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Engineered light, oxygen, and voltage (LOV)-based proteins are able to
ﬂuoresce without oxygen requirement due to the autocatalytic
incorporation of exogenous ﬂavin as a chromophore thus allowing for live
cell imaging under hypoxic and anaerobic conditions. They were also
discovered to have high sensitivity to transition metal ions and physiological
ﬂavin derivatives. These properties make ﬂavin-binding ﬂuorescent proteins
(FPs) a perspective platform for biosensor development. However, brightness of
currently available ﬂavin-binding FPs is limited compared to GFP-like FPs
creating a need for their further enhancement and optimization. In this
study, we applied a directed molecular evolution approach to develop a pair
of ﬂavin-binding FPs, named miniGFP1 and miniGFP2. The miniGFP proteins are
characterized by cyan-green ﬂuorescence with excitation/emission maxima at
450/499 nm and a molecular size of ~13 kDa. We carried out systematic
benchmarking of miniGFPs in Escherichia coli and cultured mammalian cells
against spectrally similar FPs including GFP-like FP, bilirubin-binding FP, and
bright ﬂavin-binding FPs. The miniGFPs proteins exhibited improved
photochemical properties compared to other ﬂavin-binding FPs enabling
long-term live cell imaging. We demonstrated the utility of miniGFPs for live
cell imaging in bacterial culture under anaerobic conditions and in CHO cells
under hypoxia. The miniGFPs’ ﬂuorescence was highly sensitive to Cu(II) ions in
solution with Kd values of 67 and 68 nM for miniGFP1 and miniGFP2,
respectively. We also observed ﬂuorescence quenching of miniGFPs by the
reduced form of Cu(I) suggesting its potential application as an optical indicator
for Cu(I) and Cu(II). In addition, miniGFPs showed the ability to selectively bind
exogenous ﬂavin mononucleotide demonstrating a potential for utilization as a
selective ﬂuorescent ﬂavin indicator. Altogether, miniGFPs can serve as a
multisensing platform for ﬂuorescence biosensor development for in vitro
and in-cell applications.
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Introduction

et al., 2011). In addition, their smaller size relative to GFP-like
FPs (~12–16 kDa vs. 25–27 kDa for GFP-like FPs) is beneﬁcial
for virus-based gene delivery methods (Konermann et al., 2013;
Van Den Wollenberg et al., 2015) and tagging proteins of interest
(Chapman et al., 2008; Gawthorne et al., 2012; Emmi Scholz et al.,
2013; Gawthorne et al., 2016). Several optimized ﬂavin-binding
FPs were shown to have high pH and temperature stability thus
enabling their application in a wide range of conditions both in
live cells and in vitro (Mukherjee et al., 2015; Wingen et al., 2017).
More recently, the utility of LOV-based FPs was extended to the
detection of heavy metal ions including copper (Zou et al., 2020)
and mercury (Ravikumar et al., 2015a) as well as ﬂavin
derivatives (Anderson et al., 2020). However, compared to
GFP-like FPs, the ﬂavin-binding FPs still have room for
development regarding their biophysical and biochemical
characteristics, especially intracellular ﬂuorescent brightness
and photostability, which would promote their wider
adaptation as biosensors (Ozbakir et al., 2019).
In this study, we report the development and
characterization of a pair of enhanced 13 kDa (111 aa) green
FPs, named, miniGFP1 and miniGFP2, which could serve as
perspective templates for biosensor development. Systematic
characterization of miniGFPs in bacterial and cultured
mammalian cells revealed their beneﬁcial photophysical
properties compared to other bright ﬂavin-binding FPs. We
demonstrated their utility for ﬂuorescence imaging under
hypoxic and anaerobic conditions in cultured mammalian cell
lines and Escherichia coli bacteria, respectively. We also
characterized the ﬂuorescence sensitivity and selectivity of
miniGFPs to copper ions and ﬂavin derivatives in solution.
We discovered that miniGFPs possessed a micromolar afﬁnity
to the reduced form of Cu(I), which makes miniGFPs the ﬁrst
ﬂavin-binding FPs, to our knowledge, reported to have sensitivity
to Cu(I). Altogether, these results suggested the potential of
miniGFP1/2 as a multi-sensing toolbox for biosensing
applications.

Since the development of the ﬁrst genetically encoded
calcium biosensor in 1997 (Miyawaki et al., 1997), ﬂuorescent
biosensors have become indispensable molecular tools for realtime bioimaging at the cellular and subcellular levels. Fluorescent
biosensors have found wide applications in life science research
for cell culture and in vivo imaging to detect various physiological
ions and analytes including potassium, chloride, protons,
magnesium, zinc, ATP, cAMP, etc., as well as physiological
processes such as neurotransmission, membrane potential,
enzymatic activity, redox potential, etc. (Lin and Schnitzer,
2016; Greenwald et al., 2018; Piatkevich et al., 2019) Most of
the currently available biosensors are chimeras of ﬂuorescent
proteins (FPs) and sensing protein moiety represented by an
analyte binding domain (Palmer et al., 2011; Germond et al.,
2016; Terai et al., 2019). Engineering chimeric biosensors
requires a creative rational design approach complemented by
multistep optimization of amino acid linkers between the
domains, binding pocket interactions, and FP ﬂuorescence
(Sun et al., 2018; Nasu et al., 2021). From another hand, it
was discovered that some FPs and chromoproteins possess high
environmental sensitivity under physiological conditions and
therefore they can be easily converted into single FP-based
biosensors for chloride ions (Galietta et al., 2001; Tutol et al.,
2021), pH (Miesenböck et al., 1998; Rajendran et al., 2018),
temperature (Deepankumar et al., 2015), membrane potential
(Kralj et al., 2012), redox potentioan (Hanson et al., 2004), heavy
metal ions (Chapleau et al., 2008; Ravikumar et al., 2016) by
introducing only a few mutations. Among environmentally
sensitive FPs and chromoproteins, FPs derived from LOVbased ﬂavoproteins found in plants and bacteria are
characterized by the smallest molecular size and ability to
ﬂuoresce when expressed in bacteria and mammalian cells
under low oxygen conditions (Walter et al., 2012; Wang et al.,
2017). These FPs autocatalytically incorporate ﬂavins as a
chromophore, which are essential metabolites found in
abundance in the cytoplasm of bacteria, plants, and
mammalian cells (Chapman et al., 2008; Abbas and Sibirny,
2011; Hühner et al., 2015). Oxygen-independent ﬂuorescence
enabled imaging of ﬂavin-binding FPs under anaerobic and
hypoxic conditions as they do not require molecular oxygen
for chromophore formation or incorporation into apoprotein
(Drepper et al., 2007; Walter et al., 2012; Mukherjee et al., 2013).
This property enabled the applications of ﬂavin-binding FPs as
ﬂuorescent tags and biosensors for cellular imaging of
hypoxically cultured mammalian cells (Walter et al., 2012),
obligate anaerobes (Buckley et al., 2016; Seo et al., 2018), and
anaerobic pathogens during host cell infections under
physiologically relevant conditions (Choi et al., 2011; Lobo
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Results
Development of miniGFPs
As a starting template, we selected a novel LOV-based
ﬂavin-binding FP, called phiLOV3, which was optimized in
mammalian cells using a rapid directed molecular evolution
approach (Babakhanova et al., 2022). We subjected
phiLOV3 to three rounds of directed molecular evolution
using E. coli as an expression host system (Figure 1A).
Bacterial libraries, consisting of 1–10 × 106 independent
clones generated by error-prone polymerase chain reaction,
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FIGURE 1
Development of small GFPs. (A) Workﬂow of directed molecular evolution of the ﬂavin-binding miniGFPs in E.coli. FACS, ﬂuorescent-activated
cell sorting. (B) Fluorescence image in the green channel of E. coli streaks on LB/agar plate expressing phiLOV3, phiLOV3.1 (an intermediate mutant
from the second round of evolution), miniGFP1, and miniGFP2. (C) Screening green ﬂuorescence intensity of bacterial streaks shown in (B). (D)
Screening photobleaching curves for phiLOV3, phiLOV3.1, miniGFP1, and miniGFP2 in E. coli under continuous wide-ﬁeld illumination.

were ﬁrst subjected to 450 nm illumination from an LED to
select for photostability followed by screening for the brightest
cells in the green channel with a ﬂuorescence-activated cell
sorter (FACS; Supplementary Figure S1). The sorted clones
were further analyzed using a two-step hierarchical screening
strategy, including screening the bacterial colonies under a
ﬂuorescent stereomicroscope before and after the 450 nm
illumination followed by spectroscopic measurements in
solution in a 96-well plate format using a ﬂuorescence
microplate reader (Figure 1A, see Supplementary Figure S1
for representative images of bacterial colonies before and after
illumination). After each round, the top 5–10 clones were
analyzed by sequencing and subjected to the next round of
directed molecular evolution. During the selection process, we
observed a trade-off between brightness and photostability,
for example, intermediate mutant phiLOV3.1 had an
improved photobleaching rate but reduced intracellular
brightness (Figures 1B–D). After three rounds of directed
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molecular evolution, we selected two variants, named
miniGFP1 and miniGFP2, which exhibited the highest
performance under screening conditions quantiﬁed as a
product of screening brightness measured with a plate
reader and photostability on the colonies (each normalized
to its maximum value in the group to ensure the roughly equal
contribution of each parameter to the product). The
miniGFP1 and miniGFP2 proteins were more than 2-fold
brighter than their parental protein phiLOV3 when
expressed in E.coli and retained higher relative brightness
after 5 min of the continuous blue light illumination (Figures
1B–D). The miniGFP1 and miniGFP2 proteins had four and
ﬁve amino acid mutations, respectively, compared to the
parental protein phiLOV3 (Supplementary Figure S2).
Among introduced mutations, only two common mutations
F19S and R90F were located in the β-sheets while other
mutations were introduced into the loops between
secondary motifs of the proteins (Supplementary Figure S2).
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FIGURE 2
Spectral and biochemical characterization of miniGFP1 and miniGFP2 in solution. (A) Absorption spectra of miniGFP1 and miniGFP2. (B)
Excitation (dashed) and emission (solid) ﬂuorescence spectra of miniGFP1 and miniGFP2. (C) Normalized ﬂuorescence of miniGFP1 and
miniGFP2 under different pH values. (D) Fluorescence thermostability curves for GFP, phiLOV3, miniGFP1, and miniGFP2.

TABLE 1 Properties of the FMN-binding ﬂuorescent proteins, miniGFP1 and miniGFP2.

Protein

Abs
(nm)

Ex
(nm)

Em
(nm)

EC
(M−1
cm−1)

QY
(%)

Molecular
brightnessa

Lifetime
(ns)

pKa

Thermostability
(°C)b

Intracellular
photostability
(s)c

References

phiLOV2.1

451/476

451

501

13,500

20

2,700

N.D.

3.0

N.D.

N.D.

Christie et al. (2012),
Babakhanova et al.
(2022)

phiLOV3

452/477

452

502

15,800

22

3,480

N.D.

3.3

57.8

300

Babakhanova et al.
(2022)

<3.0

Mukherjee et al. (2015)

CreiLOV

N.D.

448

498/527

N.D.

51

6,375

N.D.

BR1

N.D.

449

496

N.D.

45

5,625

N.D.

miniGFP1

450/477

450

499

16,800

31

5,130

4.46

miniGFP2

450/477

450

499

16,200

32

5,132

4.54

N.D.

4

N.D.

1

Ko et al. (2019)

4.5

55.6

197

This study

4.4

55.6

207

This study

Abs, Absorbance peaks; Ex, ﬂuorescence excitation peak; Em, ﬂuorescence emission peak; EC, extinction coefﬁcient; QY, quantum yield.
a
Molecular brightness is calculated by the extinction coefﬁcient and quantum yield.
b
Thermostability is evaluated by the temperature that the ﬂuorescence of FMN-binding proteins receded to its half by heat comparing to its ﬂuorescence at RT.
c
Measured in live MEF cells under continuous wide-ﬁeld excitation (20% of 470 nm SpectraIII Light engine with ×20 NA0.75 objective lens).

Spectroscopic and biochemical
characterization of miniGFPs

the standard metal afﬁnity chromatography method. The
miniGFP proteins had almost identical absorbance and
ﬂuorescence spectra resembling the characteristic spectral
proﬁle of ﬂavin-binding FPs (Mukherjee et al., 2013).
Absorbance and ﬂuorescence excitation spectra exhibited

To characterize the spectral and biochemical properties in
solution, miniGFPs were expressed in E.coli and puriﬁed using
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FIGURE 3
Biochemical characterization of miniGFPs in comparison to phiLOV3, CreiLOV, and BR1. (A) Green ﬂuorescence image of crude extract from
E.coli cells expressing selected proteins. (B) Quantiﬁcation of ﬂuorescence intensity of the samples shown in (A). (C) Photobleaching and dark
recovery curves measured on bacterial streaks expressing the selected proteins (n = 1 streak for each protein; shaded area correspond to dark
recovery phase). (D) Representative images of CHO cells expressing the selected proteins in green and red channels. Scale bar, 20 µm. (E)
Green-to-red ﬂuorescence ratios for phiLOV3, CreiLOV, BR1, miniGFP1, and miniGFP2 expressed in CHO cells (n = 370, 905, 211, 2,220, 1,501 cells
from two independent transfections each, respectively). Box plots with notches are used for data visualization (narrow part of notch, median; top and
bottom of the notch, 95% conﬁdence interval for the median; top and bottom horizontal lines, 25% and 75% percentiles for the data; whiskers extend
1.5 × the interquartile range from the 25th and 75th percentiles; horizontal line, mean; dots, outliers). (F) Photobleaching and dark recovery curves
measured on live CHO cells expressing phiLOV3, CreiLOV, BR1, miniGFP1, and miniGFP2 proteins (n = 114, 52, 74, 98, and 62 cells from two
independent transfection each, respectively).
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imaged in the standard green and red channels under a wideﬁeld microscope, and green-to-red ﬂuorescence ratios were
calculated for quantitative comparison of intracellular
brightness. The miniGFPs ﬂuorescence was evenly distributed
throughout the cytoplasm of CHO cells without any visible
aggregation or organelle accumulation similarly to other FPs
used for reference (Figure 3D). Expression of miniGFP1 in
cultured mouse neurons also produced easily detectable green
ﬂuorescence without signs of aggregation similar to phiLOV3
(Supplementary Figure S3). Quantiﬁcation of the green-to-red
ratios revealed that intracellular brightness of both miniGFPs was
comparable to that of phiLOV3 (Figure 3E). In turn, the
intracellular brightness of CreiLOV was 15% higher than that
of phiLOV3 and the intracellular brightness of BR1 was 19%
lower than that of phiLOV3 (Figure 3E). The photobleaching
half-times for miniGFP1 and miniGFP2 were 197 s and 207 s vs.
~300 s for phiLOV3 (Figure 3F). After photobleaching miniGFPs
exhibited insigniﬁcant dark recovery of less than 6% from the
initial level. Dark recovery for phiLOV3 was about 8%. Under the
same condition, photobleaching half-times of CreiLOV and
BR1 were 4.5 and 1 s reaching minimal ﬂuorescence in less
than 100 s of continuous illumination, however, similarly to
E.coli
experiments
ﬂuorescence
of
CreiLOV
and
BR1 recovered more than 50% from initial level (Figure 3F).
These results indicated that miniGFPs were more suitable for
quantitative live cell imaging than CreiLOV and BR1, which
demonstrated photoswitching behavior.
To further benchmark the performance of miniGFPs, we
measured intracellular brightness and photostability in MEF,
HEK, CHO, and HeLa cells in comparison with phiLOV3, EGFP,
and UnaG (Supplementary Figure S4). Overall, miniGFPs
appeared to have about 4- to 8-fold lower brightness than
EGFP and UnaG. However, miniGFPs outperformed UnaG in
terms of photostability in all tested cell lines, while EGFP
remained the most photostable FP except for in HEK cells
where phiLOV3 was the most photostable (Supplementary
Figure S4). Altogether, miniGFPs were suitable for live cell
imaging in different cell types and demonstrated improved
photochemical properties compared to other bright ﬂavinbinding FPs.

peaks in the UV-A (350−370 nm) and blue (450 nm) regions of
the spectrum, and emission spectra had a wide band with a peak
at 499 nm and a prominent shoulder at 525 nm (Figures 2A,B).
The molecular brightness of miniGFP1 and miniGFP2 was 1.4fold higher than that of phiLOV3 mainly due to increased
quantum yields (Table 1). The ﬂuorescence lifetime for both
miniGFPs was around 4.5 ns (Table 1). The ﬂuorescence of
miniGFP1 and miniGFP2 had a bell-shaped pH dependence
with the pKa1 values of 4.5 and 4.4 and pKa2 values of 10.1 and
10.1, respectively (Figure 2C). The thermostability test revealed
that miniGFPs had a similar thermostability characterized by Tm
value of 55.6°C, while their precursor phiLOV3 was slightly more
thermostable with Tm of 58°C (Figure 2D). For comparison, the
Tm value for EGFP was about 80°C under identical conditions
(Figure 2D).
Next, we sought to compare intracellular brightness and
photostability of miniGFPs to spectrally similar ﬂavin-binding
FPs, which are characterized by the highest molecular brightness
in the class and comparable molecular size (i.e., <13 kDa). Since
our goal was to develop FPs for live cell imaging, we excluded
bright ﬂavin-binding proteins that are known to generate singlet
oxygen upon illumination, such as miniSOG (Shu et al., 2011). By
searching FPbase (https://www.fpbase.org/) (Lambert, 2019), we
selected a pair of FPs BR1 (Ko et al., 2019) and CreiLOV
(Mukherjee et al., 2015), which reported molecular brightness
was higher than that of miniGFPs (Table 1). First, we expressed
the proteins in E. coli using pBAD vector and measured
ﬂuorescence brightness of the crude protein extracts in
standard green channel. All proteins exhibited comparable
brightness except for phiLOV3, which was about 2.5-fold
dimmer (Figures 3A,B). When measuring photostability in E.
coli cells under continuous wide-ﬁeld illumination, we also
assessed dark recovery as many ﬂavin binding FPs exhibit
reversible photoswitching (Christie et al., 2012; Gregor et al.,
2018), which is an undesired property for quantitative imaging.
The miniGFPs proteins demonstrated superior photostability
compared to BR1 and CreiLOV although they were about
twice less photostable as phiLOV3 (Figure 3C). However,
miniGFP1 showed almost no dark recovery (less than 8%
relative to initial brightness), in turn, dark recovery for
phiLOV3 and miniGFP2 was slightly higher reaching 21%
and 45%, respectively. Recovery of ﬂuorescence postphotobleaching for BR1 and CreiLOV was more than 3-fold
relative to the photobleached state. Based on the photophysical
properties miniGFP1 was the most appropriate protein for
quantitative imaging.
To access the intracellular brightness and photostability in
mammalian cells, we co-expressed miniGFPs with bright RFP
FusionRed (Shemiakina et al., 2012) via the self-cleavable P2A
peptide to account for the expression level variations during
transient transfection. For comparison, we also expressed
phiLOV3, CreiLOV, and BR1 proteins. After transient
transfection, live Chinese hamster ovary (CHO) cells were

Frontiers in Bioengineering and Biotechnology

Characterization under anaerobic and
hypoxic conditions
One of the most distinctive features of ﬂavin-binding FPs is
their ability to ﬂuorescence in oxygen-free conditions. To this
end, we tested the utility of miniGFPs for live cell imaging under
anaerobic and hypoxic conditions. First, we transformed the
miniGFPs expression vectors into E.coli and induced protein
expression in the anaerobic chamber. The E.coli cells imaged in a
standard green channel under confocal microscopy had easily
detectable green ﬂuorescence 20 h after protein expression
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FIGURE 4
Characterization of miniGFPs under anaerobic conditions. (A) Fluorescence confocal images of anaerobically cultured E. coli cells expressing
phiLOV3, miniGFP1, and miniGFP2. Scale bar, 20 µm. (B) Quantiﬁed ﬂuorescence of E. coli expressing proteins shown in (A) (PminiGFP1-phiLOV3 = 1.05E14, PminiGFP2-phiLOV3 = 1.65E-14, ANOVA—Fisher Test).

copper, zinc, and mercury with afﬁnities around single
micromolar values (Ravikumar et al., 2015a; Ravikumar
et al., 2015b; Zou et al., 2020). In particular, the miniGFPs’
precursor iLOV demonstrated an inherent afﬁnity to Cu(II) in
solution with Kd of 4.72 μM (Ravikumar et al., 2015b).
Therefore, we sought to determine the sensitivity of the
miniGFPs ﬂuorescence to various biologically relevant metal
ions in solution using puriﬁed proteins. For the metal ion
sensitivity assay, we chose multiple metals including alkali
metals (potassium and sodium at 800 μM), alkaline Earth
metals (magnesium and calcium at 800 μM), and transition
metals (cobalt, zinc, iron, nickel, copper, manganese at 100 μM
and chromium at 6 μM). By measuring ﬂuorescence intensity
before and after metal ion administration, we found that the
most signiﬁcant quenching of ﬂuorescence was observed in the
case of Cu2+ (by ~65% for both miniGFPs; Figures 6A,B). In
addition, Ni2+ ions quenched ﬂuorescence of both miniGFPs by
about 15%, while Co2+ ion decreased miniGFP1 ﬂuorescence by
15%, which was slightly higher than that for miniGFP2 (Figures
6A,B). The rest of the tested ions showed only insigniﬁcant
ﬂuorescence response (~10%) and did not interfere with copper
sensitivity (Figures 6A,B).
To further characterized ﬂuorescence quenching of
miniGFPs, we performed titration in a wide range of Cu2+
concentrations from 0 to 30 μM. Administration of Cu2+
reduced ﬂuorescence intensity however, the emission proﬁles
were not altered (Figures 6C,D). The robust ﬂuorescence
response was observed at 50 nM of [Cu2+] and at [Cu2+] =
200 nM the ﬂuorescence intensity was decreased by ~50%
reaching the maximum ﬂuorescence quenching of 63% and
66% for miniGFP1 and miniGFP2 at 10 μM, respectively
(Figures 6E–H). Thus, the estimated dynamic range of Cu2+
detection was from 10 nM to 10 μM. The normalized ΔF/
ΔFmax curves against copper concentration were ﬁtted well to
a single binding site model with Kd values of 67 nM and 68 nM
for miniGFP1 and miniGFP2, respectively (Figures 6G,H).

induction (Figure 4A). Both miniGFPs were 2.3-fold brighter
than phiLOV3 (Figure 4B) closely matching the relative
brightness observed under normal oxygen concentration
(Figure 1C). Thus, miniGFPs can be readily expressed and
imaged under anaerobic conditions in E. coli.
Next, we evaluated the performance of miniGFPs under
hypoxia conditions in CHO cells. To validate hypoxic
conditions, miniGFPs were co-expressed with a bright red
GFP-like FP, FusionRed (Shemiakina et al., 2012), which
requires oxygen for the posttranslational cyclization to form a
mature chromophore (Piatkevich et al., 2010). For reference, we
also used the EGFP expression vector. Immediately after
transfection, CHO cells were incubated under hypoxic
conditions (1% O2, 10% CO2, 89% N2) for 20 h followed by
live cell imaging under normoxia for 20 h (Figure 5A). Similar
conditions were previously used for the evaluation of other
oxygen-independent FPs without any observed negative affect
on cell culture viability (Erapaneedi et al., 2016). After hypoxic
incubation, the FusionRed ﬂuorescence was not detectable while
EGFP transfected cells exhibited green ﬂuorescence only slightly
above the background (Figure 5B). However, immediately after
transferring cells into normoxic conditions, EGFP ﬂuorescence
started to increase reaching plateau in about 20 h (Figure 6C).
The ﬂuorescence of miniGFP1 and miniGFP2 were steady after
recovering from hypoxia conditions and slightly decreased
within 20 h period (Figures 6D,E). In all cases, FusionRed had
about 2 h lag in ﬂuorescence increase. Overall, these results
demonstrated the applicability of miniGFPs for long-term live
cell imaging under hypoxia conditions.

Copper sensitivity of miniGFPs
ﬂuorescence
It was previously reported that ﬂuorescence of some ﬂavinbinding FPs can be quenched by transition metal ions, such as
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FIGURE 5
Characterization of miniGFPs under hypoxic conditions. (A) Experimental workﬂow of hypoxia experiments. (B) Fluorescence images of CHO
cells expressing EGFP, miniGFP1 and miniGFP2 under hypoxia (upper row) and normoxia (lower row) conditions, respectively (for hypoxia images,
cells after transfection were incubated under 1% oxygen, 10% carbon dioxide and 89% nitrogen condition for 20 h, for normoxia images, cells were
incubated 20 h under 21% O2 atmosphere after hypoxia incubation). Scale bar, 20 µm. (C–E) The ﬂuorescence changes of CHO cells coexpressing (C) EGFP, (D) miniGFP1, and (E) miniGFP2 with FusionRed under normoxia condition after 20 h of hypoxic incubation. (n = 10, 10, and
10 cells from 3, 2, 3 independent transfections for EGFP, miniGFP1, and miniGFP2, respectively).

(Supplementary Figures S5D,E). These results demonstrated
that miniGFPs ﬂuorescence was sensitive to both forms of Cu
in solution with high selectivity. However, miniGFPs had almost
two orders of magnitude higher afﬁnity to Cu2+ than to Cu+ with
a broader dynamic range, although the amplitudes of
ﬂuorescence quenching were comparable.

Copper is a redox-active metal ion that can exist in two
oxidation states in biological systems: Cu+ (reduced) and Cu2+
(oxidized) (Kim et al., 2008). Therefore, we also tested the
sensitivity of miniGFPs to the reduced form of Cu, which is
considered to be the predominant form in eukaryotic cells due to
the reducing environment of cytoplasm (Blackburn et al., 2014).
The ﬂuorescence spectra were recorded against the increasing
Cu+ concentration from 0 μM to 6.5 μM to quantify ﬂuorescence
intensity quenching (Supplementary Figure S5C). More than
10% of ﬂuorescence quenching was detected at 0.9 µM of
[Cu+] and at the highest tested [Cu+] the ﬂuorescence of
miniGFP1 and miniGFP2 dropped by 41% and 52%,
respectively (Supplementary Figures S5A,B). Using a single
binding site model, the estimated Kd of Cu+ for
miniGFP1 and miniGFP2 were 2.2 and 2.5 μM, respectively

Frontiers in Bioengineering and Biotechnology

Afﬁnity of miniGFPs to ﬂavins
Riboﬂavin and its derivatives, FMN and FAD, are the most
common forms of ﬂavins found in biological contexts
(Giancaspero et al., 2015). It was reported that some ﬂavinbinding proteins exhibited high afﬁnity to multiple physiological
ﬂavins (Mathes et al., 2009; Anderson et al., 2020). We sought to
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FIGURE 6
Metal sensitivity of miniGFPs in solution. (A,B) Selectivity and speciﬁcity of miniGFP1 and miniGFP2 to Cu2+ and other selected metal cations (n =
3 technical replicates each; column, mean, error bars, standard deviation). Data are normalized to the ﬂuorescence intensity at ions-free conditions,
pH 7.4. The measurements were performed at 100 μM for Cu2+, Zn2+, Co2+, Mn2+, Ni2+, Fe2+, at 800 μM for Ca2+, Mg2+, K+, Na+, and at 6 μM for Cr3+.
miniGFP1 is shown as blue column and miniGFP2 is shown as cyan column, other metal cations are shown as light grey column. (C,D)
Fluorescence spectra of miniGFP1 and miniGFP2 with increasing Cu2+ from 0 to 10 μM. Data are normalized to the ﬂuorescence intensity at 500 nm
in copper-free condition. (E,F) Titration of miniGFP1 and miniGFP2 shown as integrated ﬂuorescence from plot (C,D) against Cu2+ concentration and
normalized to initial ﬂuorescence intensity. (G,H) The binding afﬁnity curves of miniGFP1 and miniGFP2, the concentration range of the 0–0.75 μM
Cu2+ are shown in the inset. Dots represent mean, error bars represent standard deviation for 3 technical replicates each.
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FIGURE 7
Spectral characterization of phiLOV3 and miniGFPs with an increasing concentration of exogenous FMN. (A–C) The ﬂuorescence emission
spectra of phiLOV3 and miniGFPs with addition of FMN at the concentration ranging from 0 to 5.49 mM. Compared to pure FMN (5.8 mM, orange
line), the ﬂuorescent spectra of phiLOV3 (green line) miniGFP1 (bule line) and miniGFP2 (cyan line) all changed after the introduction of FMN with the
ﬂuorescence increase. (D–F) The binding afﬁnity curves of phiLOV3 and miniGFPs with FMN. The corresponding of estimated Kd values was
calculated by the Hill 1 equation. Dots represent mean, error bars represent standard deviation for three technical replicates each.

explore afﬁnity of E. coli expressed miniGFPs to ﬂavins in
solution. We ﬁrst titrated different concentrations of FMN,
FAD, and riboﬂavin to phiLOV3 and miniGFPs using
aqueous solutions of the corresponding ﬂavins as a blank
control. Physiological ﬂavins exhibit intrinsic ﬂuorescence that
can be used for their detection and analysis in vitro (Hühner
et al., 2015; Galbán et al., 2016) therefore it was important to
account for ﬂuorescence of free ﬂavins upon titration.
Administration of FMN at a ﬁnal concentration of 5.8 mM
resulted in about 10-fold ﬂuorescence intensity increase while
titration of riboﬂavin and FAD resulted in quenching
phiLOV3 and miniGFPs ﬂuorescence (Suppementary Figure
S6). We further characterized FMN binding by titrating
aliquots of FMN into solutions containing phiLOV3 and
miniGFPs and recording ﬂuorescence emission. Binding of
FMN altered spectral proﬁles by broadening the emission
bands and shifting their peaks from ~500 to ~530 nm (Figures
7A–C). By ﬁtting the ﬂuorescence measurements to a binding
model assuming noncooperative binding behavior we
determined Kd of 0.54 and 0.36 mM for miniGFP1 and
miniGFP2, respectively, while the estimated Kd for
phiLOV3 was about 1 mM (Figures 7D–F). These results
indicated that miniGFPs expressed in E. coli contained a
signiﬁcant fraction of the apoproteins that could bind
exogenous FMN in solution although the formed adducts
exhibited altered emission proﬁles. The miniGFP proteins
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exhibited a higher afﬁnity to FMN than their precursor
phiLOV3. From another hand, FAD and riboﬂavin did not
show speciﬁc binding to miniGFPs or phiLOV3.

Discussion
We reported the development and characterization of a pair
of the enhanced ﬂavin binding GFPs, called miniGFP1 and
miniGFP2. To develop miniGFPs we employed directed
molecular evolution, which is one of the most common
approaches for FPs optimization (Subach et al., 2011). We
chose to optimize brightness and photostability as the most
important properties for live cell imaging. Moreover, ﬂavinbinding FPs, in particular iLOV derivatives, are known to
generate singlet oxygen species under blue light illumination,
which can cause increased phototoxicity (Baier et al., 2006; Shu
et al., 2011). Therefore, we suggested that photobleaching
screening should also facilitate the selection of clones with
lower phototoxicity since after illumination only live cells
could further be cultured. Three rounds of directed evolution
were sufﬁcient to enhance the intracellular brightness in E. coli
cells without signiﬁcant alternation of spectral properties or
stability of the template protein phiLOV3. Furthermore, as
expected, the introduced mutations did not affect the ability
of miniGFPs to ﬂuorescence when expressed under anaerobic
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complemented by pharmacological stimulation (Wegner et al.,
2010; Castro et al., 2014; Zou et al., 2020). The difﬁculty of
intracellular copper detection is most likely associated with an
extremely low concentration of free ions (10−17−10−21 M) as
majority of copper in cells is buffered by endogenous proteins
and stored in a tightly bound, kinetically labile form (Wegner
et al., 2011). Nevertheless, copper is the third most abundant
heavy metal in humans, which is involved in a wide range of
physiological processes primarily as a co-factor for
metalloenzymes
(National
Research
Council
(US)
Committee on Copper in Drinking Water, 2000; Tapiero
et al., 2003). At the same time, the abnormal function of
cellular
copper
homeostasis
results
in
severe
neurodegenerative diseases such as Alzheimer’s disease, etc.
(Desai and Kaler, 2008). Therefore, optical biosensors for in
situ copper imaging will be very important for further
investigation of its biological function. However, currently
available genetically encoded ﬂuorescent probes with copper
sensitivity would require additional optimization to meet the
requirements. Intrinsic copper sensitivity of miniGFPs with
nanomolar afﬁnity makes them perspective templates for
copper biosensor development. From another hand,
adapting in vitro analysis of copper concentration is
important for food safety, environmental pollution live
monitoring, and diagnostics. The most popular assays for
copper detection in soil and water samples are mainly
based on spectrometry, such as UV-Vis spectrometry,
atomic absorption spectrometry, and X-ray ﬂuorescent
spectrometer (Elkhatat et al., 2021). For example, to a
typical Cu2+ level for surface water in China is ranging
from 5 to 15 μM (Zhao et al., 2009). In this perspective,
miniGFPs can ﬁnd immediate application for ﬂuorescencebased analysis of water pollution due to their nanomolar
afﬁnity and high speciﬁcity.
To further explore the utility of miniGFPs, we tested the ability
of miniGFPs to detect ﬂavin molecules including FMN, its precursor
riboﬂavin, and another derivative, ﬂavin adenine dinucleotide
(FAD). For example, previously Anderson et al. reported the
development of a ﬂuorescence turn-on sensor for riboﬂavin
based on the iLOV apoprotein (Anderson et al., 2020). In our
hands, as observed by ﬂuorescence spectra, miniGFPs puriﬁed from
E.coli cells did not show any speciﬁc binding to riboﬂavin or FAD
but administration of exogenous FMN signiﬁcantly increased
ﬂuorescence. This might be due to a fraction of apoprotein,
which was capable to bind FMN, however, we also observed
changes in emission spectrum proﬁle becoming more
reminiscences of the pure FMN emission proﬁle and might be a
result of non-speciﬁc bind or protein aggregation. Elucidation of the
exact mechanism of FMN binding will require further studies and
goes outside of the scope of the current studies. As detection of FMN
and other ﬂavin derivatives in biological ﬂuids is used for diagnostics
of some diseases, this feature of miniGFPs might create a basis for
express methods of FMN analysis in clinic.

and hypoxic conditions. Moreover, when expressed in bacteria
miniGFPs do not require co-expression of additional enzymes or
administration of exogenous co-factors unlike other oxygenindependent FPs including bilirubin binding UnaG protein
and biliverdin binding NIR FPs (Piatkevich et al., 2013; Chia
et al., 2020), which simpliﬁes miniGFPs applications. It is also
important to note that miniGFPs’ performance was sufﬁcient for
long-term (~20 h) live cell imaging accompanied by only minor
photobleaching (20%–30%; Figure 5). Improved photostability
and absence of dark recovery make miniGFPs particularly
attractive for quantitative imaging in comparison with other
bright ﬂavin-binding FPs, such as CreiLOV and BR1, which can
be considered as photoswitchable FPs. However, miniGFPs are
still characterized by lower intracellular brightness and
photostability than the most widely used GFP-like FP EGFP
(Supplementary Figure S4) and therefore further optimization
might be needed to widen their applicability.
It was previously reported that some ﬂavin binding FPs
exhibited the ﬂuorescence sensitivity to Cu(II) in solution
characterized by afﬁnities in a single micromolar range
(Ravikumar et al., 2015b; Zou et al., 2020). Interestingly,
the estimated Cu(II) afﬁnity for miniGFPs was almost two
orders of magnitude higher than that reported for other ﬂavinbinding FPs iLOV and CreiLOV (Ravikumar et al., 2015b; Zou
et al., 2020). This could be due to the mutation in the putative
metal binding motif (Supplementary Figure S2). As previously
suggested, the Cu ion can be coordinated by Asn residues in
the close vicinity of the FMN chromophore resulting in
dynamic quenching of the ﬂuorescence (Ravikumar et al.,
2015b; Zou et al., 2020). As a possibility, the substitution of
Asn by Tyr at position 15 in miniGFPs improved copper ion
coordination, however, elucidation of the exact mechanism of
Cu-sensitivity requires further functional and structural
studies. The calculated Kd’s for miniGFPs were comparable
to one of the most sensitive Cu(II) biosensors engineered
based on EGFP (16 nM for EGFP-based biosensor vs.
67–68 nM for miniGFPs) (Bálint et al., 2013), while the
highest afﬁnity to Cu(II) among all FPs was recently
discovered in biliverdin binding protein miRFP670 reaching
picomolar range (Zhao and Zastrow, 2022). From another
hand, there was no literature data on ﬂavin binding FP
sensitivity to Cu(I), which represents more physiologically
relevant form of copper in eukaryotic cells. Here, for the ﬁrst
time to our knowledge, we described sensitivity of ﬂavin
binding FPs to Cu(I) (Figure 6). However, it should be
admitted that the estimated Kd for Cu(I) was not within the
biologically relevant range of free Cu+ ions concentration. In
general, despite signiﬁcant progress in engineering
ﬂuorescence biosensors for Cu(I) and Cu(II) ions, none of
the currently available biosensors were utilized for copper
imaging in live cells under physiologically relevant conditions
but rather under an artiﬁcially created environment with
excessive concentration of copper salt in extracellular buffer
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Conclusion

with Amp+ and Ara and incubated overnight. The colonies
were imaged before and after 450 nm illumination with LED
in a green channel: (Ex: 460–495 nm; Em: 510–550 nm) using an
SZX16 ﬂuorescence stereomicroscope (Olympus, Japan)
equipped with Spectra III Light Engine (LumenCor,
United States) and cooling color digital camera
(BGIMAGING, China). The selected colonies were cultured in
LB medium containing Amp+ and Ara in 24-well deep well
plates, treated with B-PER (Thermo Fisher, United States) and
analyzed using a ﬂuorescent plate reader (Varioskan LUX,
Thermo Fisher Scientiﬁc, United States). For expression in
mammalian cell lines, the target plasmids were cloned in two
steps. First, EBFP2 in pAAV-CAG-EBFP2-P2A-GFP (Addgene
plasmids #184938) was swapped with the gene of parental
protein-phiLOV3, and genes of miniGFP1, miniGFP2, EGFP,
and UnaG using BamHI and AgeI sites. Then, GFP was swapped
with FusionRed using SpeI and EcoRI sites.

We developed a pair of small GFPs, named miniGFPs, and
performed their systematic characterization in vitro and in
different mammalian cell cultures in comparison with other
bright GFPs. The miniGFP proteins are characterized by
improved photophysical properties compared to other bright
ﬂavin-binding GFPs that allowed their utilization for long-term
live cell culture imaging under normoxia and hypoxia. In vitro
sensitivity of miniGFPs to copper ions and exogenous FMN
makes them suitable starting templates for biosensor
development, however, the molecular mechanism of copper
and FMN sensitivity requires further studies.

Experimental procedures
Molecular cloning and directed evolution

Protein puriﬁcation and in vitro
characterization

The UnaG and FusionRed genes were synthesized de novo by
GenScript, based on the sequences reported in the original
publications (Shemiakina et al., 2012; Kumagai et al., 2013).
The phiLOV3 and EGFP genes were PCR ampliﬁed from
pphiLOV3-N1 (Addgene plasmid #178973) and pEGFP-N1
(Clontech)
plasmids,
respectively.
Synthetic
DNA
oligonucleotides used for cloning were purchased from
Healthy Creatures (Hangzhou, China). PrimeStar Max master
mix (Clontech) was used for high-ﬁdelity PCR ampliﬁcations.
Restriction endonucleases were purchased from (New England
Biolabs, United States) and used according to the manufacturer’s
protocols. Small-scale isolation of plasmids was done with
QIAGEN plasmid mini kit by QIAcube connect (QIAGEN,
German). Sequencing was performed by the Sanger method
(Healthy Creatures Hangzhou, China). Molecular cloning was
performed using NovoRec plus one step Cloning kit
(Novoprotein,
China).
Error-prone
PCR
of
the
phiLOV3 genes was performed using Mutazyme II DNA
polymerase (Agilent, United States) under high mutation rate
conditions (9–16 mutations per kilobase pair) and subcloned into
the pBAD-HisD vector. The generated libraries were
electroporated in TOP10 cells (Tsingke, China) and expressed
in LB media supplemented with ampicillin (Amp+: 100 mg/μl)
and 0.02% L-arabinose (Ara) for 24 h at 37°C. For quality control,
after electroporation an aliquote (1 µl) of each library was plated
on LB/agar plates to estimate the library size and conﬁrm ligation
efﬁciency and mutation rate by sequencing 20 randomly picked
colonies. All generated libraries contained 1–10 × 106
independent clones with three to four nucleotide mutations
per gene. Bacterial cultures expressing the libraries were
illuminated with 450 nm using a custom assembled LED array
(Lot#997-LXK0-PR04-0008, Mouser Electronics) for 5 min and
sorted using FACS (BD FACS Melody, United States). The
collected cells were plated on LB/agar plates supplemented
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Proteins were expressed in the TOP10 strain (Biomed,
China) using pBAD-HisD vector and puriﬁed as previously
described (Babakhanova et al., 2022). The collected protein
solutions were dialyzed overnight against PBS and stored at
4°C for more than 6 months without noticeable degradation
or spectral properties changes. The protein concentration was
determined by the BCA protein quantiﬁcation kit (Yeasen,
China). The absorption spectra were measured by UV-VisNIR UV3600Plus Spectrophotometer (Shimadzu, Japan) and
the ﬂuorescence spectra were measured by using
FS5
Spectroﬂuorometer
(Edinburgh
Instruments,
United Kingdom). The lifetime and quantum yield were
measured using an FLS1000 spectrometer equipped with the
integrating sphere accessory (Edinburgh Instruments,
United Kingdom) according to the manufacture protocol. The
extinction coefﬁcient was measured by the TCA denaturation
protocol previously described (Chapman and Reid, 1999). For
pH titration, the puriﬁed proteins were diluted in pH buffers
(Hydron, United States) and ﬂuorescence was recorded using
Varioskan LUX Plate reader (ThermoFisher, United States).
Thermostability was measured using qPCR machine (CFX
connect, BioRAD, United States) by heating protein solutions
at 0.2°C per minute till 90°C.

Protein characterization under anaerobic
conditions
1NEB Stable E.coli (NEB, United States) transformed with
pBAD-HisD vectors containing phiLOV3, miniGFP1, and
miniGFP2 were cultured in low salt LB medium
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Cr(NO3)3·9H2O, KCl, NaCl. The binding curves were ﬁtted in
OriginPro software with Eq. 1 assuming a single metalbinding site in the protein based on previously reported
results for other Cu-sensitive ﬂavin-binding FPs
(Ravikumar et al., 2015b), where [Cu] is the total copper
concentration in the respective buffer and [P] is the
concentration of miniGFPs. As a measure of the afﬁnity for
Cu binding, the Kd is concluded from the ﬁtting curve when
ΔF/ΔFmax reached 50% as follows (Eli and Chakrabartty, 2006;
Ravikumar et al., 2015b; Zou et al., 2020):

anaerobically at 37°C for 20 h with the induction of 0.2% Ara.
The glass slides containing the bacteria were made in the
anaerobic chamber and sealed with nail polish. Images were
captured with an upright confocal microscope at 488 nm with
a 500–600 nm emission range (×60 objective, Olympus
FV3000). Intensities of the green ﬂuorescence were
quantiﬁed using the ImageJ software.

Protein characterization in mammalian
cells


Kd + [P] + [Cu] − (Kd + [P] + [Cu])2 − 4[P][Cu]
ΔF

ΔF max
2[P]
(1)

All procedures involving mice were conducted following the
United States National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by the Westlake
University Committee on Animal Care. MEF, HEK293, CHO,
and HeLa (ATCC, United States) cell lines were cultured in
DMEM (Servicebio, China) with 10% fetal bovine serum (FBS,
Yeasen, China), supplemented with penicillin and streptomycin
at 37°C and 5% CO2. Hieff Trans Liposomal Transfection
Reagent kit (Yeasen, China) or Lipo3000 (Invitrogen) was used
for transient transfection. For hypoxia conditions, CHO cells
were cultured in the hypoxystation H35 (Don Whitley
Scientiﬁc, United Kingdom) under an atmosphere of 1% O2,
10% CO2, and 89% N2 at 37°C. The C57BL/6J strain (supplied
by the animal facility of Westlake University) was used for
primary neuronal culture preparation regardless of sex.
Neuronal culture preparation and transfection were carried
out as previously described (Piatkevich et al., 2018; Papadaki
et al., 2022). Intracellular brightness and photostability
measurements were carried out under Nikon Ti2-E wideﬁeld
microscope equipped with Spectra III Light Engine
(LumenCore), the ORCA-Flash 4.0 V3 sCMOS camera
(Hamamatsu), and 20X/0.75 objective lens controlled by NIS
Elements software using GFP (E×475/28 nm, Em 535/46 nm)
and RFP (Ex 555/28 nm, Em 594/40 nm) channels. For
assessment of CreiLOV and BR1 brightness and
photostability, prior to imaging the cells were kept in
darkness for several minutes, and the ﬁrst image was
acquired in green channel with a short exposure (100 ms) to
minimize photobleaching.

For copper(Ⅰ) titration, tetrakis (acetonitrile) copper(Ⅰ)
hexaﬂuorophosphate was used to prepare a metal stock of
100 μM in acetonitrile. Each 30 μM ﬂuorescent protein was
titrated with ﬁnal working concertation of copper(Ⅰ) ranging
from 0 to 6.5 μM. The binding curves with the Hill1 equation
were ﬁtted in OriginPro software. The ﬂavins titration,
riboﬂavin, FMN, and FAD (Sigma Aldrich, United States)
were diluted in PBS at 25 μM, 25 mM and 25 mM, respectively,
for the stock solutions (pH 7.4). The riboﬂavin stock solution
was supplemented with 0.1 mM sodium hydroxide to improve
solubility. For metal ions and ﬂavins titration, ﬂuorescence
spectra were recorded by exciting at 450 nm, the emission
spectra were scanned from 480 to 600 nm with the step of
1 nm using a ﬂuorescence plate reader. The data of three
ﬂavins in PBS at working concentration were recorded for
background correction.

™

Image and data analysis
The data were processed by Nikon AR/BR Elements,
Microsoft
Excel,
OriginPro
2019,
PyMOL,
and
ImageJ. ANOVA-Fisher test was done by OriginPro 2019.

Data availability statement
The sequences for miniGFP1 and miniGFP2 are deposited in
the GenBank databases (accession numbers OK323369 and
OK323370, respectively). The plasmids used in this study are
available from Addgene. All the experimental data are available
upon request from the corresponding author.

Metal cations and ﬂavins binding
measurements
For metal cations selectivity experiments, ﬂuorescent
proteins were diluted to 30 μM with PBS and stock
solutions of salts were added at ﬁnal concentrations of 6,
100, or 800 μM. The stock solutions for ion titration were
prepared by dissolving the salts in pure water as follows:
800 mM for CuSO4, ZnCl2, CoCl2·6H2O, MnCl2,
NiCl2·6H2O, Fe(NH4)2SO4, and 100 mM for CaCl2, MgSO4,

Frontiers in Bioengineering and Biotechnology

Ethics statement
All procedures involving mice were conducted following the
US National Institutes of Health Guide for the Care and Use of

13

frontiersin.org

Liang et al.

10.3389/fbioe.2022.1039317

Acknowledgments

Laboratory Animals and reviewed and approved by the Westlake
University Committee on Animal Care.

We thank Stavrini Papadaki and Minghan Yang for their
assistance with data analysis. We thank Zhenzhen Yu from the
General Equipment Core Facility, Haiyan Zhang from the
Genomics Core Facility for the help with equipment
operation. We thank all members at Molecular
BioEngineering Group for their genuine support and warm
encouragement.

Author contributions
KP developed miniGFP1 and miniGFP2. G-TL and CL
characterized the properties of proteins in E. coli, solution,
and mammalian cells. G-TL and CL with the help from FS,
ZC, and XL characterized the spectroscopic properties of
proteins. HZ and G-TL characterized the proteins in neurons.
G-TL and ZY performed hypoxia experiments in mammalian
cells. DL and LT performed the anaerobic evaluation of proteins
in E. coli. CL and G-TL performed metal sensitivity tests and
ﬂavin sensitivity tests. G-TL, CL, and KP analyzed and
interpreted the data and wrote the manuscript
with input from all authors. KP initiated the project, made
high-level designs and plans, and oversaw all aspects of the
project.

Conﬂict of interest
The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.

Publisher’s note
All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their afﬁliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Funding
This work was supported by start-up funding from the
Foundation of Westlake University, National Natural Science
Foundation of China grant 32050410298 and 32171093, and
2020 BBRF Young Investigator Grant 28961 to KP. This study
was partially supported by the National Natural Science
Foundation of China 31970129 to LT and the National
Research Center Kurchatov Institute funding No. 2195 of
18.08.2022 to FS. LT also acknowledges support from the
Zhejiang Provincial Natural Science Foundation of China
under Grant No. LR20C010001.

Supplementary material
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
1039317/full#supplementary-material

References
Abbas, C. A., and Sibirny, A. A. (2011). Genetic control of biosynthesis and transport of
riboﬂavin and ﬂavin nucleotides and construction of robust biotechnological producers.
Microbiol. Mol. Biol. Rev. 75, 321–360. doi:10.1128/mmbr.00030-10

Castro, P. A., Ramirez, A., SepAolveda, F. J., Peters, C., Fierro, H., Waldron,
J., et al. (2014). Copper-uptake is critical for the down regulation of synapsin
and dynamin induced by neocuproine: Modulation of synaptic activity in
hippocampal neurons. Front. Aging Neurosci. 6, 319. doi:10.3389/fnagi.2014.
00319

Anderson, N. T., Weyant, K. B., and Mukherjee, A. (2020). Characterization of
ﬂavin binding in oxygen-independent ﬂuorescent reporters. AIChE J. 66, e17083.
doi:10.1002/aic.17083

Chapleau, R. R., Blomberg, R., Ford, P. C., and Sagermann, M. (2008). Design
of a highly speciﬁc and noninvasive biosensor suitable for real-time in vivo
imaging of mercury (II) uptake. Protein Sci. 17, 614–622. doi:10.1110/ps.
073358908

Babakhanova, S., Jung, E. E., Namikawa, K., Zhang, H., Wang, Y., Subach, O. M.,
et al. (2022). Rapid directed molecular evolution of ﬂuorescent proteins in
mammalian cells. Protein Sci. 31, 728–751. doi:10.1002/pro.4261

Chapman, S., Faulkner, C., Kaiserli, E., Garcia-Mata, C., Savenkov, E. I., Roberts,
A. G., et al. (2008). The photoreversible ﬂuorescent protein iLOV outperforms GFP
as a reporter of plant virus infection. Proc. Natl. Acad. Sci. U. S. A. 105,
20038–20043. doi:10.1073/pnas.0807551105

Baier, J., Maisch, T., Maier, M., Engel, E., Landthaler, M., and Baumler, W. (2006).
Singlet oxygen generation by UVA light exposure of endogenous photosensitizers.
Biophys. J. 91, 1452–1459. doi:10.1529/biophysj.106.082388
Bálint, E. É., Petres, J., Szabo, M., Orban, C. K., Szilagyi, L., and Abraham, B.
(2013). Fluorescence of a histidine-modiﬁed enhanced green ﬂuorescent protein
(EGFP) effectively quenched by copper(II) ions. J. Fluoresc. 23, 273–281. doi:10.
1007/s10895-012-1145-y

Chapman, S. K., and Reid, G. A. (1999). Flavoprotein protocols. Flavoprotein
protocols, 131. Totowa, NJ: Humana Press.
Chia, H. E., Zuo, T., Koropatkin, N. M., Marsh, E. N. G., and Biteen, J. S. (2020).
Imaging living obligate anaerobic bacteria with bilin-binding ﬂuorescent proteins.
Curr. Res. Microb. Sci. 1, 1–6. doi:10.1016/j.crmicr.2020.04.001

Blackburn, N. J., Yan, N., and Lutsenko, S. (2014). Chapter 18. Copp. Eukaryotes,
524. doi:10.1039/9781849739979-00524

Choi, C. H., DeGuzman, J. V., Lamont, R. J., and Yilmaz, Ö. (2011). Genetic
transformation of an obligate anaerobe, P. Gingivalis for FMN-green ﬂuorescent
protein expression in studying host-microbe interaction. PLoS One 6, e18499.
doi:10.1371/journal.pone.0018499

Buckley, A. M., Jukes, C., Candlish, D., Irvine, J. J., Spencer, J., Fagan, R. P., et al.
(2016). Lighting up Clostridium difﬁcile: Reporting gene expression using
ﬂuorescent lov domains. Sci. Rep. 61, 23463. doi:10.1038/srep23463

Frontiers in Bioengineering and Biotechnology

14

frontiersin.org

Liang et al.

10.3389/fbioe.2022.1039317

Christie, J. M., Hitomi, K., Arvai, A. S., Hartﬁeld, K. A., Mettlen, M., Pratt, A. J.,
et al. (2012). Structural tuning of the ﬂuorescent protein iLOV for improved
photostability. J. Biol. Chem. 287, 22295–22304. doi:10.1074/jbc.m111.318881

Kumagai, A., Ando, R., Miyatake, H., Greimel, P., Kobayashi, T., Hirabayashi, Y.,
et al. (2013). A bilirubin-inducible ﬂuorescent protein from eel muscle. Cell 153,
1602–1611. doi:10.1016/j.cell.2013.05.038

Deepankumar, K., Nadarajan, S. P., Bae, D. H., Baek, K. H., Choi, K. Y., and Yun,
H. (2015). Temperature sensing using red ﬂuorescent protein. Biotechnol.
Bioprocess Eng. 201 20, 67–72. doi:10.1007/s12257-014-0456-z

Lambert, T. J. F. Pbase (2019). FPbase: A community-editable ﬂuorescent protein
database. Nat. Methods 16, 277–278. doi:10.1038/s41592-019-0352-8
Lin, M. Z., and Schnitzer, M. J. (2016). Genetically encoded indicators of neuronal
activity. Nat. Neurosci. 19, 1142–1153. doi:10.1038/nn.4359

Desai, V., and Kaler, S. G. (2008). Role of copper in human neurological disorders.
Am. J. Clin. Nutr. 88, 855S–858S. doi:10.1093/ajcn/88.3.855s

Lobo, L. A., Smith, C. J., and Rocha, E. R. (2011). Flavin mononucleotide (FMN)based ﬂuorescent protein (FbFP) as reporter for gene expression in the anaerobe
Bacteroides fragilis. FEMS Microbiol. Lett. 317, 67–74. doi:10.1111/j.1574-6968.
2011.02212.x

Drepper, T., Eggert, T., Circolone, F., Heck, A., KrauB, U., Guterl, J. K., et al.
(2007). Reporter proteins for in vivo ﬂuorescence without oxygen. Nat. Biotechnol.
25, 443–445. doi:10.1038/nbt1293
Eli, P., and Chakrabartty, A. (2006). Variants of DsRed ﬂuorescent protein: Development
of a copper sensor. Protein Sci. 15, 2442–2447. doi:10.1110/ps.062239206

Mathes, T., Vogl, C., Stolz, J., and Hegemann, P. (2009). In vivo generation of
ﬂavoproteins with modiﬁed cofactors. J. Mol. Biol. 385, 1511–1518. doi:10.1016/j.
jmb.2008.11.001

Elkhatat, A. M., Soliman, M., Ismail, R., Ahmed, S., Abounahia, N., Mubashir, S.,
et al. (2021). Recent trends of copper detection in water samples. Bull. Natl. Res.
Cent. 451 45, 218–18. doi:10.1186/s42269-021-00677-w

Miesenböck, G., De Angelis, D. A., and Rothman, J. E. (1998). Visualizing
secretion and synaptic transmission with pH-sensitive green ﬂuorescent
proteins. Nature 394, 192–195. doi:10.1038/28190

Emmi Scholz, K., Kopka, B., Wirtz, A., Pohl, M., Jaeger, K. E., and Krauss, U.
(2013). Fusion of a ﬂavin-based ﬂuorescent protein to hydroxynitrile lyase from
arabidopsis thaliana improves enzyme stability. Appl. Environ. Microbiol. 79,
4727–4733. doi:10.1128/aem.00795-13

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams, J. A., Ikura, M., et al.
(1997). Fluorescent indicators for Ca2+based on green ﬂuorescent proteins and
calmodulin. Nature 388, 882–887. doi:10.1038/42264

Erapaneedi, R., Belousov, V. V., Schäfers, M., and Kiefer, F. (2016). A novel family
of ﬂuorescent hypoxia sensors reveal strong heterogeneity in tumor hypoxia at the
cellular level. EMBO J. 35, 102–113. doi:10.15252/embj.201592775

Mukherjee, A., Walker, J., Weyant, K. B., and Schroeder, C. M. (2013).
Characterization of ﬂavin-based ﬂuorescent proteins: An emerging class of
ﬂuorescent reporters. PLoS One 8, e64753. doi:10.1371/journal.pone.0064753

Galbán, J., Sanz-Vicente, I., Navarro, J., and De Marcos, S. (2016). The intrinsic
ﬂuorescence of FAD and its application in analytical chemistry: A review. Methods
Appl. Fluoresc. 4, 042005. doi:10.1088/2050-6120/4/4/042005

Mukherjee, A., Weyant, K. B., Agrawal, U., Walker, J., Cann, I. K. O., and
Schroeder, C. M. (2015). Engineering and characterization of new LOV-based
ﬂuorescent proteins from chlamydomonas reinhardtii and vaucheria frigida. ACS
Synth. Biol. 4, 371–377. doi:10.1021/sb500237x

Galietta, L. J. V., Haggie, P. M., and Verkman, A. S. (2001). Green ﬂuorescent
protein-based halide indicators with improved chloride and iodide afﬁnities. FEBS
Lett. 499, 220–224. doi:10.1016/s0014-5793(01)02561-3

National Research Council (US) Committee on Copper in Drinking Water
(2000). Copper in Drinking Water. Washington, DC: National Academies Press
(US). doi:10.17226/9782

Gawthorne, J. A., Audry, L., McQuitty, C., Dean, P., Christie, J. M., Enninga, J.,
et al. (2016). Visualizing the translocation and localization of bacterial type III
effector proteins by using a genetically encoded reporter system. Appl. Environ.
Microbiol. 82, 2700–2708. doi:10.1128/aem.03418-15

Nasu, Y., Shen, Y., Kramer, L., and Campbell, R. E. (2021). Structure- and
mechanism-guided design of single ﬂuorescent protein-based biosensors. Nat.
Chem. Biol. 175, 509–518. doi:10.1038/s41589-020-00718-x

Gawthorne, J. A., Reddick, L. E., Akpunarlieva, S. N., Beckham, K. S. H., Christie,
J. M., Alto, N. M., et al. (2012). Express your LOV: An engineered ﬂavoprotein as a
reporter for protein expression and puriﬁcation. PLoS One 7, e52962. doi:10.1371/
journal.pone.0052962

Ozbakir, H. F., Anderson, N. T., Fan, K. C., and Mukherjee, A. (2019).
Beyond the green ﬂuorescent protein: Biomolecular reporters for anaerobic
and deep-tissue imaging. Bioconjug. Chem. 31, 293–302. doi:10.1021/acs.
bioconjchem.9b00688

Germond, A., Fujita, H., Ichimura, T., and Watanabe, T. M. (2016). Design and
development of genetically encoded ﬂuorescent sensors to monitor intracellular
chemical and physical parameters. Biophys. Rev. 8, 121–138. doi:10.1007/s12551016-0195-9

Palmer, A. E., Qin, Y., Park, J. G., and McCombs, J. E. (2011). Design and
application of genetically encoded biosensors. Trends Biotechnol. 29, 144–152.
doi:10.1016/j.tibtech.2010.12.004
Papadaki, S., Wang, X., Wang, Y., Zhang, H., Jia, S., Liu, S., et al. (2022). Dualexpression system for blue ﬂuorescent protein optimization. Sci. Rep. 121 12, 10190.
doi:10.1038/s41598-022-13214-0

Giancaspero, T. A., Colella, M., Brizio, C., Difonzo, G., Fiorino, G. M., Leone, P.,
et al. (2015). Remaining challenges in cellular ﬂavin cofactor homeostasis and
ﬂavoprotein biogenesis. Front. Chem. 3, 30. doi:10.3389/fchem.2015.00030

Piatkevich, K. D., Efremenko, E. N., Verkhusha, V. V., and Varfolomeev, S. D.
(2010). Red ﬂuorescent proteins and their properties. Russ. Chem. Rev. 79, 243–258.
doi:10.1070/rc2010v079n03abeh004095

Greenwald, E. C., Mehta, S., and Zhang, J. (2018). Genetically encoded ﬂuorescent
biosensors illuminate the spatiotemporal regulation of signaling networks. Chem.
Rev. 118, 11707–11794. doi:10.1021/acs.chemrev.8b00333

Piatkevich, K. D., Jung, E. E., Straub, C., Linghu, C., Park, D., Suk, H. J., et al.
(2018). A robotic multidimensional directed evolution approach applied to
ﬂuorescent voltage reporters. Nat. Chem. Biol. 14, 352–360. doi:10.1038/s41589018-0004-9

Gregor, C., Sidenstein, S. C., Andresen, M., Sahl, S. J., Danzl, J. G., and Hell, S. W.
(2018). Novel reversibly switchable ﬂuorescent proteins for RESOLFT and STED
nanoscopy engineered from the bacterial photoreceptor YtvA. Sci. Rep. 81 8,
2724–2729. doi:10.1038/s41598-018-19947-1

Piatkevich, K. D., Murdock, M. H., and Subach, F. V. (2019). Advances in
engineering and application of optogenetic indicators for neuroscience. Appl. Sci.
Switz. 9, 562. doi:10.3390/app9030562

Hanson, G. T., Aggeler, R., Oglesbee, D., Cannon, M., Capaldi, R. A., Tsien, R. Y., et al.
(2004). Investigating mitochondrial redox potential with redox-sensitive green ﬂuorescent
protein indicators. J. Biol. Chem. 279, 13044–13053. doi:10.1074/jbc.m312846200

Piatkevich, K. D., Subach, F. V., and Verkhusha, V. V. (2013). Far-red light
photoactivatable near-infrared ﬂuorescent proteins engineered from a bacterial
phytochrome. Nat. Commun. 4, 2153. doi:10.1038/ncomms3153

Hühner, J., Ingles-Prieto, Á., Neusüß, C., Lämmerhofer, M., and Janovjak, H.
(2015). Quantiﬁcation of riboﬂavin, ﬂavin mononucleotide, and ﬂavin adenine
dinucleotide in mammalian model cells by CE with LED-induced ﬂuorescence
detection. Electrophoresis 36, 518–525. doi:10.1002/elps.201400451

Rajendran, M., Claywell, B., Haynes, E. P., Scales, U., Henning, C. K., and
Tantama, M. (2018). Imaging pH dynamics simultaneously in two cellular
compartments using a ratiometric pH-sensitive mutant of mCherry. ACS
Omega 3, 9476–9486. doi:10.1021/acsomega.8b00655

Kim, B. E., Nevitt, T., and Thiele, D. J. (2008). Mechanisms for copper
acquisition, distribution and regulation. Nat. Chem. Biol. 43 4, 176–185. doi:10.
1038/nchembio.72

Ravikumar, Y., Nadarajan, S. P., Lee, C. S., Jung, S., Bae, D. H., and Yun, H. (2015).
FMN-Based ﬂuorescent proteins as heavy metal sensors against mercury ions.
J. Microbiol. Biotechnol. 26, 530–539. doi:10.4014/jmb.1510.10040

Ko, S., Hwang, B., Na, J.-H., Lee, J., and Jung, S. T. (2019). Engineered arabidopsis
blue light receptor LOV domain variants with improved quantum yield, brightness,
and thermostability. J. Agric. Food Chem. 67, 12037–12043. doi:10.1021/acs.jafc.
9b05473

Ravikumar, Y., Nadarajan, S. P., Lee, C. S., Jung, S., Bae, D. H., and Yun, H. (2016).
FMN-based ﬂuorescent proteins as heavy metal sensors against mercury ions.
J. Microbiol. Biotechnol. 26, 530–539. doi:10.4014/jmb.1510.10040

Konermann, S., Brigham, M. D., Trevino, A. E., Hsu, P. D., Heidenreich, M.,
Cong, L., et al. (2013). Optical control of mammalian endogenous transcription and
epigenetic states. Nature 500, 472–476. doi:10.1038/nature12466

Ravikumar, Y., Nadarajan, S. P., Lee, C. S., Rhee, J. K., and Yun, H. (2015). A newgeneration ﬂuorescent-based metal sensor – iLOV protein. J. Microbiol. Biotechnol.
25, 503–510. doi:10.4014/jmb.1409.09035

Kralj, J. M., Douglass, A. D., Hochbaum, D. R., Maclaurin, D., and Cohen, A. E.
(2012). Optical recording of action potentials in mammalian neurons using a
microbial rhodopsin. Nat. Methods 9, 90–95. doi:10.1038/nmeth.1782

Frontiers in Bioengineering and Biotechnology

Seo, S. O., Lu, T., Jin, Y. S., and Blaschek, H. P. (2018). Development of an oxygenindependent ﬂavin mononucleotide-based ﬂuorescent reporter system in

15

frontiersin.org

Liang et al.

10.3389/fbioe.2022.1039317

Clostridium beijerinckii and its potential applications. J. Biotechnol. 265, 119–126.
doi:10.1016/j.jbiotec.2017.11.003

Walter, J., Hausmann, S., Drepper, T., Puls, M., Eggert, T., and Dihne, M. (2012).
Flavin mononucleotide-based ﬂuorescent proteins function in mammalian cells
without oxygen requirement. PLoS One 7, e43921. doi:10.1371/journal.pone.
0043921

Shemiakina, I. I., Ermakova, G., Cranﬁll, P., Baird, M., Evans, R., Souslova, E.,
et al. (2012). A monomeric red ﬂuorescent protein with low cytotoxicity. Nat.
Commun. 31 3, 1204–1207. doi:10.1038/ncomms2208

Wang, S. E., Brooks, A. E. S., Cann, B., and Simoes-Barbosa, A. (2017). The
ﬂuorescent protein iLOV outperforms eGFP as a reporter gene in the
microaerophilic protozoan Trichomonas vaginalis. Mol. Biochem. Parasitol. 216,
1–4. doi:10.1016/j.molbiopara.2017.06.003

Shu, X., Lev-Ram, V., Deerinck, T. J., Qi, Y., Ramko, E. B., Davidson, M. W., et al.
(2011). A genetically encoded tag for correlated light and electron microscopy of
intact cells, tissues, and organisms. PLoS Biol. 9, e1001041. doi:10.1371/journal.
pbio.1001041

Wegner, S. V., Arslan, H., Sunbul, M., Yin, J., and He, C. (2010). Dynamic
copper(I) imaging in mammalian cells with a genetically encoded
ﬂuorescent copper(I) sensor. J. Am. Chem. Soc. 132, 2567–2569. doi:10.1021/
ja9097324

Subach, F. V., Piatkevich, K. D., and Verkhusha, V. V. (2011). Directed molecular
evolution to design advanced red ﬂuorescent proteins. Nat. Methods 8, 1019–1026.
doi:10.1038/nmeth.1776

Wegner, S. V., Sun, F., Hernandez, N., and He, C. (2011). The tightly regulated
copper window in yeast. Chem. Commun. 47, 2571–2573. doi:10.1039/
c0cc04292g

Sun, F., Zeng, J., Jing, M., Zhou, J., Feng, J., Owen, S. F., et al. (2018). A genetically
encoded ﬂuorescent sensor enables rapid and speciﬁc detection of dopamine in ﬂies,
ﬁsh, and mice. Cell 174, 481–496.e19. doi:10.1016/j.cell.2018.06.042

Wingen, M., Jaeger, K. E., Gensch, T., and Drepper, T. (2017). Novel thermostable
ﬂavin-binding ﬂuorescent proteins from thermophilic organisms. Photochem.
Photobiol. 93, 849–856. doi:10.1111/php.12740

Tapiero, H., Townsend, D. M., and Tew, K. D. (2003). Trace elements in human
physiology and pathology. Copper. Biomed. Pharmacother. 57, 386–398. doi:10.
1016/s0753-3322(03)00012-x

Zhao, H., and Zastrow, M. L. (2022). Transition metals induce quenching of
monomeric near-infrared ﬂuorescent proteins. Biochemistry 61, 494–504. doi:10.
1021/acs.biochem.1c00705

Terai, K., Imanishi, A., Li, C., and Matsuda, M. (2019). Two decades of genetically
encoded biosensors based on förster resonance energy transfer. Cell Struct. Funct.
44, 153–169. doi:10.1247/csf.18035
Tutol, J. N., Lee, J., Chi, H., Faizuddin, F. N., Abeyrathna, S. S., Zhou, Q., et al. (2021). A
single point mutation converts a proton-pumping rhodopsin into a red-shifted, turn-on
ﬂuorescent sensor for chloride. Chem. Sci. 12, 5655–5663. doi:10.1039/d0sc06061e

Zhao, Y., Zhang, X. B., Han, Z. X., Qiao, L., Li, C. Y., Jian, L. X., et al. (2009).
Highly sensitive and selective colorimetric and off-on ﬂuorescent chemosensor for
Cu2+ in aqueous solution and living cells. Anal. Chem. 81, 7022–7030. doi:10.1021/
ac901127n

Van Den Wollenberg, D. J. M., Dautzenberg, I. J. C., Ros, W., Lipinska, A. D., van
den Hengel, S. K., and Hoeben, R. C. (2015). Replicating reoviruses with a transgene
replacing the codons for the head domain of the viral spike. Gene Ther. 223 22,
267–279. doi:10.1038/gt.2014.126

Zou, W., Le, K., and Zastrow, M. L. (2020). Live-cell copper-induced ﬂuorescence
quenching of the ﬂavin-binding ﬂuorescent protein CreiLOV. ChemBioChem 21,
1356–1363. doi:10.1002/cbic.201900669

Frontiers in Bioengineering and Biotechnology

16

frontiersin.org

