGFP2.0) are marked. Black colors indicate a penalty score. (B) E. coli cells expressing the selected clones (motif-embedded trGFPs) during
rational design and directed evolution. (C) Excitation and emission spectra of the selected clones (FI, fluorescence intensity; left, excitation; right,
emission). (D) Fluorescence emission of selected clones when excited at 390 nm. The data represent mean ± SD (n = 3). (E) Absorption spectra
of the trGFP2.0 and motif-embedded trGFP2.0 (0.6 μM in DPBS), respectively. The inset image was taken under a UV lamp. (F) Emission (left)
and excitation (right) spectra of the trGFP2.0 and motif-embedded trGFP2.0 (200 nM in DPBS), respectively. Data points indicate the means in
triplicate measurements, and standard errors were omitted for clarity (E, F).
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(Figure 2C). Among a total of nine mutations in the trGFP2.0,
five were found to originate from the first optimization process
using B-SIDER, and the rest resulted from the directed
evolution procedure (Figure S4 and Table S2).
2.3. Spectroscopic Features of the trGFP2.0

We investigated the spectroscopic characteristics of the
trGFP2.0. As expected, the trGFP2.0 was observed to display
a distinct absorption peak at 390 nm, but its absorbance was
much lower than the motif-embedded trGFP2.0 (Figure 2E).
The motif-embedded trGFP2.0 showed a strong absorbance
preference at the A band (390 nm), whereas the trGFP2.0
displayed a significantly decreased absorbance ratio between
the A and B bands, implying a change in pKa of the phenol
group in the chromophore. We thus investigated the effect of
pH on the absorption spectra of both the trGFP2.0 and motif-
embedded trGFP2.0 and observed that the pKa value of the
chromophore decreased in the absence of the Aβ motif,
modulating the protonation state of the chromophore (Figure
S5). Variations in the ratios of the absorbance spectra were
shown to result in a large difference in the fluorescence
excitation spectra, whereas the change in the emission spectra
was negligible (Figure 2F). The extinction coefficients and
quantum yields of trGFP2.0 were measured (Table S4). Based
on the results, it is likely that the trGFP2.0 underwent a
significant transition in the chromophore state, consequently

leading to a shift in an excitation spectrum when
complemented with the Aβ motif, which implies its utility as
a ratiometric fluorescence sensor for an Aβ.
2.4. Crystal Structure of the trGFP2.0 in Complex with Aβ
Motif

To obtain insight into the mechanism through which the
spectroscopic feature is driven, we determined the crystal
structure of trGFP2.0 in complex with an Aβ motif. To
mitigate the self-oligomerization of the Aβ motif and promote
the stable formation of the binding complex, we genetically
fused the target motif to the N-terminus of trGFP2.0 using a
flexible linker (Table S1). Following purification, the linker was
removed as previously described elsewhere.30 The trGFP2.0
was shown to form a 1:1 complex with the target motif (Figure
S6). The crystal structure indicates that the target motif is
bound to a vacant space of trGFP2.0, forming a complete β-
barrel structure, which shows the complementation of
trGFP2.0 with the target Aβ motif (Figure 3A). The residue
pairing of β-strands surrounding the target motif was observed
to be formed as intended (Figure 3B). To demonstrate an
increase in pKa of the chromophore when the trGFP2.0 is
complemented with the target motif, the structure of the
trGFP2.0 in complex with a target motif was compared with
sfGFP (PDB ID: 2B3P),39 which is a parental GFP variant of
the trGFP2.0 and shows a strong preference for the anionic

Figure 3. Structural basis of the underlying mechanism for the transition in a chromophore state of the trGFP2.0. (A) Cartoon representation of
the crystal structure of the trGFP2.0 in complex with the Aβ motif. (B) Interaction between the Aβ motif and adjacent β-strands. The Aβ motif is
highlighted in a red arrow. (C) Structural alignment of sfGFP (PDB ID: 2B3P, gray) with the trGFP2.0 in complex with the Aβ motif. The major
amino acid changes near the chromophore are shown in the insets. The hydrogen-bonding network is depicted using dashed yellow lines. (D)
Relative fraction of an anionic chromophore state (Abs480/(Abs390+Abs480)) in motif-embedded trGFP2.0 variants with respect to pH. (E)
Fluorescence emission from the motif-embedded trGFP2.0 variants when excited at 390 and 460 nm, respectively. (F) Structural formulas
depicting the chromophores of the motif-embedded trGFP2.0 and sfGFP along with their respective surrounding residues. The data represent the
mean ± SD in triplicate experiments (D, E).
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chromophore state. While the two structures are found to
share almost an identical fold (Figure 3C, RMSD = 1.564 Å),
the major differences are the first amino acid residue of the
chromophore and a substitution of histidine for glutamine,
which is located in the seventh strand of the sfGFP
(counterpart is the complexed target motif in the trGFP2.0
structure) (Figure 3C, inset). These two substitutions seem to
directly alter the microenvironment around the chromophore.
To test whether the difference in the corresponding amino
acids is responsible for an increase in pKa of the motif-
embedded trGFP2.0 chromophore, namely, the preference for
a neutral chromophore, we introduced back mutations (S153T
and Q237H) into the motif-embedded trGFP2.0. The
resulting variants were expressed and purified, and the change
in the protonation state of the respective chromophores was
analyzed with respect to pH (Figure 3D). At the same time,
the fluorescence emissions from the variants were measured
when excited at 390 and 460 nm to check whether the change
in fluorescence excitation was caused by the protonation state
of the chromophore (Figure 3E). As a result, the variants
showed a decreased preference for a neutral chromophore, and
S153T gave rise to a greater change, which are in line with
previous reports.40,41 The presence of threonine in the
chromophore was reported to significantly decrease the pKa
of the chromophore and prevent the neighboring glutamate
from acting as a proton acceptor in the excited-state proton
transfer (ESPT).40 It thus is likely that the serine residue next
to the chromophore of motif-embedded trGFP2.0 served as a

gatekeeper for the effective ESPT and the preference for a
neutral chromophore. On the other hand, histidine of seventh
strand, which assists in stabilizing an anionic chromophore
state,41 disappeared in the aforementioned substitution of
glutamine for histidine. As proposed in Figure 3F, the
trGFP2.0 was shown to undergo a strong photoexcitation in
the neutral chromophore state when complemented with the
target motif, and this seems to be due to an efficient ESPT
potentially resulting from serine residue next to the
chromophore and destabilization of the anionic chromophore
state through histidine substitution.
2.5. Ratiometric Fluorescence Sensing of Aβ through the
trGFP2.0

We tested whether trGFP2.0 can be used for the ratiometric
fluorescence sensing of Aβ in a solution. For this, the target Aβ
motif was genetically fused to a highly soluble protein called a
“repebody” to prevent self-oligomerization, and the resulting
construct was expressed in E. coli and purified as described
elsewhere.42 The trGFP2.0 was mixed with increasing
concentrations of the repebody-fused target motif, and the
fluorescence emission was measured when excited at different
wavelengths (Figure 4A). Fluorescence intensities of trGFP2.0
were shown to change in the opposite direction with the
increasing motif concentration when excited at the A and B
bands, respectively. Based on these spectroscopic features, we
determined the ratio of the fluorescence emission intensity at
different times as the ratiometric fluorescence signal for the Aβ

Figure 4. Ratiometric sensing of Aβ using the trGFP2.0. (A) Changes in the excitation spectra of the trGFP2.0 in the presence of different
concentrations of the Aβ motif. The relative fluorescence intensity (FI) was measured 20 min after the addition of Aβ motif and normalized by the
value at 430 nm. Data points represent the means in triplicate measurements. Standard errors were omitted for clarity. (B) Change in the FI ratio
by the trGFP2.0 in the presence of different concentrations of the Aβ motif at varying incubation times. (C) Change in the FI ratio by the trGFP2.0
in the presence of different concentrations of the Aβ40 and target motif (D). (E) Normalized FI ratio by the trGFP2.0 in the presence of 8 μg/mL
of Aβ40, α-synuclein (α-Syn), Islet Amyloid Polypeptide (IAPP), human immunoglobulin G (IgG), bovine serum albumin (BSA), or equal volume
of DPBS. (F) Representative SPR sensogram of the trGFP2.0 for the Aβ motif. (G) Normalized FI ratio by the trGFP2.0 in the presence of fibrils,
oligomers, and monomers of Aβ42. (H) Monitoring a conformational change of the Aβ42 through the trGFP2.0. 20 μM Aβ42 was incubated at 37
°C and 200 rpm. The solution was then sampled at the designated time. The sampled solutions were mixed with trGFP2.0, and normalized FI ratio
was measured. “6E10” indicates anti-Aβ antibody. The data represent the mean ± SD in triplicate experiment (B, E, G, and H) and quadruplicate
(C, D).
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motif after the addition of the trGFP2.0 when excited at 390
and 460 nm, respectively (Figure 4B). The fluorescence
intensity ratio was shown to increase in proportion to the
concentration of the Aβ motif and reached the maximum after
20 min. In the following experiments, the fluorescence
intensity ratio was measured 20 min after the addition of
trGFP2.0 to obtain reliable signals. For comparison with the
intensiometric fluorescence measurement, we assessed the
change in fluorescence intensity when excited at a single
wavelength (Figure S7). As expected, the fluorescence intensity
excited at a single wavelength showed only a slight change due
to the presence of a high background fluorescence. The
trGFP2.0 was observed to have stably maintained the
spectroscopic performance in various buffers and even after 7
days of storage at room temperature (Figures S8−S10).
We next examined if the trGFP2.0 can also recognize Aβ40

comprising 40 amino acid residues, which is a predominant Aβ
form. The trGFP2.0 was mixed with different concentrations of
Aβ40 or Aβ motif, and the ratio of fluorescence intensity was
measured (Figure 4C,D). The fluorescence intensity ratio
increased in a sigmoidal manner with the increasing
concentration of Aβ40, displaying a pattern similar to that of
the Aβ motif. These results indicate that trGFP2.0 recognizes
both Aβ40 and the Aβ motif, showing a distinct change in the
fluorescence intensity ratio. We tested the specificity of the
trGFP2.0 for various amyloidogenic proteins (Figures 4E
andS11). The trGFP2.0 exhibited specificity for Aβ, while
giving rise to negligible signals for other IDPs, amyloidogenic
proteins, and an off-target motif within Aβ40, which validates

our design strategy. We next checked the interaction between
the trGFP2.0 and Aβ through surface plasmon resonance
(SPR) (Figure 4F). The reassembly of split GFP with a paired
peptide was revealed to result in irreversible binding.22 As the
primary objective of trGFP2.0 is to detect a specific peptide
motif, we intended to avoid irreversible binding. Consequently,
we assessed the interaction between trGFP2.0 and the target
motif to validate the reversibility. The binding between
trGFP2.0 and the Aβ motif showed a reversible association/
dissociation. The association and disassociation rate constants
were estimated to be 6.7 × 107 M−1 s−1 and 14.3 s−1,
respectively. We further confirmed that a specific interaction
with trGFP2.0 could suppress Aβ fibrillation (Figure S12).
2.6. Monitoring the Conformational Change of Aβ Using
the trGFP2.0

We next tested whether the trGFP2.0 can be used for
monitoring the conformational change of a target IDP. Solvent
accessibility to a specific motif in an IDP is known to vary with
its structural state.43 Hence, the inherent ability of trGFP2.0 to
selectively interact with the target motif holds significant
promise in the monitoring of structural alterations within IDP.
The target Aβ motif used in this study is within the midregion
of the Aβ, initiating the oligomerization forming repetitive β-
sheet structure, and is rapidly buried inside as oligomerization
of the Aβ occurs.44 We thus reasoned that trGFP2.0 will be
preferentially complemented with a fully stretched form of Aβ
(i.e., monomeric form), featuring an exposed target motif.
Further, the envisaged interaction was expected to facilitate the

Figure 5. Tracking the spatial localization of a label-free Aβ by the trGFP2.0. (A) Immunocytochemistry of mouse astrocytes treated with the
trGFP2.0 after the addition of Aβ42 to an extracellular space. Anti-βIII-Tubulin, anti-Aβ, and an anti-GFP antibody were used for staining the
cytosol (blue in the merged image), Aβ42 (purple), and trGFP2.0 (green), respectively. A cross-sectional analysis was conducted to assess the
colocalization of Aβ42 with the trGFP2.0 (right bottom). (B) Live cell imaging of mouse astrocyte treated with the trGFP2.0 after the addition of
Aβ42. The fluorescence intensity (FI) ratio (405/488) by the trGFP2.0 was obtained through excitation at 405 and 488 nm, respectively. “BF”
indicates a bright field view image. The trGFP2.0 signal/field of view (FOV) was counted through object count function. The data represent the
mean ± SEM from random eight FOV. (C) Time-lapse live cell imaging of mouse astrocytes treated with the trGFP2.0 after the addition of Aβ42.
The time points in minutes are shown in the top right of each image. PKH26 was used for staining of the cell membrane. The white arrowhead
indicates the newly emerged trGFP2.0 signal. Scale bars indicate 200 μm (A, C) and 500 μm (B), respectively.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00445
JACS Au 2023, 3, 3055−3065

3060

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00445/suppl_file/au3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00445/suppl_file/au3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00445/suppl_file/au3c00445_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00445/suppl_file/au3c00445_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00445?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00445?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00445?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00445?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sensitive monitoring of the initiation of Aβ oligomerization by
evaluating the accessibility of the target motif.
We first analyzed the fluorescence signals using trGFP2.0

against Aβ fibrils, oligomers, and monomers. For this, Aβ42
was incubated overnight at 37 °C with shaking (200 rpm),
followed by sedimentation to obtain the fibrils and subsequent
filtration using a molecular weight cutoff (MWCO) membrane
to separate the oligomers of Aβ42. Freshly prepared Aβ42
monomers were used as a control. The trGFP2.0 emitted high
fluorescence signals only for Aβ42 monomers (Figure 4G),
whereas an extremely low signal change was observed even for
small-sized oligomers separated through a 30 K MWCO
filtration. To check the effect of the degree of Aβ42
oligomerization, the signal change was measured after the
trGFP2.0 was mixed with a solution containing Aβ42 with
different degrees of oligomerization (Figure S13A). To this
end, Aβ42 was incubated at 37 °C while being shaken, and the
solution was sampled at time intervals and added to the
trGFP2.0. As a result, a lower fluorescence signal was observed
for the samples that had been incubated for a longer time. A
decrease in the fluorescence of the trGFP2.0 followed a typical
monomer depletion pattern during amyloidogenesis, as
previously reported.45,46 Based on the results, we traced the
monomer depletion pattern of Aβ under different conditions
using the trGFP2.0. Two major isoforms of Aβ include Aβ40
and Aβ42, and Aβ42 is known to be more prone to aggregation
than Aβ40. We tested both Aβ40 and Aβ42 to check if the
trGFP2.0 can distinguish the differences in oligomerization
kinetics (Figure 4H). The trGFP2.0 indeed showed a faster
signal reduction for Aβ42 than for Aβ40, and the decrease in
the slope was slowed by the addition of an anti-Aβ antibody
(6E10), which is consistent with an earlier study.47 In a similar
manner, we could also efficiently monitor the enhanced
progression of Aβ40 oligomerization in the presence of fibril
seeds or metal ions (Figure S13B−E). The nucleation by metal
ions (Cu2+ and Zn2+) and the occurrence of secondary
nucleation by the fibril seeds are recognized as a prominent
factor influencing the kinetics of IDP oligomerization.6

Particularly, in the case of the early stage transition by metal
ions, it is difficult to observe by existing techniques, because
metal ions are known to rapidly sequester Aβ monomers,
leading to the formation of amorphous off-pathway oligomers
instead of the characteristic β-sheet-rich structure of amyloid
fibrils.48−50 Nevertheless, the trGFP2.0 was proven to be
highly effective in monitoring the conformational change of Aβ
under various conditions. Based on the results, trGFP2.0 is
likely to be used in monitoring the conformational change and
structural transition of IDPs.
2.7. Tracking the Spatial Localization of a Label-free Aβ42
Using the trGFP2.0

We intended to track the spatial distribution of Aβ42 in cells
using the trGFP2.0. When Aβ42 is added to an extracellular
space, it is known to be rapidly localized on the cell membrane,
particularly in ganglioside-rich lipid rafts.51 This finding aligned
with our own observation (Figure S14). The attachment of a
monomeric Aβ to the cell membrane during the early stage is a
crucial event for exploring the fate of the Aβ.52 Nonetheless,
conventional methods are difficult to monitor this event since
they need a fusion of tag or multiple steps, such as fixation,
which limits their applicability or accuracy.17−20 To verify
whether trGFP2.0 can trace the localization of Aβ42, we
applied immunocytochemistry to cells that had been treated

with trGFP2.0 after the addition of Aβ42 (Figure 5A). As a
result, the trGFP2.0 was shown to colocalize with Aβ42,
verifying the utility of the trGFP2.0 in tracking the spatial
distribution of Aβ42. The amounts of Aβ42 tethered to the cell
membrane and colocalized trGFP2.0 were observed to increase
in a concentration-dependent manner with the increasing
concentration of Aβ42 (Figure S15).
We next tested if the trGFP2.0 can act as a mix-and-

measure-type sensor for label-free Aβ42 in live cell imaging.
The trGFP2.0 undergoes a transition in the chromophore state
upon the binding of Aβ42. We thus reasoned that trGFP2.0
could visualize the spatial distribution of extracellular Aβ
through live cell imaging without additional fixation or labeling
steps. We first checked if the changes in the fluorescence signal
by trGFP2.0 could be analyzed by a confocal microscope using
bead-immobilized trGFP2.0. As anticipated, the fluorescence
emission ratio by the trGFP2.0 significantly varied upon
interaction with the target motif, and this change was clearly
observed through the confocal microscope (Figure S16).
Following the addition of Aβ42 to the extracellular space of
primary astrocytes, the trGFP2.0 was added, and the
ratiometric fluorescence changes were monitored through
excitation at 405 and 488 nm, respectively (Figures 5B and
S17). The spatial location of Aβ42, which had been tethered to
the cell surface, was clearly visualized by the trGFP2.0. It is
noteworthy that images obtained with single-wavelength
fluorescence, when excited either at 405 or 488 nm, had a
much lower resolution (Figure S18). We also monitored the
signal changes over time through time-lapse imaging (Figures
5C and S19). The trGFP2.0 was shown to quickly bind to
Aβ42, displaying fluorescence signals within a few minutes, and
the fluorescence intensity became stronger with time,
supporting that the trGFP2.0 can be effectively used for
tracking the spatial localization of a label-free Aβ42.

3. DISCUSSION
We showed the development of a new type of fluorescent
protein for the simple and specific sensing of Aβ, a typical IDP,
through a rational and directed evolution approach. Although
the sensing and tracking of IDPs with high specificity are
crucial for exploring their biological functions and pathological
relevance, it has remained a challenge. The design of a trGFP
that is complementary to a specific motif in IDP is a promising
tactic for the development of a self-reported protein biosensor.
Based on the spectroscopic feature of GFP in terms of the
chromophore state, we successfully developed the trGFP2.0
which enables the sensing and tracking of Aβ in a ratiometric
manner. The crystal structure of trGFP2.0 in complex with an
Aβ motif demonstrated the mechanism by which the
chromophore state undergoes transition from an anionic
state to a neutral one when complemented with the Aβ motif.
The trGFP2.0 indeed allowed the sensing of Aβ as well as the
tracking of the oligomerization and localization of Aβ in
astrocyte cells in a highly distinct manner, which have been
difficult to achieve by existing methods. While the present
study focused on the Aβ motif as a model, our approach seems
to have the potential to extend to diverse IDPs. The present
work provides insight into the design of a fluorescent protein
for the specific detection and tracking of an IDP.
For the development of a fluorescent protein for the

ratiometric sensing of Aβ, we considered several key factors. A
matured chromophore is favorable for rapid fluorescence
emission upon complementation with a target motif. Further, a
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ratiometric fluorescence measurement based on the change in
the absorbance band in the presence of Aβ is crucial for the
reliable and specific sensing of Aβ because of its self-calibrating
ability compared to single-color fluorescence emission. Despite
much effort, however, the rational design of such a trGFP has
been difficult, mainly owing to the tricky β-sheet design and
poor understanding of the microenvironment around the
chromophore. In the present work, we first redesigned a β-
strand-truncated GFP candidate through a rational sequence-
based approach, followed by directed evolution. Complemen-
tation with an exogenous peptide was achieved using a
complementary β-sheet design algorithm, and the trGFP2.0
showing the highest changes in a chromophore state upon
binding of an Aβ was successfully obtained through directed
evolution.
It is worthwhile to emphasize that our design strategy

allowed for the development of a simple and effective self-
reporting protein in contrast to conventional protein
biosensors, which have complicated structures and multiple
modules. The design principle of trGFP2.0 and the underlying
molecular mechanism based on its crystal structure will provide
insight into the development of fluorescent proteins for other
target motifs in other IDPs. The trGFP2.0 can be simply
integrated with other techniques, such as single-molecule
fluorescence measurements and immunoassays, for analyzing
various IDPs. With total internal reflection fluorescence
(TIRF) microscopy, exceedingly low concentrations of Aβ in
samples could be quantified by counting the number of
trGFP2.0 molecules, showing the change in the fluorescence
intensity at the single-molecule level. Taken together, our
strategy can be extended to a variety of peptide motifs,
including IDPs and unstructured regions of proteins, for
exploring the biological functions and pathological relevance of
IDPs.

4. EXPERIMENTAL SECTION

4.1. Gene Construction, Protein Expression, and
Purification
IgG from human serum, IAPP, and BSA were purchased from Sigma-
Aldrich, Abcam, and GenDEPOT, respectively. All constructs derived
from trGFP were cloned into a pET28a vector, and a hexa-histidine
tag was introduced at the N-terminus for affinity purification. Protein
sequences used in this study are shown in Table S1. The α-synuclein
construct was cloned into pET28a, as described above. The target
amyloid motif and off-target motif were genetically fused to the C-
terminus of a repebody with a linker containing Gly-Gly-Ser for
soluble expression and purification. The constructs were then inserted
into a pET21a vector, and a hexa-histidine tag was introduced at the
C-terminus. The vector harboring the gene constructs was trans-
formed into BL21 (DE3) cells, and the resulting cells were cultured in
Luria−Bertani (LB) medium overnight. The culture medium was
transferred to a fresh LB medium and cultured until the optical
density at 600 nm reached 0.4−0.8. The cells were treated with 0.2
mM IPTG and further grown overnight at 18 °C. The cells were then
harvested and disrupted through sonication in a buffer containing 50
mM Tris, 300 mM NaCl, and 5 mM imidazole. Cell-free extracts were
obtained through the centrifugation of the cell lysate at 18,000g for 1
h followed by affinity purification. Ni-NTA agarose resin (Qiagen)
was manually packed on a disposable column (Thermo Scientific),
and bound proteins were washed with a buffer containing 50 mM
Tris, 300 mM NaCl, and 10 mM imidazole. The resin-bound proteins
were eluted with a buffer containing 50 mM Tris, 300 mM NaCl, and
150 mM imidazole, followed by purification through a size exclusion
column (Superdex 200 Increase 10/300 GL column, Cytiva) with

phosphate-buffered saline (DPBS). No unexpected or unusually high
safety hazards were encountered.

4.2. Sequence Design of an Interacting β-Strand
Sequences of β-strands interacting with the embedded motif were
designed using the same method as previously described with a slight
modification.37 The first and third β-strands of trGFP are in contact
with the embedded motif, and amino acid residues on the two β-
strands were primarily optimized to accommodate the embedded
motif (Figures S1). Given that the embedded motif has partial
interactions with two neighboring β-strands, we optimized the
following interactions between β-strands: the first β-strand of trGFP
1KNGIKANFT9 and the target motif KLVFFAEDV, the third β-
strand of trGFP 40DNHYLSTQT48, and the target motif
HHQKLVFFA. Then, five outward residues showing key interactions
were selected for further optimization, i.e., Gly3, Lys5, Asn7, Tyr43,
and Ser45. Because the second and fourth β-strands are in contact
with the first and third β-strands of trGFP, respectively, we
simultaneously considered the complementarity score between an
amyloid motif and the first and second β-strands, as well as a target
motif and the third and fourth β-strands. The complementarity scores
of each site to be designed were calculated as the equally weighted
sum of the B-SIDER scores from both in-contact β-strands.
4.3. Directed Evolution
A template trGFP1.1 gene was synthesized by IDT Technologies. A
library of trGFP1.1 was constructed by overlap-PCR using primers
containing degenerate codons. The degenerate codons contained the
five most preferred mutations that are predicted through B-SIDER
scoring and additional amino acids that are included from a
degenerate codon. Random mutagenesis through epPCR was applied
using GeneMorph II (Agilent) with a mutation rate of 3−4 amino
acids per 1 kb, and the constructed library was cloned into pET28a.
Ligated vectors were transformed into BL21 (DE3) cells through
electroporation and cultured in an SOC medium for 1 h. The cells
were further grown in an LB agar plate (SPL Life Sciences) containing
kanamycin and IPTG overnight. Approximately 104 colonies per
round were visually screened under blue light, and the fluorescence of
the separated clones was compared. The most promising clones were
subjected to a template for the next round of epPCR.

4.4. Structure Determination of the trGFP2.0 in a Complex
with an Aβ Motif
To determine the X-ray crystal structure of trGFP2.0 in a complex
with an Aβ motif, we genetically fused a target motif (Table S1) using
a flexible GS linker containing a TEV protease recognition sequence.
The fusion construct was expressed in E. coli, followed by purification,
and the linker was cleaved through the addition of a TEV protease.
The resulting solution was passed through Ni-NTA agarose resin to
remove the TEV protease, followed by size exclusion chromatography
to further remove the cleaved linker and histidine tag. The purity of
the trGFP2.0 in a complex with the target motif was evaluated using
SDS/PAGE. The purified trGFP2.0 in a complex with the target motif
was concentrated using an Amicon Ultra Centrifugal Filter.
The data were indexed, integrated, and scaled using HKL2000.53

The structures of the trGFP2.0 were determined through molecular
replacement with a search model of GFP (PDB ID:5B61) using
Phaser-MR in Phenix software.54 Refinement was applied using
Phenix, and the models were built with Coot.55 The structure factors
of trGFP2.0 were deposited into the PDB database with PDB ID
8I4O. Crystallographic and refinement statistics are shown in Table
S5.

4.5. Fluorescence Measurements
The fluorescence of GFP and its derivatives was measured using a
TECAN infinite M200 microplate reader. Different concentrations of
a target motif or Aβ were mixed with the trGFP2.0 (100 nM) in a
black 96-well plate (30496, SPL Life Sciences), and the fluorescence
emissions were measured when excited at 390 and 460 nm,
respectively. The relative signal by the trGFP2.0 (S) was determined
by dividing the fluorescence emissions at 520 nm when excited at 390
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and 460 nm, respectively, namely, F390/520/F460/520, after a 20 min
incubation period.

=S F F/390/520 460/520

Integration times for excitation at 390 and 460 nm were fixed at 200
and 20 μs, respectively. Fluorescence signals by trGFP2.0 were
normalized by dividing the relative signal from the trGFP2.0 by that
from a buffer solution, namely, SAβ− = F390/520Aβ− /F460/520Aβ− .
The normalized signal (NS) was calculated as follows

=
+

Normalizedsignal NS S
S

( )
A

A

For instance, when the Aβ in metal-containing DPBS is evaluated, the
fluorescence signal measured by mixing metal-containing DPBS and
trGFP2.0 becomes the denominator.

4.6. Determination of Extinction Coefficients and
Quantum Yields
The extinction coefficients and quantum yields of GFP variants were
determined as described elsewhere.56 Briefly, based on the molar
extinction coefficient of NaOH-denatured GFP (44,000 M−1cm−1),
molar extinction coefficients of GFP variants were calculated. Because
trGFP2.0 has an absorbance maximum at 390 nm, Coumarin 153
dissolved in ethanol was used as a standard for the determination of
the quantum yields.

4.7. SPR
The binding kinetics of trGFP2.0 were measured using SPR (Biacore
T200, Cytiva). The target Aβ motif was immobilized on a sensor chip
through an amine coupling. Ethanolamine was used as a blocking
agent, and trGFP2.0 was passed through at various concentrations.
The signal responses were then subtracted from those of a negative
control. The sensorgrams were fit to a 1:1 Langmuir binding model
using the supplied software, and the association and disassociation
rates were calculated.

4.8. Monitoring of Aβ Oligomerization
The Aβ peptides were purchased from AnaSpec, and the dried peptide
containing HFIP was primarily dissolved in DMSO. The designated
concentration of Aβ was diluted in a 50 mM phosphate buffer (pH
7.2) and incubated at 37 °C and 200 rpm. Aβ fibrils and oligomers
were obtained sequentially using centrifugation (18,000g, 10 min) for
fibrils and two different MWCO filters (Amicon Ultra Centrifugal
Filter, Merck) for oligomers (>100 K and >30 K) after incubating
Aβ42 at 37 °C. For monomer depletion pattern of Aβ under different
conditions, designated concentration of Aβ42 or Aβ40 was incubated
at 37 °C and 200 rpm, and the solution was sampled at the designated
time. The trGFP2.0 (200 nM) and Aβ peptide solution were mixed at
a ratio of 1:1, and the ratio of fluorescence intensity was measured.
Fibril seeds of Aβ40 were prepared through the incubation of 50 μM
Aβ40 at 37 °C and 200 rpm for 1 week.
4.9. Tracking of Spatial Localization of Aβ in Astrocyte
Cells
To obtain a primary rat astrocyte culture, the embryonic cortex was
dissected from a pregnant female Sprague−Dawley rat (purchased
from Koatech, Korea) and trypsinized to obtain single cells. After
filtration through a 70 μm cell strainer (BD Falcon), dissociated cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
ATCC) with 10% fetal bovine serum (FBS, Gibco) at 37 °C in a 5%
CO2 incubator for 1 day. To separate the primary astrocytes, a culture
flask was gently tapped to detach the oligodendrocytes, microglia, and
neurons by tapping, and the floating cells were washed out using
DPBS (Gibco). The culture flask with attached astrocytes was filled
with fresh DMEM-10% FBS medium and incubated at 37 °C in a 10%
CO2 incubator. The primary astrocytes were passed when the culture
reach approximately 70% confluency and used at passage two (P2) for
the experiments. These procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at KAIST.

For the confocal imaging experiments, 3 × 103 astrocyte cells per
well were plated into a 96-well plate. In addition, Aβ42 (Bachem)
dissolved in DMSO was diluted in DPBS and then treated by
dropping a 50 μL of Aβ42-DPBS solution onto the cells 2 days after
cell plating, followed by the addition of trGFP2.0 into each well after
30 min in the same manner as Aβ42 treatment. Astrocyte cells were
fixed for immunostaining or imaged for live imaging 30 min after
incubation with the trGFP2.0. The astrocyte membrane was labeled
using a PKH26 kit (Sigma-Aldrich) according to the manufacturer’s
instructions for live cell imaging prior to the treatment of Aβ42 and
trGFP2.0. The cells were fixed using 4% paraformaldehyde for 20 min,
permeabilized using 0.3% Triton-X100 in DPBS for 15 min, and
incubated in a blocking solution (10% FBS, 1% BSA, and 0.1%
Tween-20 in DPBS) for 1 h. The blocking solution was replaced with
a primary antibody diluted in a blocking solution, after which the
solution was rinsed five times with 0.1% Tween-20 in DPBS (PBS-T),
followed by incubation with a secondary antibody in the blocking
solution again for 1 h. After washing out using PBS-T, the cells were
imaged. The antibodies used were anti-Aβ (1:500, Cell Signaling
Technology), anti-EGFP (1:2000, Invitrogen), anti-βIII-Tublin
(1:2000, Santa Cruz), anti-Rabbit conjugated-Alexa594 (1:1000,
Thermo Fisher Scientific), anti-Chicken conjugated-Alexa488
(1:2000, Thermo Fisher Scientific), and anti-Mouse conjugated-
Alexa647 (1:2000, Thermo Fisher Scientific). The confocal images
were obtained by using a 20x objective lens, and the trGFP2.0 signal
was counted through the “object count” function in NIS-element AR
imaging software (Nikon) through the DAPI/EGFP ratio view.
For live cell confocal imaging, a Nikon A1R and an AX microscope

(Nikon Instrument) with a temperature and CO2-incubation system
(Live Cell Instrument) were used. Detectors of the confocal
microscopes were set to acquire ratiometric images at 500−550 nm
for 405 nm. To minimize interference with a close wavelength range
in the case of a 488 nm laser, the fluorescence detection wavelength at
510−550 nm for 488 nm excitation was adopted. To acquire a wide
field of view (FOV), the Large Image Acquisition function was
applied, and then the acquired images were stitched together in a 3 ×
3 configuration.
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