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Protein stability affects the physiological functions of proteins and
is also a desirable trait in many protein engineering tasks, yet
improving protein stability is challenging because of limitations in
methods for directly monitoring protein stability in cells. Here, we
report an in vivo stability biosensor wherein a protein of interest
(POI) is inserted into a microbial enzyme (CysG”) that catalyzes the
formation of endogenous fluorescent compounds, thereby coupling
POI stability to simple fluorescence readouts. We demonstrate the
utility of the biosensor in directed evolution to obtain stabilized,
less aggregation-prone variants of two POIs (including nonamyloi-
dogenic variants of human islet amyloid polypeptide). Beyond
engineering applications, we exploited our biosensor in deep muta-
tional scanning for experimental delineation of the stability-related
contributions of all residues throughout the catalytic domain of a
histone H3K4 methyltransferase, thereby revealing its scientifically
informative stability landscape. Thus, our highly accessible method
for in vivo monitoring of the stability of diverse proteins will facil-
itate both basic research and applied protein engineering efforts.
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rotein stability affects myriad aspects of biochemical and

biological research and often appears as a challenge for the
application of protein technologies. Most natural proteins are
only marginally stable, having free energy values for unfolding as
low as 5 to 10 kcal/mol, a level comparable to the energy needed
to break only a few hydrogen bonds (1). Although these marginal
stabilities enable proteins to be flexible and thereby support their
diverse functions, there is a need for at least a minimal stability
threshold to support adequately high enough protein folding
efficiency for cell survival (2). Evolutionarily, this apparent ten-
sion has established a tight balance between increased func-
tionality through accumulation of mutations and the ability to
maintain an adequate level of stability (2). Because this balance
is delicate, environmental and cellular disturbances—for exam-
ple, elevated temperature or a limited pool of ligands—can often
tip the balance and turn an active protein into a nonfunctional or
misfolded, aggregated state (3).

It is increasingly appreciated that protein instability is often a
major causative factor in human diseases (4). For example, desta-
bilized mutations of the cellular tumor antigen p53 (5) or anti-
oxidative superoxide dismutase 1 (SOD1) (6) are known to cause
multiple human diseases. Misfolding or aggregation of specific
proteins is also the hallmark of many neurodegenerative diseases,
such as amyloid p peptide in Alzheimer’s disease (7), a-synuclein in
Parkinson’s disease (8), and polyglutamine in Huntington’s disease
(9). Moreover, protein instability is very often a limiting factor in
the development of protein technologies including biocatalysts,
therapeutic proteins, and de novo protein design. Consider, for
example, that natural enzymes cannot usually be directly deployed
as biocatalysts; these tools must remain active under continuous
stresses like high temperature, high ionic strength, and extreme pH
during the industrial process (10) and must retain activity for days
or even weeks in some cell-free applications (11). Similarly, ther-
apeutic proteins often suffer from short half-lives in the human
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body and/or have a highly restricted shelf life (12). Finally, protein
design based on the thermodynamic principles is often constrained
by poor stability of the target: for example, 34% of the originally
designed monomeric fluorescence-activating p-barrel structures
were found to be insoluble, 37% were not expressed, and 7% were
found to be toxic when expressed (13).

Regardless of widespread academic and industrial interest in
stabilizing proteins, tools available for improving protein stability
remain quite limited. Although computational stability design
can be used to predict stabilizing mutations, its accuracy still needs
to be substantially improved due to inadequacies in the quality of
experimental results in public databases, in the accuracy of func-
tional annotation information, and in the overall performance of
the stability predicting algorithms themselves (14). Directed evo-
lution represents another approach to obtain stabilized proteins,
but a profound bottleneck for this approach is to establish high-
throughput selection or screening strategies to rapidly monitor
protein stability in vivo. The current widely used library-based dis-
play technologies rely on functional assays, which are by nature only
indirect readouts of the stability of an analyte protein (15).

By contrast, protein stability biosensors offer a way to directly
monitor protein stability in vivo (16-18). Although they have
been successfully deployed in various protein stability evolution
applications, the available technologies are not universal solu-
tions (i.e., suitable for all proteins). As an example, our recent
attempts to distinguish and evolve the in vivo stability of two
members of the histone H3 lysine 4 (H3K4) methyltransferase
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family failed when using several well-established biosensors, in-
cluding a green fluorescent protein (GFP)-based biosensor (16),
an aminoglycoside 3”-adenylyltransferase-based biosensor (17),
and a chloramphenicol acetyltransferase-based biosensor (18)
(81 Appendix, Fig. S1). These failures in our own work highlight
the need to expand the toolbox of high-throughput selection and
screening strategies for the directed evolution of protein stability
and served as the fundamental motivation for our work.

Here, we developed an enzyme-based fluorescent biosensor to
monitor and evolve protein stability in vivo. Our strategy is based
on insertion of a protein of interest (POI) between two halves of
the Escherichia coli uroporphyrinogen-III methyltransferase
CysG™ protein (19), which catalyzes the formation of endoge-
nous red fluorescent compounds. Linking protein folding to the
activity of CysG* allows accurate and sensitive measurement of
POI stability and solubility. Our biosensor does not require ex-
ogenous substrates or any prior structural knowledge or bio-
physical information about the POI, therefore engendering its
use as a general screen for directed evolution of protein stability.
We successfully applied our biosensor to identify stabilizing mu-
tations of muscle acylphosphatase and nonamyloidogenic mutants
of the human islet amyloid peptide. Combining this biosensor with
deep mutational scanning, we systematically profiled the site-
specific mutational tolerance and stability of MLL3ggr, the cata-
Iytic domain of the H3K4 methyltransferase MLL3 (a member of
the mixed lineage leukemia [MLL] family), therefore experimen-
tally characterizing its stability landscape. At a fundamental level,
the ability to dissect the molecular basis of protein stability allows
the profile of residues that dictate stability to be generated and the
stabilization hotspots in proteins to be mapped. Our study dem-
onstrates the utility of our biosensor as a highly accessible, rapid,
flexible, and robust tool for monitoring, evolving, and dissecting
protein stability in vivo, allowing the improvement in the ability to
engineer customized protein and a greater understanding of the
relationship between sequence and stability.

Results

Conversion of CysG" into a Sandwiched Protein Stability Biosensor.
CysG?, the 256-residue C-terminal domain of siroheme synthase
(CysG), is an S-adenosyl-L-methionine-dependent methyltransfer-
ase that converts uroporphyrinogen III into precorrin-2, an inter-
mediate in tetrapyrrole biosynthesis in all organisms (20, 21). When
CysG” is overexpressed in Escherichia coli, cells emit bright red
fluorescence under ultraviolet (UV) light owing to the accumula-
tion of both trimethylpyrrocorphin (a trimethylated product of
precorrin-2) and sirohydrochlorin (the oxidation product of pre-
corrin-2) (22) (SI Appendix, Fig. S24). The fluorescence spectrum
of cell extracts is characterized by an excitation maximum at
357 nm and an emission maximum at 620 nm (S Appendix, Fig.
S2B). This feature makes CysG* homologs useful as fluorescent
reporters for gene expression, and such tools have been success-
fully implemented in bacteria, fission yeast, and cultured mam-
malian cells (23).

Since any fluorescence readout from CysG* depends on its
enzymatic activity—which is closely related to the correct folding
of CysG*—we envisioned that CysG” could be converted into a
stability biosensor, specifically by coupling its capacity for proper
folding to the stability of a given POI. To avoid defects with
head-to-tail construction reported from previous biosensors (24),
such as generating intact and active CysG* upon proteolytic cleav-
age of unstable POIs, we decided to create a tripartite, sandwich
fusion biosensor comprising split CysG™ on either side of the POI
(Fig. 14). The idea behind our design is that the POI can be inserted
into a permissive site of CysG* so that the enzyme is physically
separated into two segments. In theory, a stable, well-folded POI
would bring the two CysG” segments into close proximity, poten-
tially facilitating the reconstitution of CysG*’s enzymatic activity and
thereby restoring the fluorescence readout function of the biosensor.
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In contrast, an unstable or misfolded POI would be vulnerable to
aggregation and/or proteolysis, resulting in permanent separation of
the two CysG” segments, thereby preventing the generation of any
fluorescence readout.

A prerequisite for a tripartite CysG™ biosensor is the identi-
fication of a suitable “permissive site” in CysG™ that tolerates
POI insertion while also successfully reconstituting CysG™’s en-
zymatic activity upon reassociation of its split segments. Pursuing
this, we reasoned that sites which tolerate circular permutations
may also tolerate insertions: both events disrupt the integrity of
the structure of CysG™. In previously described circular permu-
tations, the original N and C termini are fused, and new termini
can be created at the designated site without substantially al-
tering the original structure of the protein (25). We successfully
employed a similar strategy in our previous development of a
DsbA tripartite biosensor (26).

We first applied a web tool called Cpred (27) to predict sites
permissive for circular permutation based on the crystal structure
of CysG* from Salmonella typhimurium (20) (Protein Data Bank
[PDB]: 1PJS), which shares 91% sequence identity with CysG*
from E. coli. Among the CysG* sites with high probability scores,
we selected 10 sites that are located at surface loops and iden-
tified their corresponding sites in E. coli CysG* (Fig. 1B and SI
Appendix, Fig. S3 A and B). Next, to test their ability to tolerate
insertions, we conducted in vivo assays wherein the immunity
protein 7 (Im7)—an 86-residue a-helical model protein—was
inserted into each of the 10 CysG* permissive candidates via two
flexible glycine-serine linkers; we measured the fluorescence in-
tensities of cells expressing each of these fusion constructs (Fig. 1 C
and D). Although cells expressing most of the insertional constructs
had very weak or no fluorescence, cells expressing the constructs
with the Im7 POI inserted after residues V277 and G364 respec-
tively maintained 60 and 80% of the fluorescence intensity of intact
CysG*, indicating that these sites can tolerate the insertion of Im7.
Given the known problems with solubility reported for circular
permutation variants (28), it was encouraging that the G364
CysG*-Im7 fusions exhibited similar solubility as intact CysG* (SI
Appendix, Fig. S3C). We selected G364 as the permissive site for
further development of our CysG™ biosensor.

Detection of Protein Stability In Vivo Using the CysG* Tripartite
system. To determine whether our engineered tripartite CysG™
biosensor can be used to screen for stabilized protein variants,
we first determined whether it has the ability to distinguish protein
variants with a wide range of known thermodynamic stabilities.
Our test proteins included seven variants of Im7, six variants of
maltose binding protein (MBP), and six variants of human muscle
acylphosphatase (AcP) as well as varying lengths of polyglutamine
(polyQ) tracts (SI Appendix, Table S1). The first three proteins
have been extensively used to study protein folding (29-31). PolyQ
is a representative amyloidogenic protein, and abnormal polyQ
expansions have been identified as a basis for cellular toxicity in at
least eight neurodegenerative disorders, including Huntington’s
disease (9).

Upon insertion of these protein variants into CysG” after
residue G364, we found a significant correlation between the fluo-
rescence intensities of cells expressing different fusion constructs
and the thermodynamic stabilities (AAG°yy) for different variants
of Im7, MBP, and AcP (Fig. 2 A-C). Numerous lines of evidence
support that the soluble expression level of a protein is closely
correlated with its thermodynamic stability (32, 33). To test whether
the CysG” biosensor can also report protein solubility, we quanti-
fied the soluble amount of each tripartite fusion using Western
blotting with an anti-CysG* antibody. We found a good correlation
between the fluorescence intensities of strains expressing the tri-
partite fusions and the soluble amounts of each fusion protein for
these nonamyloidogenic test proteins (Fig. 2 E-G).
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Fig. 1. Development of the CysG” tripartite system. (A) Schematic diagram of the CysG” tripartite system. The POl is inserted into the permissive site within
the CysG” biosensor. If the POI is stable, then CysG” reassembles into its functional conformation and catalyzes formation of red fluorescent trime-
thylpyrrocorphin and sirohydrochlorin. In contrast, an unstable POI is prone to aggregation and/or proteolysis, resulting in elimination of functional CysG*
and therefore weak or no fluorescence. (B) The Cpred score of each site was mapped onto the the crystal structure of CysG* from Salmonella typhimurium
(PDB ID: 1PJS). In designing the CysG” biosensor, 10 candidate permissive sites for insertion were selected. (C) Schematic for fusion constructs generation. The
POl is inserted into the permissive site via flexible, glycine—serine-rich linkers (sequences SSGSSG and GGGGSGGGGS). (D) Permissive site optimization based on
relative fluorescence intensities for the POl Im7 (Escherichia coli) which was inserted at the 10 candidate permissive sites. POl insertion at the CysGA G364 site
retained 80% of the fluorescence intensity of intact CysG*. P400 corresponds to Q400 in 1PJS. Data are the mean + SD of three independent experiments.

For polyQ, we observed a length-dependent decrease of the
fluorescence intensities (Fig. 2D). It is widely accepted that the
length of polyQ repeats is essential for disease’s onset (9). For
Huntington’s disease, the threshold for protein aggregation and
cellular toxicity has been speculated as around 30 to 40 gluta-
mine residues. Consistent with previous observations (17), our
CysG™-polyQ fusions displayed length-dependent aggregation
behaviors in which polyQ45 and polyQ87 resulted in less soluble
fusion proteins as compared to polyQ20 (Fig. 2H).

Collectively, these results indicate that our biosensor can dis-
play robust readouts of thermodynamic stabilities of proteins
from diverse organisms with diverse sequences, various sizes, and
distinct structural characteristics. Moreover, our biosensor has
the ability to link the fluoresence readout to the aggregation
propensity of test proteins and to distinguish amyloidogenicprotein
variants.

Directed Evolution of the Stability of Human Muscle Acylphosphatase.
We next sought to extend our biosensor to the evolution of protein
stability in vivo. Our procedure was quite straightforward: First,
random mutations were introduced into the gene encoding a given
POI for insertion between the two halves of CysGA. Then, the
resulting E. coli transformants were induced for CysG*-POI ex-
pression on lysogeny broth (LB) agar plates, and colonies with
enhanced fluorescence intensities detected under UV light were
manually picked. As a proof of principle, we evolved the desta-
bilized, M61A mutant of AcP, a slowly folding protein with a two-
state behavior (31). AcPye1a resulted in nearly no fluorescence
when inserted into the CysG” biosensor; this readily facilitated
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our screening because the background fluorescence was quite low.
Then we used an error-prone PCR-based approach to create a
plasmid library of ~10° members with an average of 0.8 amino
acid substitutions per AcP sequence. Following transformation of
the library into the E. coli TransT1 strain, we screened 4% of the
transformants (10°) and picked 44 bright, red fluorescent colonies
by naked eyes and then extracted and sequenced their plasmids. In
each screen, there are about one to two bright colonies per 1,000
colonies. For the 44 colonies selected, three (6.8%) contain the
A61M mutation that fully reversed to a wild-type sequence. Other
abundant mutations include the known stabilizing mutation Y11F
(31) identified in 29.5% of colonies and two previously unchar-
acterized mutations: M24K identified in 45% of colonies and
M24R identified in 2.2% of colonies. We then introduced these
four individual mutations into the acp M61A gene inserted in the
tripartite biosensor system and retransformed the resulting plas-
mids into a fresh background strain. These transformants showed
small but significant increases in the fluorescence compared to the
control strain containing CysG”-AcPy14 (Fig. 34). Western blot
analysis also confirmed that these four mutations enhanced the
soluble fraction of the CysGA-AcPM61 A fusion protein (Fig. 3B).
To test whether the two previously unreported mutations M24R
and M24K exert any M61A-independent stabilizing effects, we
purified the Y11F, M24R, and M24K mutants and determined
their thermodynamic stabilities by equilibrium urea titration (Fig.
3C). Y11F stabilized AcP by 2.4 kJ/mol, which is comparable with
the previously reported value of 1.8 kJ/mol (32). M24K stabilized
AcP by 1.5 kJ/mol, but the M24R mutant showed similar stabilities
as the wild-type protein, indicating that its stabilizing effect is
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Fluorescence intensities correlate with the stabilities and expression levels of different test proteins. (A-D) Protein stabilities correlate with fluo-

rescence intensities (FL). CysG”-POI fusion variants containing insertion of POl sequences with known differential stabilities for Im7 (A, total of seven tested
Im7 sequences), MBP (B, six sequences), AcP (C, six sequences), and polyQ (D, three sequences). The relative fluorescence intensities of cells expressing the
various fusion proteins are plotted against AAG°yy (or polyQ tract lengths) and normalized by the fluorescence intensities of cells expressing CysG” fused with
wild-type POIs (or linker alone for polyQ tracts). A solubility-enhancing MBP tag was fused to the N terminus of CysG*-AcP fusions to facilitate their detection.
(E-H) The soluble expression levels correlate well with fluorescence intensities for Im7 (E), MBP (F), AcP (G), and polyQ (H). Soluble expression levels, relative to
wild-type POIs (or linker alone for polyQ tracts), are plotted against the relative fluorescence intensities. Data are the mean + SD of three independent
experiments. P values were determined by two-tailed unpaired Student’s t tests.

specifically associated with the M61A mutation (Fig. 3C and Ta-
ble 1). These data validate the ability of our CysG* tripartite
system to be used as a screen for directed evolution experiments to
select target proteins for increased stability.

Selection for Nonamyloidogenic Mutants of Islet Amyloid Polypeptide.
We then wondered whether amyloidogenic proteins could be
similarly stabilized and solubilized using our biosensor. Human
islet amyloid polypeptide (IAPP), a 37-amino-acid polypeptide,
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readily aggregates into oligomers or amyloid fibrils; such aggre-
gation has been implicated as a hallmark of type 2 diabetes (34).
Screening of a random mutagenesis library for IAPP inserted into
CysG” identified five mutants with a fluorescence increase of at
least twofold over wild-type IAPP (Fig. 3D). Indeed, the isolated
mutants exhibited even higher fluorescence than the cells
expressmg CysG* fused with the nonamy101dogen1c 126P mutant
(35) in our test with the CysG” tripartite system. The soluble
expression levels of these mutants and I26P in the tripartite fusion
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Fig. 3. Stabilization of AcP and human IAPP. (A) Relative fluorescence intensities of cells expressing CysG* fused with the indicated AcP mutants. A solubility-
enhancing MBP tag was fused to the N terminus of CysG”-AcP fusions to facilitate their detection. Fluorescence intensities were normalized to that of cells
expressing the CysG” fused with AcPye1a. Two randomly picked, unselected strains showed fluorescence similar to that of the unmutated control strain,
indicating that the small but significant increase in fluorescence of our selected strains was not a stochastic event. (B) Soluble expression levels of CysG” fused
with different AcP mutants. Soluble fractions of the cell lysates were analyzed by immunoblotting with antibodies against CysG* and a trigger factor (TF)
protein that served as a loading control. (C) Equilibrium urea-induced unfolding of wild-type AcP and screened variants. The raw titration data were con-
verted to the fraction of folded proteins. Equilibrium unfolding parameters of different AcP variants were determined via fitting of the denaturation curves
to the equation as described in Materials and Methods. (D) Relative fluorescence intensities of cells expressing CysG” fused with different IAPP variants. All
selected variants emitted stronger florescence intensities than the strain expressing CysG” fused with IAPP g, Which was previously reported to display
relatively weak aggregation. (E) Soluble expression levels of CysG” fused with different IAPP variants. (F) Thioflavin T assays for the previously uncharac-
terized IAPP mutants. Amyloid formation of IAPP was detected by measuring the fluorescence at an excitation wavelength of 440 nm and an emission
wavelength of 485 nm. Data are the mean + SD of four (A), three (C), or five (D) independent measurements. P values were determined by one-way ANOVA
with a Dunnett’s multiple comparison test. Representative blots from three independent experiments are shown (B and E). One representative curve from

three independent measurements is shown for each mutant (F). Uncropped Western blots are presented in S/ Appendix, Fig. S12.

were also higher than that of wild-type IAPP (Fig. 3E). Two of
these mutants (L12P and L16Q) have been reported to delay the
aggregation of IAPP (36), supporting the validity of our screening.
The effect of F15S is controversial: it was reported that small
residue substitutions at F15, such as alanine or serine, may pro-
mote IAPP to associate into fibrils more rapidly (37). However,
another study reported that FISA has higher solubility and re-
duced self-assembly potential compared to wild-type IAPP (38).
To confirm the ability of the newly isolated mutants (L12Q
and L16P) and F15S to reduce aggregation, we synthesized these
peptides and determined their aggregation profile by monitoring
thioflavin T (ThT) binding, which emits strong fluorescence in-
tensities upon association with amyloid fibrils. The L12Q mutation
dramatically reduced the rate of fibril formation, and the L16P
mutation almost completely inhibited fibril formation throughout
the entire time course of measurement (Fig. 3F). For F15S, we
observed a longer lag phase and higher final ThT fluorescence
compared to wild-type IAPP. The initial lag phase is known to
reflect the nucleation processes followed by a second, faster phase
corresponding to fibril assembly (39). Therefore, the longer lag
phase of F15S may reflect its ability to delay the nucleation pro-
cess, whereas rapid fibril formation kinetics following the nucle-
ation process probably allows more protomers to be incorporated
into the final fibril. Alternatively, the fibers of F15S may have
different morphology that allows them to bind more readily with
ThT. These potentially distinct behaviors could help account for
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the controversial results for this mutant reported in the literature.
Together, these results demonstrate the power of our CysG* tri-
partite system to evolve proteins with reduced aggregation propensity.

Deep Mutational Scanning Reveals Site-Specific Mutational Tolerance
of the MLL3sgr Protein. Deep mutational scanning, which combines
a genotype—phenotype platform with high-throughput DNA se-
quencing, has emerged as a powerful approach for dissecting
protein properties in an unbiased manner (40). To demonstrate
the applicability of our biosensor for analyzing the influence of
each individual residue on the foldability/stability of an entire
protein, we integrated our stability screening strategy with deep
mutational scanning (SI Appendix, Fig. S4) and applied this hybrid
approach to map the stability landscape of MLL3ggt. In mam-
malian cells, MLL3 is responsible for monomethylation of histone
H3 Lys4 (which regulates gene expression), and this function is

Table 1. Equilibrium unfolding parameters of AcP variants
AGN (kJ-mol™)  m(kJ-mol™" - M) Cpn (M)
wild type 225 +2.9 5.9 + 0.7 3.94 + 0.06
Y11F -249 +29 4.7 £ 0.5 5.25+0.24
M24K —24.0 + 3.1 55+ 0.7 4.22 +0.08
M24R -22.7 +3.4 56 +0.9 3.98 + 0.08

Values reported are the mean + SEM. n = 3 independent samples.
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mainly carried out through its catalytic SET domain (41). Al-
though previous studies have suggested that the conformational
stability of the MLL3 SET domain has a large impact on its cat-
alytic activity (41), the lack of biochemical characterization for
stabilized/destabilized MLL3ggt mutants has precluded further
mechanistic insights into this process. Thus, our delineation of the
stability landscape of MLL3ger and obtaining its stable variants
should facilitate deeper understanding of determinants of MLL3ggt’s
function and the development of chemical approaches to regulate
MLL3ggr’s function in vivo by adjusting its conformational stability.

We used error-prone PCR to construct a MLL3ggT mutant
library within the CysG* biosensor and obtained 10° members
(the Py library). Characterization of this library by deep sequenc-
ing revealed that it collectively harbors all substitutions that can be
generated by single-nucleotide substitutions and that it ulti-
mately samples 57.9% of the possible substitutions for each
amino acid at every position (S Appendix, Fig. S5). Additionally,
the number of mutations in each MLL3ggt sequence roughly
conformed to the Poisson distribution with an average of five
mutations, confirming as expected that these mutations were
generated randomly in our error-prone PCR step (SI Appendix,
Fig. S64). We screened the P, library based on fluorescence
readouts of cells and initially isolated 1,374 clones (referred as
the hit library, P;) exhibiting stronger fluorescence than the cells
expressing the CysG* biosensor with wild-type MLL3sgr (SI Ap-
pendix, Fig. S6B). Deep sequencing of the P library revealed that
each sequence typically contains only one to two amino acid
substitutions, and a large fraction of mutations decreased in fre-
quency, suggesting that most mutations identified in the Py library
are not tolerant under our stability screening pressure (SI Ap-
pendix, Fig. S6 A and C).

Frequency changes of wild-type amino acids in each site be-
tween the Py and P, libraries can reflect these residues’ differ-
ential contributions to the stability of MLL3gg. That is, residues
which are intolerant of other amino acid substitutions can be
assumed to somehow support protein stability, resulting in an
increase of the frequency of the corresponding wild-type amino
acids in the hit library. Seeking to characterize the contribution
of each residue to stability, we defined a stability score (see
Materials and Methods) based on our deep-sequencing data for
the fold change in the frequency of the wild-type amino acid
between the Py and Py libraries. We inferred that sites with a
high stability score can likely only tolerate the wild-type amino
acid at that particular position. In other word, in these sites, the
wild-type amino acid is important for stability, and substitutions
likely destabilized the protein. Then, we selected 10 top-ranking
sites for further analyses (Fig. 44). The wild-type residues at all
of the 10 sites form extensive interaction networks with nearby
residues and environmental water (SI Appendix, Fig. S7). Indeed,
the FoldX (42) software predicted that, on average, 90% of the
19 possible substitutions at these sites are likely destabilizing
mutations (Fig. 4B).

It is generally believed that buried residues contribute more to
protein stability than solvent-exposed residues because buried
residues are often involved in protein core packing (43). Con-
sistent with this idea, we found that buried residues are in gen-
eral less tolerant to mutations than solvent-exposed residues
(Fig. 4C). Of the 10 top-ranking sites, three (N4772, C4855, and
C4901) are completely buried, and five (N4848, C4851, F4862,
K4867, and C4899) are partially buried. Only two of the 10 top-
ranking sites (Y4825 and K4878) are located on the surface of
MLL3ggt. Since half of these residues constitute the cofactor
binding sites (Y4825 and N4848 for S-adenosyl-L-methionine
[SAM] binding; C4851, C4899, and C4901 for Zn** binding), our
findings suggest that cofactor binding in MLL3ggr may largely
contribute to its stability.

Residues important for stability are likely to be evolutionarily
conserved (44). We defined a sequence conservation score (see
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Materials and Methods) based on the multiple sequence align-
ment of 744 SET domains of the TRX (trithorax)/MLL family.
We found that the stability scores of each residue show a strong
correlation with the calculated sequence conservation scores in
most regions, despite four obvious local deviations (Fig. 4D). For
the region of residues K4770-L4775 and R4874-G4879, we found
that its conflicting low conservation score apparently results from
sequence variation among different subcategories of the TRX/
MLL family: members of the MLL3/MLL4 branch indeed con-
tain similar sequences in this region (SI Appendix, Fig. S8). The
other region comprising residues R4779-14785 and D4885-F4890
have a low stability score and a high conservation score, which are
known to contain residues important for SAM binding and the
formation of the active center, respectively (41). Therefore, we
suspected that selective pressures that made this region highly
conserved may come from maintaining MLL’s physiological func-
tion rather than stability, so this region apparently illustrates an
activity—stability tradeoff.

The Sequence-Stability Landscape of the MLL3sgr Protein Facilitates
Its Stability Evolution. The large-scale mutational data generated
by deep mutational scanning can also provide insights into an-
other aspect of the sequence-stability landscape of MLL3ggr:
identification of stabilization hotspot residues [i.e., sites showing
enrichment for mutations that are beneficial to MLL3ggt sta-
bility; these stabilization hotspot residues can be inferred from
frequency changes for each amino acid substitution before and
after selection (45)]. We defined an enrichment score (see Materials
and Methods) based on the frequencies of the corresponding sub-
stitution in the Py and P, libraries. In each site, substitutions with a
high enrichment score are enriched after the stability screening. To
analyze the effects of each amino acid substitution on the stability
of MLL3ggT, we organized our large-scale mutational dataset into a
heat map that presents the enrichment score of every observed
amino acid substitution at each site of the protein (Fig. 54). In this
map, most mutations showed a negative enrichment score, indi-
cating that they are deleterious to MLL3ggy stability. Only 9.1% of
the mutations showed a positive enrichment score; these are mu-
tations potentially beneficial for stability. Our results are consistent
with observations from previous studies reporting that the large
majority of mutations tend to reduce overall protein stability
(45, 46).

Next, to identify stabilization hotspot residues and to com-
pensate for the limitation of error-prone PCR to generate all
possible single amino acid substitutions, we cataloged the enrich-
ment score for every observed amino acid substitution at each site
(Fig. 5A4). Sites where some specific substitution can be enriched
have high accumulated enrichment scores and are the potential
hotspots for stabilization. On this basis, we selected the 11 top-
ranking sites, generated complete saturation libraries for each,
and screened those libraries using our CysG* tripartite system (S7
Appendix, Fig. S9). This second round of screening uncovered
50% of the same potentially beneficial mutations as those from
the deep mutational scanning; it also identified alternative sub-
stitutions in these sites (Fig. 5B). To rule out the effects of
spontaneous genomic mutations that may also contribute to en-
hanced fluorescence in our screened cells, representative MLL3ggr
mutants were constructed, transformed into a fresh background
strain, and verified for their ability to confer enhanced fluorescence
(Fig. 5C). Western blotting of the fusion proteins also revealed that
all of the mutants are more soluble than the wild-type fusion protein
(Fig. 5D).

Seeking functional insights relating to the increased stabiliza-
tion of the selected mutations, we used the FoldX force field and
residue-interaction analysis based on the MLL3ggr structure
(PDB: 5F59) to assess the energy terms and possible interaction
of each mutation (SI Appendix, Table S2 and Fig. S10). The
V4797 and V4860 residues are buried in the structure, and the
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Fig. 4. Site-specific mutational tolerance of the MLL3sgr protein. (A) Stability score (defined as the frequency change of a wild-type amino acid before and
after screening) for each site of MLL3ser. (B) Annotation of sites with high stability scores. The function of each site was experimentally confirmed in previous
studies (41). The number of potential destabilizing mutations was predicted using the FoldX software. (C) Stability score of buried, partially buried, and
solvent-exposed residues. Residues with relative solvent accessibility <0.05 were classified as buried, and residues with relative solvent accessibility >0.3 were
classified as solvent exposed. Residues with relative solvent accessibility between 0.05 and 0.3 were classified as partially buried. P values were determined by
two-tailed unpaired Student’s t tests. (D) Large-scale patterns of MLL3sgr's stability score and the TRX/MLL sequence conservation score. A moving average
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V47971 and V4860M mutations convert to larger hydrophobic
side chains that apparently enhance hydrophobic interactions.
The surface-exposed 14801T mutation may form extra hydrogen
bonding with E4799 and the decrease in surface hydrophobicity,
which is typically a benefit for protein stability (47). For V4809E
and G4823Q, their contribution to stability may result from in-
creased hydrogen bond formation. For H4866R, the arginine
substitution apparently induces a relatively stronger electrostatic
interaction with D4833 and D4832 to stabilize the protein. Fi-
nally, the N4911S, K4887G, and F4888G mutations may reduce
entropy and/or Van der Waals’s torsional clashes. For the two
mutations with the highest in vivo stability (I4801T and K4887G),
we purified the recombinant MLL3ggr variants and determined
their thermodynamic stabilities using equilibrium denaturant ti-
trations. Both mutants were more stable than wild-type MLL3ggr,
demonstrating 7.3 kJ/mol (I4801T) and 7.2 kJ/mol (K4887G) in-
creases over AG°yy at 20 °C (Fig. SE and Table 2). The fact that
we obtained MLL3ggr mutants with substantially improved sta-
bilities through multiple library screens and site-specific mutational
tolerance analysis clearly illustrates the utility of our platform
combined with deep mutational scanning for selectively engineer-
ing highly stable proteins.
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Discussion

Protein stability often hinders the engineering of new or opti-
mized protein functions. In this study, we developed a distinctive
method for monitoring protein stability in vivo and applied this
method for directed evolution of protein stability and for ex-
perimental delineation of the sequence-stability landscape. This
method is based on the CysG* tripartite system consisting of a
given POI and two segments of CysG®, which directly links the
folding status of the POI to an easily detectable fluorescence
phenotype. The method can be used with a wide range of POIs
and is applicable to many proteins expressed in cytoplasm.
Many features of the CysG* protein render our biosensor to
be a unique system. Given that almost all organisms can synthesis
the tetrapyrrole intermediate and the CysG* substrate uropor-
phyrinogen III, our system should be applicable to a large di-
versity of experimental platforms and biological taxa without the
extra introduction of substrate. Unlike methods based on mCherry
or GFP that require oxygen to achieve maturation of their chro-
mophores (48), our CysG”-based method does not rely on oxygen
to produce of its fluorescent readout compound. Although pre-
liminary, our initial testing of the tripartite CysG”* system in an-
aerobic conditions does indicate that we can indeed monitor
protein stability in this condition (SI Appendix, Fig. S11). Moreover,
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Fig. 5. The sequence-stability landscape of the MLL3set protein. (A) Heat map of the enrichment scores for every observed amino acid substitution with the
value for the accumulated enrichment score along the top, all possible mutations on the left axis, and the secondary structure elements displayed across the
bottom. Unexamined amino acids and wild-type residues are colored in white. (B) Mutations enriched in the deep mutational scanning and identified from
the saturation libraries. (C) Relative fluorescence intensities of cells expressing various fusion proteins inserted with the selected MLL3sgr mutant variants. The
fluorescence intensity of cells was normalized relative to cells expressing CysG” fused with wild-type MLL3ser. Data are the mean + SD of four independent
experiments. P values were determined by one-way ANOVA analysis with a Dunnett’s multiple comparison test. (D) Soluble expression level of the fusion
protein containing the selected MLL3ser mutants. The soluble fraction of cell lysates was analyzed by immunoblotting with antibodies against CysG* and
trigger factor (TF) protein that served as a loading control. The experiment was independently performed at least three times with similar results each time.
Uncropped Western blots are presented in S/ Appendix, Fig. S13. (E) Equilibrium urea-induced unfolding of wild-type MLL3sgr and the selected variants. Data
are the mean + SD of three independent experiments.

it was reported that a GFP-based reporter can suffer from a
background autofluorescence of cells, commonly observed in the
blue to green wavelength range (420 to 550 nm) overlapping with
the emission spectra of GFP. This problem can be minimized with
detection for red fluorescence using our CysG* biosensor.

Our design is conceptually similar to other tripartite fusion
systems (49). Tripartite fusion design is advantageous compared
to the “head-to-tail” design [e.g., the original GFP sensor (50)] in
that it can avoid the false positive caused by proteolytic cleavage
of a poorly folded POI and alternative translation because of

conditions such as orotate phosphoribosyl transferase (52) or DsbA
(26). Linking protein folding to cell viability allows these biosensors
to uncover rare stabilizing mutations, making them powerful selec-
tion techniques. For example, the p-lactamase tripartite reporter has
been proved to be effective in identifying stabilized bovine pancre-
atic trypsin inhibitor variants (53), aggregation-resistant scFv
sequences (54), inhibitors of IAPP aggregation (55), and in the
custom tailoring of the cellular folding environment (26).

frameshifting or the presence of internal cryptic ribosome-binding Table 2. Equilibrium unfolding parameters of MLL3y variants
sites within the POI gene (24). Many of the available tripartite AG°yn (k) -mol™)  m (kJ-mol™" - M) Cm (M)
stability biosensors link cell viability to protein folding by engi-
lity SO1S | viability to p & OY N8 \vild type 67 +08 45+09 139 +0.32
neering an antibiotic decomposing enzyme such as f-lactamase
(51), aminoglycoside 3’-phosphotransferase (17), aminoglycoside 148017 ~140+06 6.2x1.2 3.03£0.11
’ ? K4887G -13.9+0.7 34 +0.6 2.81 +0.26

3”-adenylyltransferase (17), or nourseothricin acetyltransferase
(17) or using an enzyme essential to cell growth under selective
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Values reported are the mean + SEM. n = 3 independent samples.

Ren et al.

An enzyme-based biosensor for monitoring and engineering protein stability in vivo


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101618118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101618118

Unlike the p-lactamase sensor which functions in the periplasm
of E. coli, our CysG” biosensor functions in the cytoplasm of
E. coli, which is suitable for industrial-related and medically im-
portant proteins with multiple reduced cysteines (e.g., receptors
with a cysteine-rich domain, thiol proteinases, and zinc finger
proteins). In addition, while there may be many ways to gain in-
trinsic antibiotic resistance, the red fluorescent phenotype arising
from CysG* activity cannot be complemented by any mutations
from the E. coli chromosome to our best knowledge. Thus,
screening based on cellular red fluorescence might be conceptually
tighter than the selection based on antibiotic resistance.

As with any other folding reporters, our CysG* biosensor does
have its certain limitations. First of all, once a certain stability
threshold is reached, the majority of the POI is folded, and any
additional increase in stability may not further enhance the
foldability of the POI. In other words, the screening might be
more beneficial when starting from a destabilizing protein than a
highly stabilized one. Second, mutations other than those that
affect the thermodynamic stability of the POI can also be enriched
in the screening if they can affect CysG* activity, for example,
those that impact the recognition by proteases or chaperones, or
those changes the aggregation profile of CysG* when fused with
it. Therefore, follow up inspection of the thermodynamic stability
of the protein variants is always a necessary step.

We further envision that our current method can complement
protein design efforts by offering a highly accessible and efficient
means for evaluating the stability of designed proteins. Data for
the stability landscape of a protein at single-residue resolution
will enable systematic analyses of the relationships between se-
quence and stability, and large-scale studies can both help un-
cover general principles underlying protein stability and guide
the rational design of protein activity while retaining adequate
stability. We also inferred that residues with high stability scores
apparently contribute to overall stability and may even serve as
“global suppressors” which can buffer the effects of deleterious
mutations (56). Accordingly, our data supports the recommen-
dation that regions rich in such residues should almost certainly
be retained during the construction of directed evolution li-
braries; we would anticipate that their retention should increase
the robustness of the sequence against deleterious impacts from
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random mutations. Similar work using deep mutational scanning
to assess protein stability will allow a deeper understanding of
the fitness landscapes of proteins and generate a large number of
training data sets that can be exploited by state-of-the-art tech-
nologies for protein design including machine learning (57).

In conclusion, we have developed a robust and reliable bio-
sensor to monitor protein stability in vivo and demonstrated its
application in directed evolution and deep mutational scanning.
Again recalling the ubiquity of the CysG” substrate uroporphyri-
nogen III, we believe that our system can also be easily transferred
to other advanced species and applied or engineered to detect
more complicated proteins behaviors, such as screening for ligands
that stabilize protein complexes. Thus, beyond illustrating suc-
cessful engineering of stable proteins and revealing general in-
sights about protein stability, our tripartite CysG* method will
most likely facilitate protein stability—related research and engi-
neering efforts in a wide diversity of living cells.

Materials and Methods

Detailed descriptions of all materials and methods are available in S/ Ap-
pendix, Material and Methods. For the quantification of fluorescence, cells
expressing the CysG* biosensor were resuspended in phosphate-buffered
saline, and then the fluorescence of cells was measured using an auto-
mated plate reader (Synergy HTX Hybrid Reader, BioTek) by fixing the ex-
citation filter at 380/20 nm and the emission filter at 600/40 nm. For the
screening, the random libraries were transformed into E. coli and spread on
LB plates containing 10 pM isopropyl p-D-1-thiogalactopyranoside and
200 pg/mL ampicillin. After incubation at 37 °C for 12 h, colonies exhibiting
high fluorescence under the UV light were selected and sequenced.
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