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ABSTRACT: Protein misfolding and aggregation are central features of a Identify factors

wide range of diseases, including neurodegenerative disorders, systemic resquing 'prot'ein .

amyloidoses, and cancer. The identification of compounds that can modulate misfolding in MisP-
bacteria GFP

protein folding and aggregation is a key step toward developing effective
therapies. High-throughput screening methods are essential for efficiently
identifying such compounds. In this study, we optimized a previously
developed high-throughput genetic screen for monitoring protein misfolding
and aggregation in bacteria. This system is based on monitoring the
fluorescence of Escherichia coli cells expressing fusions of human misfolding-
prone and disease-related proteins (MisPs) with the green fluorescent
protein. We systematically tested a variety of experimental conditions, such as overexpression conditions and MisP-GFP fusion
formats, to identify key parameters that affect the sensitivity and dynamic range of the assay. Using misfolding-prone, cancer-
associated variants of human pS3 as a model system, we found that strong overexpression conditions, such as high copy number
vectors, strong promoters, high inducer concentrations, and high overexpression temperatures, can yield optimal assay performance.
These optimized assay conditions were also validated with additional MisPs, such as the Alzheimer’s disease-associated amyloid-$
peptide and variants of superoxide dismutase 1 associated with amyotrophic lateral sclerosis. At the same time, we observed that
certain conditions, such as inducer concentrations and overexpression temperature, may need to be precisely fine-tuned for each new
MisP target to yield optimal assay performance. Our findings provide a framework for standardizing MisP-GFP screening assays,
facilitating their broad application in the discovery of therapeutic agents targeting protein misfolding and aggregation.

MisP: human
misfolding-prone
disease-related protein
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Bl INTRODUCTION

Protein misfolding and aggregation are defining features of
numerous human diseases, collectively referred to as protein
misfolding diseases (PMDs).' ™ These encompass a wide
spectrum of disorders, spanning from neurodegenerative
conditions like Alzheimer’s disease and Parkinson’s disease to

human body. Thus, conditions that favor the accumulation of
misfolded MisP species and of MisP oligomers/fibrils can lead
to the development of disease. Consequently, a primary focus
in addressing PMDs has been to target the MisP misfolding
and aggregation process, either by thermodynamically
stabilizing the MisP native state or by kinetically decelerating

systemic amyloidoses, eye cataracts, type 2 diabetes, and
cancer. PMDs impose an enormous socioeconomic impact,
and the ongoing lack of effective treatments or disease-
modifying therapies, which can prevent, delay, or reverse their
progression, necessitates further intensification of research
toward their deeper understanding and their treatment through
the development of new potent drugs.'

Despite their diverse pathologies, a mechanistically unifying
feature of PMDs is that they are associated with the misfolding
of one or more proteins (misfolding-prone proteins, MisPs).
Typically, MisP misfolding is accompanied by a propensity to
self-assemble and form aggregates, which can be small or large
in size. Smaller aggregates are called oligomers, whereas the
larger ones are termed fibrils or, in some cases, amyloids when
certain defining criteria are met.’ During the last two to three
decades, it has been established that either MisP oligomers or
fibrils or both are highly toxic for certain cells or tissues in the
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the MisP aggregation process.” Molecules stabilizing the native
MisP are called pharmacological chaperones. Approved anti-
PMD drugs with this mechanism of action include the
transthyretin stabilizer tafamidis, which is prescribed against
familial amyloidosis polyneuropathy and familial/sporadic
amyloid cardiomyopathy, as well as migalastat, a small-
molecule stabilizer of mutant a-galactosidase A, which is
used for the treatment of Fabry disease.” Recently approved
drugs functioning as kinetic decelerators of MisP aggregation
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include the anti-AD monoclonal antibodies lecanemab and
donanemab.”

Once a MisP drug target has been identified, the next step in
the drug discovery pipeline involves the development and
implementation of screening assays to identify hits and,
subsequently, promising therapeutic leads. Indeed, an extensive
number of screening assays have been developed against
PMDs, which can be divided into three main categories:
computational, in vitro biochemical/biophysical, and pheno-
typic.®™'® Among these, the latter presents a valuable
opportunity for investigating MisP misfolding and aggregation
in the physiologically relevant environment of a living cell or
organism. Notably, various aspects of disease-related protein
misfolding and aggregation can be faithfully replicated in
microorganisms of both prokaryotic and eukaryotic cells, and,
thus, such simple hosts can be utilized for the development of
high-throughput and cost-effective screening methods that
facilitate the identification of effective hits.'”"” The use of
Escherichia coli offers several advantages as a microbial host—
such as ease of genetic manipulation, rapid growth, cost-
effective cultivation, and maximal transformation efficiencies
allowing screening of very large biomolecular libraries. At the
same time, E. coli can also present certain limitations for
studying human protein misfolding. One major drawback is the
absence of post-translational modifications typically present in
eukaryotic cells, particularly protein glycosylation. Many
human proteins undergo N- or O-linked glycosylation, which
can influence their folding, stability, and aggregation
propensity. As such, bacterial systems may not fully
recapitulate the native folding or misfolding behavior of
glycosylated proteins, potentially affecting the physiological
relevance of the screening results. Additionally, differences in
translation rates, molecular chaperone systems, and proteo-
stasis networks between E. coli and human cells may impact
protein folding outcomes. Eukaryotic microbial systems, most
notably yeast species, such as Saccharomyces cerevisiae, have
also been employed in protein misfolding studies. These
organisms are capable of performing some types of post-
translational modifications in a human-like manner and offer a
more eukaryote-like intracellular environment, making them
valuable complementary platforms for confirming and
expanding findings from bacterial screens.

A commonly utilized approach for identifying rescuers of
MisP misfolding and aggregation in microbial hosts involves
the use of genetic systems, where the folding/aggregation
status of the MisP of interest is coupled with that of a reporter
protein (RP). In these systems, genetic fusions of the target
MisP with the selected RP are first generated. These fusions
can be either end-to-end (RP attached to the N or C terminus
of the target MisP) or insertional, where the MisP is integrated
into an internal region of the RP.'**°"** The MisP and the RP
are appropriately connected with one another in a way so that
the (mis)folding status of the MisP is communicated to the
RP, thus resulting in variable levels of reporter activity and
consequently to phenotypic changes of the cell host producing
the MisP-RP fusion, such as growth, color, or fluorescence.

Among these, end-to-end MisP fusion pairs with fluorescent
proteins, such as the green fluorescent protein (GFP), have
been extensively employed due to the ability for facile
monitoring of RP activity either by the naked eye or by
using standard laboratory equipment, such as plate readers and
flow cytometers. In this genetic screen, GFP is attached to the
C terminus of the target MisP and is expressed in a microbial

host, such as E. coli. Due to the tendency of the target MisP for
misfolding and/or aggregation, MisP-GFP overexpression
leads to the production of similarly misfolded fusion proteins
and to their subsequent accumulation in insoluble inclusion
bodies exhibiting little or no fluorescence. Thus, the bacterial
cells expressing such MisP-GFP fusions under normal
circumstances exhibit low fluorescence levels (Figure 1).
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Figure 1. Schematic of the MisP-FP genetic system for monitoring
MisP folding and aggregation. Due to the tendency of MisPs to
misfold and aggregate, overexpression of a MisP-FP chimera in E. coli
results in the accumulation of the protein in insoluble inclusion bodies
that lack fluorescence. Thus, bacterial cells expressing MisP-FP
fusions exhibit low fluorescence. On the contrary, in the presence of
factors that rescue MisP misfolding and/or inhibit MisP aggregation,
MisP-FP is produced in soluble and fluorescent form, and thus, E. coli
cells expressing this fusion under these conditions exhibit increased
fluorescence.

Conversely, conditions that rescue protein misfolding and/or
inhibit aggregation result in the production of better folded,
soluble, and fluorescent MisP-GFP chimeras, and the bacterial
cells producing these fusions under such conditions exhibit
increased fluorescence and can be easily detected.

This approach was initially inspired by the work of Waldo et
al.,, who utilized this system as a facile way for monitoring the
levels of soluble recombinant proteins, which can be produced
in bacteria.>* Later on, its use was extended to target disease-
related MisPs by Hecht and co-workers, as well as by Ventura
and co-workers, who created chimeras of the AD-associated
amyloid-f3 peptide 1—42 (Af342) with GFP to identify factors,
such as amino acid substitutions in the sequence of Af42, that
affect the aggregation of AB42.°>*° Subsequently, various
research groups have utilized this assay as a screening tool to
identify small-molecule or peptide inhibitors of Ap42
aggregation.”” "> Notably, the MisP-GFP screen has also
been applied to study the folding, aggregation, and/or stability
of other disease-associated MisPs, such as the islet amyloid
polypeptide (IAPP), which is related to type 2 diabetes® and
pS3 variants related to carcinogenesis.”’ More recently, we
have exploited the capabilities of this assay to develop an
integrated bacterial system allowing the biosynthesis of
combinatorial libraries of hundreds of millions of short, drug-
like cyclic peptides and their simultaneous functional screening
for identifying rescuers of pathogenic protein misfolding and
aggregatlon using ultrahigh-throughput flow cytometric sort-
ing.>>”*°> We applied this system against Af42 and the A4V
variant of the human Cu/Zn superoxide dismutase (SOD1-
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(A4V)), which is associated with a familial form of ALS, and
have identified hundreds of hits, which were found to function
as inhibitors of pathogenic protein aggregation both in vitro
and in vivo.”>*

In the present work, we systematically examined the factors
and conditions that influence the efficiency of the MisP-GFP
system to optimize the assay performance and facilitate future
screening efforts employing this system. We demonstrate that,
in general, conditions known to drive protein misfolding, such
as strong overexpression (e.g, use of high copy number
vectors, strong promoters, high inducer concentrations, etc.)
and high overexpression temperatures, can yield optimal assay
performance. In addition, we observed that certain optimized
conditions were broadly applicable to different MisP targets,
while others varied depending on the specific MisP being
studied, thus highlighting the need for further optimization for
each new target in these cases. Our present work provides
experimental guidelines that should allow the MisP-GFP
system to find widespread application as a high-throughput
screening tool in the search for agents capable of rescuing
pathogenic protein misfolding.

B RESULTS AND DISCUSSION

A relevant literature search revealed that the published screens
utilizing the MisP-GFP system were performed by using a
range of different overexpression conditions for MisP-GFP
fusion production. Based on this, we opted to examine whether
these can have a significant effect on assay performance and
whether we can determine more widely applicable optimal
overexpression conditions for this assay. In this scope and as an
initial example of a MisP, we selected the human tumor
suppressor protein p53. pS3 is a transcription factor, which
plays a crucial role in protecting cells against uncontrolled
proliferation and carcinogenesis and is often referred to as the
“guardian of the genome”.36 The significance of the protective
function of p53 is underscored by its widespread inactivation
in a multitude of cancers, either through mutations in the
TPS3 gene or deregulations of its signaling pathways.”” The
majority of TPS3 mutations occur within the DNA-binding
(core) domain of the protein (pS3C) and can be categorized
into two types: (i) contact mutations, which occur within or
near the DNA-binding domain of pS$3, directly hindering p53-
DNA binding, and (ii) structural mutations, which are located
at the periphery of the core domain, inducing changes in
protein conformation and/or stability.”® Due to the marginal
stability of pS3, these changes can lead to protein misfolding
and consequent inactivation at normal body temperature.’® We
selected pS3C as our initial target MisP because: (i) Fersht and
co-workers have employed the MisP-GFP system to illustrate
that the thermodynamic stability of diverse pS3C structural
mutants correlates well with the fluorescence and aggregation
propensity of their GFP fusions when overexpressed in E.
coli,’' and (ii) structural pS3 variants constitute major targets
for drug discovery.”®™*' Interestingly, misfolding rescuers for
structural p33 variants have recently entered clinical testing.**

We selected to include in our study three disease-associated
structural mutations into pS53C, namely the substitution of
valine at position 143 by alanine (V143A), the substitution of
tyrosine at position 220 by cysteine (Y220C), and the
substitution of phenylalanine at position 270 by leucine
(F270L). These substitutions are located at different regions of
the tertiary structure of pS3, they have been found to have
variable effects on p53 stability and folding, and they have all

been found in tumors.>”** Also, some of these variants have
been the tar§et of candidate drugs currently in clinical
development.*” These mutations were introduced into the
sequences of both pS3C and the highly stabilized pS3 variant
T-pS3C. T-pS3C harbors four point mutations (M133L,
V203A, N239Y, and N268D) that increase thermal stability,
reduce aggregation, and simplify experimental handling while
maintaining an almost identical structure to the wild-type
protein.””***> We generated recombinant fusions of the
aforementioned pS3 variants with GFP+, a GFP variant
containing the substitutions F64L, S65T, Q80R, F99S,
MI153T, and V163A,* comprising the more soluble and
fluorescent variant contained in the original vector constructed
by Waldo et al.>* and overexpressed them under the control of
the strong T7 promoter in E. coli. Then, we monitored the
bacterial fluorescence and tendency for aggregation by
monitoring the accumulation of the pS3-GFP protein in the
soluble versus insoluble fractions. As also previously observed
for other p33 variants,”” we confirmed that the fluorescence
intensity of E. coli cells expressing pS3C-GFP fusions
correlated very well with their thermodynamic stability and
the accumulating amounts of soluble protein (Figure 2,
Supplementary Figure 1).

To initiate the optimization procedure, we chose as a proxy
for the efficiency of the assay the difference in fluorescence
between pS3-GFP fusions containing a more stable, better
folded, and less aggregation-prone pS33 variant, such as T-
pS3C, and a less stable and misfolding/aggregation-prone
variant, such as pS3C(Y220C). We started by testing a variety
of different expression vectors containing a range of different
promoters and origins of replication (Supporting Information
Table S1). The selected plasmids comprised a selection of
promoters with varying strengths, such as the very strong Py,
and P, the robust P, and the moderately strong Py,p, as well
as a selection of origins of replication (ori), such as the
pBR322 ori with >40 plasmid copies per cell and the p15A ori
with ~10 copies per cell.”*™>° We found that strong
overexpression conditions like the ones occurring by the use
of stronger promoters from high copy number vectors, such as
the ones in the expression vectors pET28 (pBR322 ori, T7
promoter) and pASK7S (pBR322 ori, Tet promoter), resulted
in increased differences in fluorescence intensities between the
more stable, better folded, and less aggregation-prone T-pS3C
compared to the less stable and more aggregation-prone
variant T-pS3C(Y220C), thus indicating that these conditions
provide a larger dynamic range and are, thus, better suited for
monitoring MisP misfolding and aggregation using this assay
(Figure 3a).

Next, we assessed the impact of varying the incubation
temperatures and time periods on the production of the pS3C-
GFP fusions. We observed that the differences in fluorescence
intensity between T-pS3C and T-pS3C(Y220C) decreased
with decreasing temperature (Figure 3b). This outcome was in
line with our expectations, as it is well-established that
pS3(Y220C) folding can be restored to near wt levels at
temperatures below 37 °C.** Full restoration of the p$3C-
(Y220C) misfolding effect could not be observed here due to
(i) the high overexpression effect achieved with the strong T7
promoter, which exacerbates misfolding propensity, and (ii)
because overexpression temperatures below 25 °C were not
tested, which are probably required to achieve this. Regarding
the duration of the overexpression process, we found that 2—3
h of induction of protein overexpression upon addition of
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Figure 2. Monitoring the misfolding and aggregation of oncogenic o
pS3 variants using the MisP-GFP assay. (a) Relative fluorescence of E. S 501
coli BL21 (DE3) cells overexpressing pS3C-GFP fusions from pET28- o
pS3-GFP vectors for 2 h at 37 °C and using 0.1 mM IPTG. Relative £ 259
mean values +s.em. of experiments performed in triplicates are E . m
reported. Bacterial fluorescence was measured using a plate reader, 0- . . .
T-p53C p53C wt  p53C(Y220C)

and the fluorescence of the bacterial population producing T-p53-
GFP was arbitrarily set to 100. (b) Solubility analysis of E. coli BL21
(DE3) cells overexpressing pS3C-GFP fusions. Total (left) and
soluble (right) lysates of cells overexpressing different pS3C-GFP
fusions produced as in (a) were analyzed by SDS-PAGE and
visualized by Western blotting using an anti-GFP antibody. The
molecular mass of the DNA-binding domain of human pS3 (core
domain; pS3C) is ~25 kDa. (c) Densitometric quantification of
Western blot bands shown in (b). Band intensities corresponding to
total and soluble fractions were quantified using Image]. The
intensities corresponding to the total and soluble fractions of pS3C
wt were arbitrarily set to 100 for normalization.

isopropyl f3-D-thiogalactoside (IPTG) are optimal for max-
imizing the differences between T-pS3C-GFP and T-pS3C-
(Y220C)-GFP fluorescence (Figure 3c).

In parallel, we examined how varying the concentration of
the inducer affected the assay performance. Interestingly, we

Figure 3. Effect of different optimization parameters on the bacterial
fluorescence of E. coli BL21(DE3) cells producing pS3C-GFP fusions.
(a) Investigation of different expression vectors, (b) incubation
temperatures, (c) incubation periods, and (d) IPTG concentrations.
In all panels, overexpression was performed using the pET28 vector,
unless otherwise stated, and the fluorescence of the bacterial
population producing T-pS3C was arbitrarily set to 100. In (a),
protein overexpression was induced by the addition of 0.1 mM IPTG
for pET28 and pTrc99a, 0.2 ug/mL anhydrotetracycline (aTc) for
pASK7S, and 0.02% L(+)-arabinose for pBAD18 and pBAD30 vectors
for 2 h at 37 °C in all cases. In (b), induction was performed with 0.1
mM IPTG, and cells were incubated postinduction for 2 h at 37 °C, §
h at 30 °C, or 16 h at 25 °C. In (c) overexpression was performed
using 0.1 mM IPTG in all cases. In (d), induction was carried out for
2 h at 37 °C for both tested IPTG concentrations. Mean values
+s.e.m. are presented in all cases. Each experiment was performed in
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triplicates. In all panels, bacterial fluorescence was measured using a <
plate reader. g 1004

@
found that elevating the inducer concentration from 0.1 mM to § 757
1 mM had a marginal effect on the differences in fluorescence §
intensity between T-pS3C and T-pS3C(Y220C) (Figure 3d). o 50
Furthermore, the higher inducer concentrations (1 mM) 2 25
resulted in considerable cellular toxicity as manifested by the 3
~30% levels of final biomass of the bacterial cultures and in o o
accordance with the literature.”’ Thus, intermediate inducer T-p53C T-p53C(Y220C)
concentrations offering a maximal dynamic range, while also
avoiding substantial stress and allowing healthy growth, appear (B)
to be optimal for the MisP-GFP screen.

Having established optimal overexpression conditions for < 1257 mm GFP+ == GFPmutz =3 SfGFP

pS3C-GFP fusions, we tested whether the originally utilized b l
GFP+ is the ideal fluorescence partner for monitoring protein e 1607
misfolding and aggregation in a MisP-RP fusion setup. For this, ?7’:) -
we produced recombinant fusions of p5S3C variants with other )
fluorescent proteins, such as the blue fluorescent protein S
(BFP)>* and the red fluorescent protein (RFP),” and ﬁ 501
measured the fluorescence of E. coli cells expressing these = 25
fusions. T-pS3C and T-pS3C(Y220C) fusions with GFP+ and <
BFP exhibited similar differences in fluorescence intensity, thus o o

indicating that both fluorescent proteins can be employed for
monitoring protein misfolding and aggregation equally
efficiently (Figure 4a). On the contrary, the differences in T-
pS3C-RFP and T-pS3C(Y220C)-RFP fluorescence intensities
were decreased compared to the GFP+ and BFP fusions,
indicating that this fluorescent partner may be less efficient for
this purpose (Figure 4a).

Furthermore, we tested for possible differences in perform-
ance among different frequently utilized variants of the GFP
reporter, GFPmut2 (containing the substitutions S65A, V68L,
and S$72A)>* and superfolder GFP (sfGFP; containing the
substitutions S2R, S30R, Y39N, F64L, S65T, Q80R, F99S,
N10ST, Y14SF, M153T, V163A, 1171V, and A206V).>> We
found that the activity of all GFP variants was affected by the
(mis)folding of their upstream fusion protein partner, as
indicated by the fluorescence levels of the T-pS3C and T-
pS3C(Y220C) fusions when fused with these RPs. The more
stable sfGFP, however, showed greater resilience, exhibiting
only slight decreases in fluorescence when paired with the
more misfolding-prone Y220C variant (Figure 4b).

Next, we aimed to investigate whether the optimal
arrangement involved fusing the MisP of interest with GFP+
in an end-to-end or insertional manner. We reasoned that
MisP domain insertion into GFP may cause a greater
interdependence of the fluorescence levels of the reporter on
the folding status of the inserted MisP, as has been observed
for other similar genetic screens and selections for protein
folding.zo To investigate this hypothesis, we utilized two sites,
which have been previously found to be permissive for domain
insertions in GFP: one at loop 8 between GIn157 and Lys1S8,
and one at loop 9 between Glul72 and Asp173.>° Interestingly,
contrary to our expectation, coupling the MisP of interest to
GFP+ in an end-to-end manner proved to be significantly
more effective for monitoring the tendency for MisP
misfolding and aggregation (Figure S).

Subsequently, we reasoned that the interaction between the
MisP of interest with GFP and the coupling of the (mis)
folding status of the MisP target to the activity of the

T-p53C T-p53C(Y220C)

Figure 4. Evaluation of different fluorescent protein partners for
monitoring protein misfolding and aggregation. (a) Effect of different
fluorescent protein partners (green, blue, or red fluorescent proteins)
for monitoring protein aggregation in E. coli Tuner(DE3) cells.
Protein production was performed for 2 h at 37 °C using the pET28
vector and 0.1 mM IPTG, and the bacterial population producing T-
pS3C was arbitrarily set to 100. Mean values +s.e.m. are presented.
Each experiment was performed in triplicates. (b) Comparison of
GFP variants as fusion proteins for monitoring protein aggregation in
E. coli. Protein production was performed for 2 h at 37 °C, using the
pET28 vector and 0.1 mM IPTG. The bacterial population producing
T-pS3C was arbitrarily set to 100. Mean values +s.e.m. are presented.
In both panels, bacterial fluorescence was measured by using a plate
reader. Tuner host strains are lacZY deletion mutants of E. coli
BL21(DE3) enabling more adjustable levels of protein expression
more uniformly throughout all cells in a culture.
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Figure S. Evaluation of different fusion strategies for monitoring

protein misfolding and aggregation. Protein production was

performed in E. coli Tuner(DE3) for 2 h at 37 °C using the pET28

vector and 0.1 mM IPTG and the bacterial population producing T-

pS53C was arbitrarily set to 100.

fluorescent fusion partner could be impacted by the properties
of the linker connecting these two distinct domains. To
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address this, we tested a selection of linkers of diverse nature
(i.e., flexible or rigid), length (ranging from 0 to 16 aa), and
codon frequency (i.e., rare or frequent) to identify the most
appropriate linker ((Supporting Information Table S2).
Specifically, apart from employing the linker with the sequence
GSAGSAAGSGEF, as originally selected by Waldo et al,**
which was extended by two amino acids (LQ; linker
Waldo(ext)) to facilitate cloning and applied in the
aforementioned experiments, we also tested the p53C-GFP
fusions containing the following linkers: (i) seamless fusions
without the use of any linker; (ii) a (Gly,Ser), flexible linker,
where Gly and Ser are encoded by the more frequently utilized
codons GGC/GGT and TCC/TCG in E. coli, referred to as
(Gly,/Ser),%; (ii) a (Gly,/Ser), flexible linker, where Gly and
Ser are encoded by the less frequently utilized codons GGG/
GGA and TCA/TCC in E. coli, referred to as (Gly,/Ser),");
and (iv) the rigid linker (EAAAK);. As shown in Figure 6, the

== \Waldo(ext) B8 nolinker == (G4S),"
1254 = (G4S)R (EAAAK);

100+ ]P o

(42
o
1
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Figure 6. Impact of linker properties on the interaction between MisP
and GFP and the detection of protein misfolding in E. coli. Protein
production was performed in E. coli Tuner(DE3) cells for 2 h at 37 °C
using the pET28 vector and 0.1 mM IPTG. For each linker, the
bacterial population producing T-pS3C was arbitrarily set to 100.
Mean values +s.e.m. are presented. Each experiment was performed
in triplicates. Bacterial fluorescence was measured using a plate reader.

use of different linkers yielded similar differences in
fluorescence between T-pS3C-GFP and T-pS3C(Y220C)-
GFP fluorescence, thus indicating that linker selection is not
a critical factor for assay performance in the MisP-GFP screen.
This is consistent with the original observations by Waldo et
al, who have reported that a longer (GGGS); linker was also
tried but did not appear to change the performance of the
MisP-GFP folding reporter.”*

After determining the optimal conditions for monitoring the
misfolding and aggregation using the GFP genetic screen using
pS3 as a test case, we aimed to evaluate whether these are also
extendable and applicable to other MisP proteins as well. In
this scope, we opted for two unrelated MisPs: human SOD1
and Af42. Regarding Af, an intrinsically disordered polypep-
tide, we compared two variants, the highly aggregation-prone
Af42 and the engineered variant Ap42(F19S; L34P),
exhibiting significantly decreased aggregation propensity and
enhanced solubility.25 For SOD1, a globular dimeric enzyme,
we compared the highly stable wild-type protein (SOD1wt)
with four ALS-linked variants exhibiting enhanced misfolding
and aggregation propensities, namely the substitution of
alanine at position 4 by valine (A4V), the substitution of
glycine at position 37 by arginine (G37R), the substitution of
glycine at position 85 by arginine (G85R), and the substitution
of glycine at position 93 by alanine (G93R).”” We proceeded

to test variations of MisP-GFP overexpression conditions, such
as inducer concentrations and incubation temperatures, and
evaluated whether strong overexpression can enable efficient
monitoring of MisP misfolding and aggregation for Af and
SOD1 as in the case of p53. Indeed, Af42- and SOD1-GFP
overexpression from high copy number vectors, such as
pET?28, at higher temperatures of 30—37 °C and with medium
to high inducer concentrations (0.1—1 mM IPTG for Af and
0.01-0.1 mM IPTG for SODI1), yielded very clear
fluorescence differences between the more and less misfold-
ing/aggregation-prone variants tested from both MisPs
(Figures 7 and 8). These differences in fluorescence could
be observed at similar levels when bacterial fluorescence was
measured using a plate reader (Figures 7 and 8) or flow
cytometry, in which case cultures with good fluorescence
homogeneity could be observed (Supporting Information
Figure S2). Importantly, the fluorescence of bacterial cells
expressing these MisP-GFP fusions correlated well with the
amount of protein accumulating in the soluble cellular fraction
and was inversely proportional to inclusion body formation
(Figures 7c and 8b).

Interestingly, we found that for SOD1, and compared to p53
and Ap, somewhat milder overexpression conditions, i.e.,
0.01—0.1 mM IPTG at 30 °C, resulted in maximal differences
in the fluorescence intensity of wild-type SODI1 and the
disease-associated variants, most notably for the most
aggregation-prone variant A4V (Figure 8a). Indeed, in our
previous screens to identify cyclic oligopeptide rescuers of
SOD1(A4V) misfolding and aggregation using the MisP-GFP
assay, lower IPTG concentrations were utilized for SOD1
compared to the Af screen, as SOD1(A4V) overexpression
under these milder overexpression conditions proved to be
much less toxic for bacteria and allowed for more efficient
screening.” These results indicate that although some general
guidelines can be provided for factors and conditions that yield
good performance in the MisP-GFP screen, there are also
some expression parameters, such as inducer concentration
and overexpression temperature, which may have to be fine-
tuned whenever a new target MisP is selected. It seems likely
that more challenging or more toxic for the cell host MisP
targets may require milder overexpression conditions, whereas
less problematic MisPs would yield maximal MisP-GFP signal
differences under conditions that challenge the folding of the
MisP target to a larger extent.

In conclusion, our present study has explored systematically
how different factors can affect the assay performance in a
high-throughput genetic screen employing bacteria expressing
MisP-GFP fusions and recording cell fluorescence to monitor
disease-related protein misfolding and aggregation. We have
identified parameters that consistently yield a high assay
performance in the MisP-GFP screen for a variety of different
MisP targets. These include the use of high-copy number
vectors, strong promoters, medium to high inducer concen-
trations, and higher overexpression temperatures (30—37 °C).
At the same time, the exact inducer concentrations and
overexpression temperatures yielding maximal signal differ-
ences between better and worse folded MisPs may require
more precise fine-tuning every time a new MisP target is
considered. Furthermore, we have found that different
fluorescent proteins, such as GFP+, GFPmut2, and BFP, can
be used as RPs equally efficiently in this assay. Interestingly, we
have observed that MisP misfolding and aggregation
propensity can be sensed by the reporter fluorescent protein
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Figure 7. Application of the MisP-GFP genetic screen to monitor
misfolding and aggregation for other MisPs—the case of Af. (a)
Comparison of the fluorescence of E. coli BL21(DE3) cells
overexpressing Af42-GFP fusions containing wild-type (wt) Af42
and the less aggregation-prone variant Af42(F19S; L34P) using the
pET28 vector in the presence of varying concentrations of the inducer
IPTG for 2 h at 37 °C. (b) Effect of varying incubation temperatures
on the bacterial fluorescence of E. coli BL21(DE3) cells over-
expressing A42-GFP as in (a) in the presence of 0.1 mM IPTG for 2
h at the indicated temperatures. Mean values =+s.e.m. are presented.
Each experiment was performed in triplicates. In (a)b), bacterial
fluorescence was measured using a plate reader. (c) SDS-PAGE/
Western blot analysis of total (left) and soluble (right) lysates of E.
coli BL21(DE3) cells coexpressing Af42-GFP and Ap42(F19S;
L34P)-GFP for the pET-Af-GFP vector in the presence of 0.1 mM
IPTG at 37 °C for 2 h, probed with an anti-GFP antibody. The Ap42-
GFP fusion is indicated by the arrow.

significantly more effectively when the two domains are
connected as part of an end-to-end format compared to an
insertional fusion format. On the contrary, the length or nature
of the amino acid linker that connects MisP and the GFP
domains does not appear to have a significant impact on the
performance of the assay. Overall, using the guidelines
described herein, one can select conditions that yield good
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Figure 8. Application of the MisP-GFP genetic screen to monitor
misfolding and aggregation for other MisPs—the case of SODI. (a)
Comparison of fluorescence of E. coli Origami2(DE3) cells expressing
SOD1-GFP fusions containing wild-type (wt) SOD1, SOD1(A4 V),
SOD1(G37R), SOD1(G8SR), and SOD1(G93A) from the pET28
vector at different incubation temperatures and IPTG concentrations.
The fluorescence of the bacterial population producing SODIwt was
arbitrarily set to 100. Mean values +s.e.m. are presented. Each
experiment was performed in triplicates, and bacterial fluorescence
was measured using a plate reader. (b) Solubility analysis by SDS-
PAGE/Western blotting using an anti-polyHis antibody of SODI-
GFP fusions overexpressed in E. coli Origami 2(DE3) cells from the
corresponding pETSOD1-GFP vectors following the addition of 0.01
mM IPTG at 37 °C for 2 h.

performance in the MisP-GFP screen. This system can serve as
a valuable tool for studying certain molecular mechanisms
underlying pathogenic protein misfolding in a simple living
organism, which, despite the fact that the intracellular space of
a microorganism is in many ways very different from that of a
human cell, can offer a much more physiologically relevant
environment for this purpose than that of a test tube
containing isolated protein in buffer.’® Furthermore, it can
be utilized as a tool for discovering new factors that rescue
pathogenic misfolding and aggregation, which could lead to the
development of novel putative drugs.****> We anticipate that
the findings reported in this study will facilitate the use of the
MisP-GFP screen in future efforts to study disease-related
protein misfolding and aggregation as well as the identification
of new promising compounds in early-stage discovery
programs against PMDs. It is expected that the MisP-GFP
screen would be particularly efficient in identifying factors
rescuing pathogenic misfolding and aggregation, which are
selected from combinatorial biomolecular libraries following
biosynthetic production in the same host as we have shown
previously.”>” For small-molecule libraries, hit identification
would be limited to drugs which could cross bacterial
membranes and gain access to the E. coli cytoplasm and also
would not be metabolized or efficiently effluxed by E. coli cells.

B METHODS
Plasmid Construction. All enzymes for DNA cloning used
in this study were purchased from New England Biolabs.
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Recombinant plasmids and PCR products/agarose extracted
DNA were purified using the NucleoSpin Plasmid and the
NucleoSpin Gel and PCR Clean-up kits, respectively, both
from Macherey-Nagel. The pET28-Af42-GFP vector was a
kind gift from Prof. M. H. Hecht (Princeton University). For
the construction of pET28-T-p53C-GFP, the M133L, V203A,
N239Y, and N268D mutations were incorporated into the
p53C-encodin§ gene by overlap PCR using the pET28-
p53th-GPP3‘ as a template and primers pS3for, pS3rev,
pS3M133Lfor, pS3M133Lrev, pS3 V203Afor, pS3 V203Arev,
pS3N239Yfor, pS3N239Yrev, N268Dfor, and N268Drev
(Supporting Information Table S3). The PCR product was
then digested with Ndel and BamHI and ligated into the
similarly digested vector pETAB42-GFP.”> To generate the
constructs pET28-pS3C(V143A)-GFP, pET28-pS3C(Y220C)-
GFP, and pET28-pS3C(F270L)-GFP, the pS3C-encoding
gene was mutated by overlap PCR using as a template
pET28-p53Cwt-GFP and primers pS53for, pS3rev,
p53Y220Cfor, pS3Y220Crev, F270Lfor, F270Lrev, V143Afor,
and V143Arev as appropriate. Then, the PCR product was
digested with Ndel and BamHI and inserted into pETAp42-
GFP, which had been similarly digested. For the construction
of pET28-T-p53C(V143A)-GFP and pETT-p53C(Y220C)-
GFP, the same approach was followed with the only variation
being the use of pETT-pS3C-GFP as the initial template
instead of pET28-pS3Cwt-GFP. In the case of pETT-
pS3C(F270L)-GFP, a distinct set of primers, T-F270Lfor
and T-F270Lrev, was also required for the mutagenesis
process. For the construction of pASK75-T-pS3C-GFP and
pASK75-T-pS3C(Y220C)-GFP, the T-pS3C-GFP and T-
pS3C(Y220C)-GFP genes were amplified by PCR from the
respective pET28 vectors using primers pS3for and GFPrev
and ligated into pASK7S5 using the restriction sites Xbal-
HindIII. For the construction of pTrc-T-pS3C-GFP, pTrc-T-
pS3C(Y220C)-GFP, pBAD30-T-pS3C-GFP, pBAD30-T-
pS3C(Y220C)-GFP, pBAD18-T-pS3C-GFP, and pBAD18-T-
pS3C(Y220C)-GFP, the T-pS3C-GFP and T-pS3C(Y220C)-
GFP genes were digested from the respective pASK75 vectors
using Xbal and HindIII and ligated into pTrc99a, pBAD30, or
pBADI18 that were similarly digested. To generate the
constructs pET28-T-pS3C—BFP, pET28-T-pS3C(Y220C)—
BFP, pET28-T-pS3C-RFP, and pET28-T-pS3C(Y220C)-
RFP, the BFP and RFP genes were amplified by PCR from
pBADCstA-BFP and pSTC1>* (kind gift from Prof. Alfonso
Jaramillo) using primers BFP(BamHI)for/BFP(Xhol)rev and
RFP(BamHI)for/RFP(Xhol)rev, respectively. Then, the PCR
products were digested with BamHI and Xhol and inserted
into similarly digested pET28-T-pS3C-GFP and pET28-T-
pS3C(Y220C)-GFP accordingly. To generate the constructs
pET28-T-pS3C-sfGFP and pET28-T-p53C(Y220C)-sfGEP,
the sfGFP gene was amplified by PCR pSTC1 and using
primers sfGFP(BamHI)for and sfGFP(Xhol)rev, the PCR
product was then digested with BamHI and Xhol and inserted
into similarly digested pET28-T-pS3C-RFP and pET28-T-
pS3C(Y220C)-RFP. To generate the constructs pET28-T-
pS3C-GFPmut2 and pET28-T-p53C(Y220C)-GFPmut2, the
T-pS3C and T-pS3C(Y220C) genes were digested with Xbal
and PstI from the respective pET-GFP vectors and ligated into
similarly digested pET-BR2-GFP.>” For the construction of the
pET28-TPS3-GFP(no linker) vectors, the TPS3 genes were
amplified by PCR from the respective pET28-TpS3-GFP
vectors using primers pS3for and pS3-GFP(no linker)rev, and
the GFP gene was amplified by PCR using primers pS53-

GFP(no linker)for and GFP(BsrGI)rev. The two PCR
products were then seamlessly ligated using overlap PCR and
primers pS3for and GFP(BsrGD)rev. Then, the final PCR
products were digested using Ndel and BsrGI and ligated into
the similarly digested pET28-Af42-GFP vector. To construct
the pET28-TPS53-GFP((G,S),") vectors, the TpS3 and GFP
genes were amplified from the respective pET28-Tp53-GFP
vectors by PCR using primer pairs p53for/pS3(G4S)2(freq)-
(BamHI)rev and GFP(BamHI)for/GFP(BsrGI)rev. The PCR
products were then digested with Ndel-BamHI (for TPS3) or
BamHI-BsrGl (for GFP) before three-way ligation into the
Ndel/BsrGI digested pET28-Af42-GFP vector. The pET28-
TP53-GFP((G,S),") vectors were constructed in a similar
manner with the only difference being the use of the
pS53(G4S)2(rare) (BamHI)rev primer in place of pS3(G4S)2-
(freq)(BamHI)rev. Similarly, the pET28-TPS3-GFP(rigid
linker) vectors were constructed by PCR extension of the
TpS3 and GFP genes using the respective pET28-T-p53-GFP
vectors as a template and primer pairs pS3for/pS3(EAAAK)-
3(Notl)rev and pS3(EAAAK)3(Notl)for/GFP(BsrGl)rev and
the PCR products were digested with Ndel-NotI (for TPS3)
or NotI-BstGI (for GFP) before three-way ligation into the
NdeI/BsrGl-digested pET28-Af42-GFP vector. In order to
generate the insertional pS3-GFP fusions, two sequential
overlap PCRs were performed as such: (i) The N-terminus of
GFP was amplified using pET28-T-p53C-GFP as a template
and primers pairs GFP(Ndel)for/GFP-Tp53(157)rev for the
GFPi(157/158) insertional fusion or GFP(Ndel)for/GFP-
TpS3(172)rev for the GFPi(172/173) insertional fusion, (ii)
the TpS53 genes were amplified using the appropriate pET28-
T-pS3-GFP as a template and primers pairs GFP-TpS3(157)-
for/GFP-TpS53(158)rev for GFPi(157/158) or GFP-
Tp53(172)for/GFP-Tp53(173)rev for GFPi(172/173), (iii)
PCR products from steps (i) and (ii) were ligated seamlessly
using overlap PCR and primers GFP(Ndel)for/GFP-
TpS3(158)rev for GFPi(157/158) or GFP(Ndel)for/GFP-
TpS3(173)rev for GFPi(172/173), (iv) the C-terminus of
GFP was amplified using pET28-T-pS3C-GFP as a template
and primers pairs GFP-TpS53(158)for/GFP(Kpnl)rev for
GFPi(157/158) or GFP-Tp53(173)for/GFP(Kpnl)rev for
GFPi(172/173), and finally (v) PCR products from steps
(iii) and (iv) were ligated seamlessly using overlap PCR and
primers GFP(Ndel)for/GFP(Kpnl)rev for both the GFPi-
(157/158) and the GFPi(172/173) insertional fusions. The
PCR products from step (v) were then digested with Ndel-
Kpnl and inserted into a similarly digested pET28-Af42-GFP
vector. Plasmid construction information is summarized in
Supporting Information Table S4.

Protein Production in Liquid Cultures. E. coli BL21-
(DE3) (F ompT hsdSg (xg~, mg~) gal dem (DE3)), Tuner-
(DE3) (F ompT hsdSy (15~ mg~) gal dem lacY1(DE3), or
Origami 2(DE3) (A(ara-leu)7697 AlacX74 AphoA Pvull phoR
araD139 ahpC galE galK rpsL F'[lac*lacl’pro] (DE3)
g0r522:Tnl0 trxB (Str™, Tet®) cells were freshly transformed
with the appropriate expression vector, and single bacterial
colonies were used to inoculate overnight liquid LB cultures
containing the appropriate antibiotics for plasmid maintenance
(100 pg/mL ampicillin, SO pg/mL kanamycin, or 100 yg/mL
streptomycin (Sigma)) at 37 °C. These cultures were used
with a 1:100 dilution to inoculate S mL fresh cultures in 25
mm X 150 mm culture tubes with the LB medium (5 g
tryptone powder, 2.5 g yeast extract, and S g NaCl per L)
containing the relevant antibiotic and grown at 37 °C to an
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OD600 of ~0.4 with shaking, at which point protein
production was initiated by the addition of the appropriate
inducer (IPTG for pET28- and pTrc99a-based vectors, 1(+)-
arabinose for pBAD-based vectors, and anhydrotetracycline for
pASK7S-based vectors), as indicated in the manuscript text for
each experiment. Recombinant protein production was
performed at 37 °C for 2 h, 30 °C for S h, or 25 °C for 16
h, unless otherwise stated. After protein overexpression,
bacterial cells corresponding to 1 mL culture with OD600 =
1 were harvested by centrifugation at 6000g for 2 min.

Bacterial Cell Fluorescence. Bacterial fluorescence was
measured either using a TECAN Safire II-Basic plate reader
(Tecan, Austria), in which case cells were first harvested by
centrifugation, resuspended in 100 uL phosphate-buffered
saline (PBS), transferred to a 96-well FLUOTRAC 200 plate
(Greiner Bio One International, Austria), and measured at 510
nm after excitation at 488 nm, or using a CyFlow ML flow
cytometer (Partec), in which case cells were diluted in PBS to
a final concentration of 10°—10° cells/ml, and their
fluorescence was recorded at 530/30 nm after GFP excitation
at 488 nm and analyzed statistically using FlowJo vX.0.7.

Western Blot Analyses. Cells corresponding to 1 mL of
culture with OD600 = 1 were resuspended in 100 uL of PBS
and lysed by brief sonication cycles on ice. Then, the resulting
lysates (i.e., total fraction) were clarified by centrifugation at
13,000 rpm for 25 min, resulting in the soluble fraction and the
insoluble cell pellet. Samples were boiled for 10 min and
analyzed by SDS-PAGE on 10% gels. Then, proteins were
transferred to polyvinylidene fluoride (PVDF) membranes
(Merck, Germany) using a semidry blotter (Thermo Fisher,
USA) for 1 h at 12 V. The membranes were subsequently
blocked with 5% nonfat dry milk in Tris-buffered saline
containing 0.1% Tween-20 (TBST), incubated with a mouse
anti-GFP primary antibody (Clontech, USA) at a 1:20,000
dilution, and then incubated with a horseradish peroxidase
(HRP)-conjugated goat antimouse secondary antibody (Bio-
Rad) at a 1:4000 dilution. All steps were performed for 1 h at
room temperature, and between each step, the membranes
were thoroughly washed with TBST. Finally, proteins were
visualized using the ChemiDoc-It” Imaging System (UVP,
UK).

Statistical Analyses. All graphs were prepared using Prism
(GraphPad Software Inc, USA), and mean values of one
experiment performed in triplicate with standard deviations are
presented, unless otherwise stated.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssynbio.5c00166.

Thermodynamic stability of the pS3 core domain
variants; application of the MisP-GFP genetic screen
to monitor misfolding and aggregation for other MisPs-
the case of Ap; plasmids used in this study;
specifications of linkers used in this study; PCR primers
used in this study; and synopsis of the construction
process of the plasmids used in this study (PDF)

B AUTHOR INFORMATION

Corresponding Author
Georgios Skretas — Institute of Chemical Biology, National
Hellenic Research Foundation, Athens 11635, Greece;

Institute for Bio-innovation, Biomedical Sciences Research

Center “Alexander Fleming”, Vari 16672, Greece;
orcid.org/0000-0003-1320-9092;

Phone: +302109656310 (ext. 182); Email: skretas@

fleming.gr

Authors

Dafni C. Delivoria — Institute of Chemical Biology, National
Hellenic Research Foundation, Athens 11635, Greece

Eleni Konia — Institute for Bio-innovation, Biomedical Sciences
Research Center “Alexander Fleming”, Vari 16672, Greece;
Department of Chemistry, University of Crete, Iraklio, Crete
70013, Greece

Ilias Matis — Institute of Chemical Biology, National Hellenic
Research Foundation, Athens 11635, Greece

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssynbio.5c00166

Author Contributions

GS conceived and coordinated the project. GS and DCD
designed the research. DCD, EK, and IM carried out the
research and analyzed the data. DCD and GS wrote the paper.
All authors read and approved the final manuscript.

Funding
The open access publishing of this article is financially
supported by HEAL-Link.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financed by the following: (i) the European
Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program (Project
“ProMiDis”; grant agreement no 819934; support for DCD
and GS); (ii) the Horizon Europe Programme under the
“Widening Participation & Spreading Excellence” component
(call Twinning “HORIZON-WIDERA-2021-ACCESS-03-17);
Project “T'win4Promis”; Grant Agreement no. 101079363
support for GS); (iii) the Horizon Europe Programme under
the “Widening Participation & Spreading Excellence” compo-
nent (call “HORIZON-WIDERA-2022-TALENTS-01-01—
ERA Chairs”); (Project “Boost4Bio”; Grant Agreement no.
101087471 support for EK and GS); and (iv) the Hellenic
Foundation for Research and Innovation (HFRI) and the
General Secretariat for Research and Technology (GSRT),
under the HFRI PhD Fellowship grant (Fellowship Number:
19345) (support for EK).

B REFERENCES

(1) Chiti, F.; Dobson, C. M. Protein misfolding, amyloid formation,
and human disease: A summary of progress over the last decade.
Annu. Rev. Biochem. 2017, 86, 27—68.

(2) Platt, F. M.; d’Azzo, A.; Davidson, B. L.; Neufeld, E. F.; Tifft, C.
J. Lysosomal storage diseases. Nat. Rev. Dis Primers 2018, 4 (1), 27.

(3) Carrell, R. W.; Lomas, D. A. Conformational disease. Lancet
1997, 350 (9071), 134—138.

(4) Marinko, J. T.; Huang, H.; Penn, W. D.; Capra, J. A.; Schlebach,
J. P,; Sanders, C. R. Folding and misfolding of human membrane
proteins in health and disease: From single molecules to cellular
proteostasis. Chem. Rev. 2019, 119 (9), 5537—5606.

(5) Hou, Z. S.; Ulloa-Aguirre, A.; Tao, Y. X. Pharmacoperone drugs:
Targeting misfolded proteins causing lysosomal storage-, ion
channels-, and G protein-coupled receptors-associated conformational
disorders. Expert Rev. Clin Pharmacol 2018, 11 (6), 611—662.

https://doi.org/10.1021/acssynbio.5c00166
ACS Synth. Biol. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acssynbio.5c00166?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00166/suppl_file/sb5c00166_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgios+Skretas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1320-9092
https://orcid.org/0000-0003-1320-9092
mailto:skretas@fleming.gr
mailto:skretas@fleming.gr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dafni+C.+Delivoria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eleni+Konia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilias+Matis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.5c00166?ref=pdf
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1038/s41572-018-0025-4
https://doi.org/10.1016/S0140-6736(97)02073-4
https://doi.org/10.1021/acs.chemrev.8b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/17512433.2018.1480367
https://doi.org/10.1080/17512433.2018.1480367
https://doi.org/10.1080/17512433.2018.1480367
https://doi.org/10.1080/17512433.2018.1480367
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

(6) Fandrich, M. On the structural definition of amyloid fibrils and
other polypeptide aggregates. Cell. Mol. Life Sci. 2007, 64 (16), 2066—
2078.

(7) Vendruscolo, M. Thermodynamic and kinetic approaches for
drug discovery to target protein misfolding and aggregation. Expert
Opin Drug Dis 2023, 18 (8), 881—891.

(8) Wassman, C. D.; Baronio, R.; Demir, O.-.; Wallentine, B. D.;
Chen, C. K; Hall, L. V,; Salehi, F;; Lin, D. W.; Chung, B. P.; Wesley
Hatfield, G.; Richard Chamberlin, A.; Luecke, H.; Lathrop, R. H;
Kaiser, P.; Amaro, R. E. Computational identification of a transiently
open L1/S3 pocket for reactivation of mutant pS3. Nat. Commun.
2013, 4, 1407.

(9) Habchi, J.; Chia, S.; Limbocker, R.; Mannini, B.; Ahn, M.; Perni,
M.; Hansson, O.; Arosio, P.; Kumita, J. R.; Challa, P. K.; Cohen, S. IL;
Linse, S.; Dobson, C. M.; Knowles, T. P.; Vendruscolo, M. Systematic
development of small molecules to inhibit specific microscopic steps
of AP42 aggregation in Alzheimer’s disease. Proc. Natl. Acad. Sci.
US.A. 2017, 114 (2), E200—E208.

(10) Joshi, P.; Chia, S.; Habchi, J.; Knowles, T. P.; Dobson, C. M.;
Vendruscolo, M. A fragment-based method of creating small-molecule
libraries to target the aggregation of intrinsically disordered proteins.
ACS Comb. Sci. 2016, 18 (3), 144—153.

(11) Limbocker, R.; Chia, S.; Ruggeri, F. S.; Perni, M; Cascella, R;;
Heller, G. T.; Meisl, G.; Mannini, B.; Habchi, J.; Michaels, T. C. T,;
Challa, P. K;; Ahn, M,; Casford, S. T.; Fernando, N.; Xu, C. K,; Kloss,
N. D.; Cohen, S. I. A;; Kumita, J. R.; Cecchi, C.; Zasloff, M,; Linse, S.;
Knowles, T. P. J.; Chiti, F; Vendruscolo, M.; Dobson, C. M.
Trodusquemine enhances Af342 aggregation but suppresses its toxicity
by displacing oligomers from cell membranes. Nat. Commun. 2019, 10
(1), 225.

(12) Chia, S.; Habchi, J.; Michaels, T. C. T.; Cohen, S. L. A; Linse,
S.; Dobson, C. M.; Knowles, T. P. J.; Vendruscolo, M. SAR by kinetics
for drug discovery in protein misfolding diseases. Proc. Natl. Acad. Sci.
U.S.A. 2018, 115 (41), 10245—10250.

(13) Gregoire, S.; Irwin, J.; Kwon, L. Techniques for monitoring
protein misfolding and aggregation in vitro and in living cells. Korean
J. Chem. Eng. 2012, 29 (6), 693—702.

(14) Pujols, J.; Pena-Diaz, S.; Conde-Giménez, M.; Pinheiro, F.;
Navarro, S.; Sancho, J; Ventura, S. High-throughput screening
methodology to identify alpha-synuclein aggregation inhibitors. Int. J.
Mol. Sci. 2017, 18 (3), 478.

(15) Yuste-Checa, P.; Brasil, S.; Gamez, A.; Underhaug, J.; Desviat,
L. R; Ugarte, M,; Pérez-Cerdd, C.; Martinez, A.; Pérez, B.
Pharmacological chaperoning: A potential treatment for PMM2-
CDG. Hum Mutat 2017, 38 (2), 160—168.

(16) Tal, P.; Eizenberger, S.; Cohen, E. Goldfinger, N;
Pietrokovski, S.; Oren, M.; Rotter, V. Cancer therapeutic approach
based on conformational stabilization of mutant p53 protein by small
peptides. Oncotarget 2016, 7 (11), 11817—11837.

(17) Su, L. J.; Auluck, P. K; Outeiro, T. F.; Yeger-Lotem, E.; Kritzer,
J. A;; Tardiff, D. F.; Strathearn, K. E.; Liu, F.; Cao, S.; Hamamichi, S.;
Hill, K. J.; Caldwell, K. A.; Bell, G. W.; Fraenkel, E.; Cooper, A. A;
Caldwell, G. A; McCaffery, J. M,; Rochet, J. C; Lindquist, S.
Compounds from an unbiased chemical screen reverse both ER-to-
Golgi trafficking defects and mitochondrial dysfunction in Parkinson’s
disease models. Dis Model Mech 2010, 3 (3—4), 194—208.

(18) Kostelidou, K.; Matis, I; Skretas, G. Microbial genetic screens
for monitoring protein misfolding associated with neurodegeneration:
Tools for identifying disease-relevant genes and for screening
synthetic and natural compound libraries for the discovery of
potential therapeutics. Curr. Pharm. Des. 2018, 24 (19), 2055—2075.

(19) Skretas, G.; Ventura, S. Editorial: Protein Aggregation and
Solubility in Microorganisms (Archaea, Bacteria and Unicellular
Eukaryotes): Implications and Applications. Front. Microbiol. 2020,
11, 620239.

(20) Saunders, J. C.; Young, L. M.; Mahood, R. A,; Jackson, M. P.;
Revill, C. H.; Foster, R. J.; Smith, D. A.; Ashcroft, A. E.; Brockwell, D.
J.; Radford, S. E. An in vivo platform for identifying inhibitors of
protein aggregation. Nat. Chem. Biol. 2016, 12 (2), 94—101.

(21) Ren, C.; Wen, X.,; Mencius, J.; Quan, S. An enzyme-based
biosensor for monitoring and engineering protein stability in vivo.
Proc Natl Acad Sci U S A 2021, 118 (13), No. e2101618118.

(22) Quan, N.; Eguchi, Y.; Geiler-Samerotte, K. Intra- FCY1: a novel
system to identify mutations that cause protein misfolding. Front.
Genet. 2023, 14, 1198203.

(23) Morell, M.; de Groot, N. S.; Vendrell, J.; Avilés, F. X.; Ventura,
S. Linking amyloid protein aggregation and yeast survival. Mol. Biosyst
2011, 7 (4), 1121—-1128.

(24) Waldo, G. S.; Standish, B. M.; Berendzen, J.; Terwilliger, T. C.
Rapid protein-folding assay using green fluorescent protein. Nat.
Biotechnol. 1999, 17 (7), 691—695.

(25) Wurth, C.; Guimard, N. K; Hecht, M. H. Mutations that
reduce aggregation of the Alzheimer’s Af42 peptide: An unbiased
search for the sequence determinants of Af amyloidogenesis. J. Mol.
Biol. 2002, 319 (S), 1279—1290.

(26) de Groot, N. S.; Aviles, F. X,; Vendrell, J.; Ventura, S.
Mutagenesis of the central hydrophobic cluster in Abeta42
Alzheimer’s peptide. Side-chain properties correlate with aggregation
propensities. FEBS J. 2006, 273 (3), 658—668.

(27) Kim, W.; Kim, Y.; Min, J.; Kim, D. J.; Chang, Y. T.; Hecht, M.
H. A high-throughput screen for compounds that inhibit aggregation
of the Alzheimer’s peptide. ACS Chem. Biol. 2006, 1 (7), 461—469.

(28) McKoy, A. F; Chen, J.; Schupbach, T.; Hecht, M. H. A novel
inhibitor of amyloid beta (Abeta) peptide aggregation: From high
throughput screening to efficacy in an animal model of Alzheimer
disease. J. Biol. Chem. 2012, 287 (46), 38992—39000.

(29) Baine, M.; Georgie, D. S.; Shiferraw, E. Z.; Nguyen, T. P,;
Nogaj, L. A.; Moffet, D. A. Inhibition of Abeta42 aggregation using
peptides selected from combinatorial libraries. J. Pept. Sci. 2009, 15
(8), 499—503.

(30) Fox, A.; Snollaerts, T.; Errecart Casanova, C.; Calciano, A.;
Nogaj, L. A.; Moffet, D. A. Selection for nonamyloidogenic mutants of
islet amyloid polypeptide (IAPP) identifies an extended region for
amyloidogenicity. Biochemistry 2010, 49 (36), 7783.

(31) Mayer, S; Riidiger, S.; Ang, H. C.; Joerger, A. C.; Fersht, A. R.
Correlation of levels of folded recombinant pS3 in Escherichia coli
with thermodynamic stability in vitro. J. Mol Biol. 2007, 372 (1),
268—-276.

(32) Delivoria, D. C.; Chia, S.; Habchi, J.; Perni, M.; Matis, L;
Papaevgeniou, N.; Reczko, M.; Chondrogianni, N.; dobson, C. M,;
Vendruscolo, M.; Skretas, G. Bacterial production and direct
functional screening of expanded molecular libraries for discovering
inhibitors of protein aggregation. Sci. Adv. 2019, S (10), No. eaax5108.

(33) Matis, L; Delivoria, D. C.; Mavroidi, B.; Papaevgeniou, N.;
Panoutsou, S.; Bellou, S.; Papavasileiou, K. D.; Linardaki, Z. IL;
Stavropoulou, A. V.; Vekrellis, K.; Boukos, N.; Kolisis, F. N.; Gonos,
E. S; Margarity, M.,; Papadopoulos, M. G.; Efthimiopoulos, S.;
Pelecanou, M.; Chondrogianni, N.; Skretas, G. An integrated bacterial
system for the discovery of chemical rescuers of disease-associated
protein misfolding. Nat. Biomed. Eng. 2017, 1 (10), 838—852.

(34) Delivoria, D. C.; Skretas, G. The discovery of peptide
macrocycle rescuers of pathogenic protein misfolding and aggregation
by integrating SICLOPPS technology and ultrahigh-throughput
screening in bacteria. Methods Mol. Biol. 2022, 2371, 215—246.

(35) Delivoria, D. C.; Skretas, G. Integrated bacterial production of
large combinatorial libraries of cyclic oligopeptides and functional
screening for the identification of chemical rescuers of pathogenic
protein misfolding and aggregation. In Peptide and Protein Engineering:
From Concepts to Biotechnological Applications, Springer Protocols
Handbooks; Springer, 2020; pp 237—266.

(36) Joerger, A. C.; Fersht, A. R. Structural biology of the tumor
suppressor pS3 and cancer-associated mutants. Adv. Cancer Res. 2007,
97 (1-23), 1-23.

(37) Joerger, A. C.; Fersht, A. R. The pS3 pathway: Origins,
inactivation in cancer, and emerging therapeutic approaches. Annu.
Rev. Biochem. 2016, 85, 375—404.

(38) Bullock, A. N.; Fersht, A. R. Rescuing the function of mutant
pS3. Nat. Rev. Cancer 2001, 1 (1), 68—76.

https://doi.org/10.1021/acssynbio.5c00166
ACS Synth. Biol. XXXX, XXX, XXX—XXX


https://doi.org/10.1007/s00018-007-7110-2
https://doi.org/10.1007/s00018-007-7110-2
https://doi.org/10.1080/17460441.2023.2221024
https://doi.org/10.1080/17460441.2023.2221024
https://doi.org/10.1038/ncomms2361
https://doi.org/10.1038/ncomms2361
https://doi.org/10.1073/pnas.1615613114
https://doi.org/10.1073/pnas.1615613114
https://doi.org/10.1073/pnas.1615613114
https://doi.org/10.1021/acscombsci.5b00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscombsci.5b00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07699-5
https://doi.org/10.1038/s41467-018-07699-5
https://doi.org/10.1073/pnas.1807884115
https://doi.org/10.1073/pnas.1807884115
https://doi.org/10.1007/s11814-012-0060-x
https://doi.org/10.1007/s11814-012-0060-x
https://doi.org/10.3390/ijms18030478
https://doi.org/10.3390/ijms18030478
https://doi.org/10.1002/humu.23138
https://doi.org/10.1002/humu.23138
https://doi.org/10.18632/oncotarget.7857
https://doi.org/10.18632/oncotarget.7857
https://doi.org/10.18632/oncotarget.7857
https://doi.org/10.1242/dmm.004267
https://doi.org/10.1242/dmm.004267
https://doi.org/10.1242/dmm.004267
https://doi.org/10.2174/1381612824666180515143752
https://doi.org/10.2174/1381612824666180515143752
https://doi.org/10.2174/1381612824666180515143752
https://doi.org/10.2174/1381612824666180515143752
https://doi.org/10.2174/1381612824666180515143752
https://doi.org/10.3389/fmicb.2020.620239
https://doi.org/10.3389/fmicb.2020.620239
https://doi.org/10.3389/fmicb.2020.620239
https://doi.org/10.1038/nchembio.1988
https://doi.org/10.1038/nchembio.1988
https://doi.org/10.1073/pnas.2101618118
https://doi.org/10.1073/pnas.2101618118
https://doi.org/10.3389/fgene.2023.1198203
https://doi.org/10.3389/fgene.2023.1198203
https://doi.org/10.1039/c0mb00297f
https://doi.org/10.1038/10904
https://doi.org/10.1016/S0022-2836(02)00399-6
https://doi.org/10.1016/S0022-2836(02)00399-6
https://doi.org/10.1016/S0022-2836(02)00399-6
https://doi.org/10.1111/j.1742-4658.2005.05102.x
https://doi.org/10.1111/j.1742-4658.2005.05102.x
https://doi.org/10.1111/j.1742-4658.2005.05102.x
https://doi.org/10.1021/cb600135w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb600135w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M112.348037
https://doi.org/10.1074/jbc.M112.348037
https://doi.org/10.1074/jbc.M112.348037
https://doi.org/10.1074/jbc.M112.348037
https://doi.org/10.1002/psc.1150
https://doi.org/10.1002/psc.1150
https://doi.org/10.1021/bi100337p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100337p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi100337p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmb.2007.06.044
https://doi.org/10.1016/j.jmb.2007.06.044
https://doi.org/10.1126/sciadv.aax5108
https://doi.org/10.1126/sciadv.aax5108
https://doi.org/10.1126/sciadv.aax5108
https://doi.org/10.1038/s41551-017-0144-3
https://doi.org/10.1038/s41551-017-0144-3
https://doi.org/10.1038/s41551-017-0144-3
https://doi.org/10.1007/978-1-0716-1689-5_12
https://doi.org/10.1007/978-1-0716-1689-5_12
https://doi.org/10.1007/978-1-0716-1689-5_12
https://doi.org/10.1007/978-1-0716-1689-5_12
https://doi.org/10.1016/s0065-230x(06)97001-8
https://doi.org/10.1016/s0065-230x(06)97001-8
https://doi.org/10.1146/annurev-biochem-060815-014710
https://doi.org/10.1146/annurev-biochem-060815-014710
https://doi.org/10.1038/35094077
https://doi.org/10.1038/35094077
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

(39) Joerger, A. C; Fersht, A. R. Structure-function-rescue: The
diverse nature of common p33 cancer mutants. Oncogene 2007, 26
(15), 2226—2242.

(40) Brachmann, R. K.; Yu, K.; Eby, Y.; Pavletich, N. P.; Boeke, J. D.
Genetic selection of intragenic suppressor mutations that reverse the
effect of common pS3 cancer mutations. EMBO J. 1998, 17 (7),
1847—1859.

(41) Joerger, A. C.; Ang, H. C,; Fersht, A. R. Structural basis for
understanding oncogenic pS3 mutations and designing rescue drugs.
Proc. Natl. Acad. Sci. U.S.A. 2006, 103 (41), 15056—15061.

(42) Dumbrava, E. E; Johnson, M. L.; Tolcher, A. W.; Shapiro, G.;
Thompson, J. A,; El-Khoueiry, A. B.; Vandross, A. L.; Kummar, S,;
Parikh, A. R;; Munster, P. N,; Daly, E.; De Leon, L.; Khaddar, M,;
LeDuke, K.; Robell, K.; Sheehan, L. I; St Louis, M.; Wiebesiek, A,;
Alland, L.; Schram, A. M. First-in-human study of PC14586, a small
molecule structural corrector of Y220C mutant pS53, in patients with
advanced solid tumors harboring a TPS3 Y220C mutation. J. Clin.
Oncol. 2022, 40 (16_suppl), 3003.

(43) Gomes, A.; Ramos, H.; Inga, A.; Sousa, E.; Saraiva, L. Structural
and Drug Targeting Insights on Mutant p53. Cancers (Basel) 2021, 13
(13), 3344.

(44) Joerger, A. C.; Allen, M. D.; Fersht, A. R. Crystal structure of a
superstable mutant of human pS3 core domain. Insights into the
mechanism of rescuing oncogenic mutations. J. Biol. Chem. 2004, 279
(2), 1291-1296.

(45) Nikolova, P. V.; Henckel, J.; Lane, D. P.; Fersht, A. R.
Semirational design of active tumor suppressor p5S3 DNA binding
domain with enhanced stability. Proc. Natl. Acad. Sci. U.S.A. 1998, 95
(25), 14675—14680.

(46) Scholz, O.; Thiel, A.; Hillen, W.; Niederweis, M. Quantitative
analysis of gene expression with an improved green fluorescent
protein. Eur. J. Biochem. 2000, 267 (6), 1565—1570.

(47) Mayer, S.; Rudiger, S.; Ang, H. C.; Joerger, A. C.; Fersht, A. R.
Correlation of levels of folded recombinant p33 in escherichia coli
with thermodynamic stability in vitro. J. Mol. Biol. 2007, 372 (1),
268—-276.

(48) Held, D.; Yaeger, K;; Novy, R. New coexpression vectors for
expanded compatibilities in E. coli. inNovations 2003, 18, 4—6.

(49) Lozano Terol, G, Gallego-Jara, J; Sola Martinez, R. A;
Martinez Vivancos, A.; Cinovas Diaz, M.; de Diego Puente, T. Impact
of the Expression System on Recombinant Protein Production in
Escherichia coli BL21. Front. Microbiol. 2021, 12, 682001.

(50) Skerra, A. Use of the tetracycline promoter for the tightly
regulated production of a murine antibody fragment in Escherichia
coli. Gene 1994, 151 (1-2), 131—-13S.

(51) Navarro, S.; Villar-Piqué, A,; S, V. Selection against toxic
aggregation-prone protein sequences in bacteria. Biochim. Biophys.
Acta 2014, 1843 (5), 866—874.

(52) Heim, R.; Tsien, R. Y. Engineering green fluorescent protein for
improved brightness, longer wavelengths and fluorescence resonance
energy transfer. Curr. Biol. 1996, 6 (2), 178—182.

(53) Rodrigo, G.; Landrain, T. E.; Jaramillo, A. De novo automated
design of small RNA circuits for engineering synthetic riboregulation
in living cells. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (38), 15271—
15276.

(54) Cormack, B. P.; Valdivia, R. H.; Falkow, S. FACS-optimized
mutants of the green fluorescent protein (GFP). Gene 1996, 173 (1),
33-38.

(55) Pédelacq, J. D.; Cabantous, S.; Tran, T.; Terwilliger, T. C.;
Waldo, G. S. Engineering and characterization of a superfolder green
fluorescent protein. Nat. Biotechnol. 2006, 24 (1), 79—88.

(56) Abedi, M. R; Caponigro, G.; Kamb, A. Green fluorescent
protein as a scaffold for intracellular presentation of peptides. Nucleic
Acids Res. 1998, 26 (2), 623—630.

(57) Prudencio, M.; Hart, P. J.; Borchelt, D. R.; Andersen, P. M.
Variation in aggregation propensities among ALS-associated variants
of SOD1: Correlation to human disease. Hum. Mol. Genet. 2009, 18
(17), 3217-3226.

(58) Ami, D.; Natalello, A.; Lotti, M.; Doglia, S. M. Why and how
protein aggregation has to be studied in vivo. Microb Cell Fact 2013,
12, 17.

(59) Gialama, D.; Kostelidou, K.; Michou, M.; Delivoria, D. C.;
Kolisis, F. N.; Skretas, G. Development of Escherichia coli Strains
That Withstand Membrane Protein-Induced Toxicity and Achieve
High-Level Recombinant Membrane Protein Production. ACS Synth.
Biol. 2017, 6 (2), 284—300.

https://doi.org/10.1021/acssynbio.5c00166
ACS Synth. Biol. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/sj.onc.1210291
https://doi.org/10.1038/sj.onc.1210291
https://doi.org/10.1093/emboj/17.7.1847
https://doi.org/10.1093/emboj/17.7.1847
https://doi.org/10.1073/pnas.0607286103
https://doi.org/10.1073/pnas.0607286103
https://doi.org/10.1200/jco.2022.40.16_suppl.3003
https://doi.org/10.1200/jco.2022.40.16_suppl.3003
https://doi.org/10.1200/jco.2022.40.16_suppl.3003
https://doi.org/10.3390/cancers13133344
https://doi.org/10.3390/cancers13133344
https://doi.org/10.1074/jbc.M309732200
https://doi.org/10.1074/jbc.M309732200
https://doi.org/10.1074/jbc.M309732200
https://doi.org/10.1073/pnas.95.25.14675
https://doi.org/10.1073/pnas.95.25.14675
https://doi.org/10.1046/j.1432-1327.2000.01170.x
https://doi.org/10.1046/j.1432-1327.2000.01170.x
https://doi.org/10.1046/j.1432-1327.2000.01170.x
https://doi.org/10.1016/j.jmb.2007.06.044
https://doi.org/10.1016/j.jmb.2007.06.044
https://doi.org/10.3389/fmicb.2021.682001
https://doi.org/10.3389/fmicb.2021.682001
https://doi.org/10.3389/fmicb.2021.682001
https://doi.org/10.1016/0378-1119(94)90643-2
https://doi.org/10.1016/0378-1119(94)90643-2
https://doi.org/10.1016/0378-1119(94)90643-2
https://doi.org/10.1016/j.bbamcr.2014.01.020
https://doi.org/10.1016/j.bbamcr.2014.01.020
https://doi.org/10.1016/S0960-9822(02)00450-5
https://doi.org/10.1016/S0960-9822(02)00450-5
https://doi.org/10.1016/S0960-9822(02)00450-5
https://doi.org/10.1073/pnas.1203831109
https://doi.org/10.1073/pnas.1203831109
https://doi.org/10.1073/pnas.1203831109
https://doi.org/10.1016/0378-1119(95)00685-0
https://doi.org/10.1016/0378-1119(95)00685-0
https://doi.org/10.1038/nbt1172
https://doi.org/10.1038/nbt1172
https://doi.org/10.1093/nar/26.2.623
https://doi.org/10.1093/nar/26.2.623
https://doi.org/10.1093/hmg/ddp260
https://doi.org/10.1093/hmg/ddp260
https://doi.org/10.1186/1475-2859-12-17
https://doi.org/10.1186/1475-2859-12-17
https://doi.org/10.1021/acssynbio.6b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.6b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.6b00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

