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ABSTRACT: Protein-based nanocompartments found in nature
have inspired the development of functional nanomaterials for a
range of applications including delivery of catalytic activities with
therapeutic effects. As glutathione (GSH) plays a vital role in
metabolic adaptation and many diseases are associated with its
deficiency, supplementation of GSH biosynthetic activity might be
a potential therapeutic when delivered directly to the disease site.
Here, we report the successful design and production of active
nanoreactors capable of catalyzing the partial or complete pathway
for GSH biosynthesis, which was realized by encapsulating
essential enzymes of the pathway inside the virus-like particle
(VLP) derived from the bacteriophage P22. These nanoreactors
are the first examples of nanocages specifically designed for the
biosynthesis of oligomeric biomolecules. A dense packing of enzymes is achieved within the cavities of the nanoreactors, which
allows us to study enzyme behavior, in a crowded and confined environment, including enzymatic kinetics and protein stability. In
addition, the biomedical utility of the nanoreactors in protection against oxidative stress was confirmed using an in vitro cell culture
model. Given that P22 VLP capsid was suggested as a potential liver-tropic nanocarrier in vivo, it will be promising to test the efficacy
of these GSH nanoreactors as a novel treatment for GSH-deficient hepatic diseases.

KEYWORDS: virus-like particle, glutathione biosynthesis, therapeutic enzyme delivery, encapsulation, substrate channeling,
enzyme protection

Compartmentalization is fundamental to biology and has
evolved to control different but specific biological

activities in isolated and confined environments.1 In contrast
to compartments surrounded by lipid membranes, compart-
ments assembled from purely proteinaceous material have
emerged as an exciting research focus.2 There is a large
diversity of protein-based compartments with a range of
biological functions. Protein compartments that incorporate
catalytic species on their interior have evolved as nanoreactors
to facilitate specific biochemical activities, separated from the
rest of the cell, and play key roles in cellular metabolism.2 An
advantage for some of these nanoreactors is to enhance the
efficiency of the cellular metabolism, which has been
demonstrated for the carboxysome found in many cyanobac-
teria and chemoautotrophs,3 and lumazine synthase in Bacillus
subtilis.4 Protein compartments, packaged with various cargos,
can also act as nanocarriers for the transport and release of the
encapsulated cargo as well as for the storage, sequestration, and
protection of the cargo.5,6 For instance, metastable viral capsids
are able to package and release viral genomes through
assembly−disassembly pathways,7 while ferritins are involved
in iron homeostasis via mineralization−dissolution of the
hydrated iron oxide particle inside the cavity.8,9 Studying these
protein compartments from nature not only provides insights
into fundamental questions in biochemistry,2−4,10−12 biophy-

sics,7,13−15 and evolutionary biology,1,16−18 but also inspires us
to design and engineer synthetic nanomaterials,2,5,6,19,20 and
take advantage of both the nanocarrier and nanoreactor
properties for applications such as the targeted delivery of
catalytic activities with potential therapeutic effects.20−23

Glutathione (GSH) plays a critical role in metabolic
adaptations to chemical challenges in cells.24 As a major
endogenous antioxidant molecule, GSH plays a vital role in the
liver since one of the main functions of the liver is to detoxify
metabolites, including reactive oxygen species (ROS) and
strong electrophiles.24,25 The normal hepatic level of GSH is
about 10 mM, and GSH deficiency can cause liver dysfunction
or even conditional lethality.25 Pathological studies indicate
that many liver diseases, such as acetaminophen-induced
hepatotoxicity, chronic alcoholic disease, and chronic hepatitis
C infections, are associated with failure to maintain normal
levels of GSH.25,26 Supplementation with GSH, GSH
derivatives, or precursors have been used as effective therapies
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at stoichiometrically comparable levels to the amounts of toxic
metabolites.26−28 As an alternative, compensation of GSH
biosynthetic activity could circumvent the limitation of
stoichiometry as it provides a way to generate GSH in a
sustained manner, compared to a single administration of
GSH, and an even higher efficacy might be reached if the
activity was targeted with in situ production of GSH at the
disease sites to prevent off-target effects. A recent study
suggests the natural biodistribution of virus-like particles
(VLPs) derived from Salmonella typhimurium bacteriophage
P22 results in its predominant accumulation in the liver,21

consistent with previous reports that bacteriophages tend to
accumulate in the liver and spleen in vivo.29−32 This finding
inspired us to develop nanoreactors with GSH biosynthetic
activities using P22 VLPs, whose natural tropism as nano-
carriers could facilitate their delivery to the liver to alleviate
GSH deficiency-related hepatic diseases.
P22 VLPs have been shown to be a powerful platform for

nanoreactor design and construction.10,11,19 The coat protein
(CP) coassembles with scaffolding protein (SP) to form a
VLP, which is structurally similar to the prohead of infectious
phage that is subsequently loaded with the viral genome.33

Previous studies have shown that truncated SP fused with a
cargo protein is still able to direct the programmed self-
assembly of the T = 7 icosahedral VLP capsid consisting of 420
CP subunits, while simultaneously achieving guest protein
encapsulation.34,35 By changing the nature of the fusion
protein, the VLP can be easily tuned to act as a nanoreactor
with different catalytic activities. Thus, the P22 capsid loaded
with Escherichia coli hydrogenase 1 is an efficient catalytic
material for hydrogen production.19 In another example,
encapsulation of multienzyme cascades within the P22 capsid
created a biomimetic metabolic pathway within each nano-
reactor.11 These examples demonstrate that the P22 system is a

mature and robust platform for nanoreactor development.
Incorporation of enzymes with therapeutic effects, such as
essential enzymes in the GSH biosynthetic pathway, together
with the natural tropism of P22 is therefore a goal for the
application of this system.
GSH is a nonribosomally synthesized tripeptide produced in

a conserved biosynthetic pathway.36 In most species, the
pathway requires two ATP-dependent enzymes, glutamate
cysteine ligase (GCL) and glutathione synthetase (GS).36

Glutamate cysteine ligase (GCL) synthesizes γ-glutamylcys-
teine (γ-GC) by forming an isopeptide bond between the side
chain carboxyl of glutamate and amino group of cysteine, while
glutathione synthetase (GS) catalyzes formation of the second
peptide bond between glycine and the C-terminus of γ-GC to
produce GSH.36 The rate-limiting step of the pathway is γ-GC
synthesis, whose rate is regulated by several mechanisms such
as GSH feedback inhibition of GCL, post-translational
modifications, and holoenzyme formation.36 In contrast,
GSH biosynthesis was found to be different in some bacteria,
where bifunctional GSH full synthetases (GshFs) have been
identified, which possess two catalytic domains with GCL and
GS activities, respectively.36,37 GshFs are less sensitive to GSH
feedback inhibition than GCLs,37 suggesting GshFs are good
potential candidates for therapeutic biosynthetic purposes.
Encapsulation of the critical enzymes of GSH biosynthesis
inside the P22 capsid could therefore be used as an approach
for making therapeutic nanoreactors.
In this work, we have focused on designing and preparing

P22 VLPs with GSH biosynthetic activities and characterizing
them from the perspective of synthetic nanoreactors with
biomedical potential. Two enzymes were selected as
biocatalyst cargos; the monomeric GCL from Saccharomyces
cerevisiae, which catalyzes the rate-limiting step of GSH
biosynthesis,38 and the homodimeric GshF from Pasteurella

Figure 1. Schematic showing encapsulation of essential enzymes for GSH biosynthesis inside P22 capsid, and the partial or complete GSH
biosynthetic pathway catalyzed by the designed nanoreactors. The expression of genes encoding GCL-SP (top) or GshF-SP (bottom) and CP from
vectors with different antibiotic resistance (ampicillin and kanamycin) was controlled by different inducers (L-arabinose and IPTG). The SP
(yellow) directed the assembly of CP (gray) and the encapsulation of GCL (PDB: 3IG5) or GshF (PDB: 3LN7) inside P22 capsids in E. coli,
resulting in P22-GCL or P22-GshF VLP nanoreactors. The linker between GCL (or GshF) and SP, which contains TEV cleavage site, is labeled
black. P22-GCL nanoreactor catalyzes the rate-limiting step of GSH biosynthesis by GCL (red), producing γ-GC, the intermediate of the
biosynthetic pathway. P22-GshF nanoreactor catalyzes the complete GSH biosynthetic pathway, where γ-GC is synthesized by the GCL domain
(red) and GSH is subsequently synthesized by the GS domain (also called ATP-grasp-like domain, blue). The native linker between the two
domains of GshF is labeled green. The homodimerization of GshF37 is not shown in this schematic.
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multocida, which is capable of the complete GSH biosynthesis
pathway.37 Using the SP fusion strategy, where the enzyme was
genetically fused to the N-terminus of a truncated SP (amino
acid 239−303), multiple copies of these enzymes were
encapsulated inside P22 capsids by coexpression and self-
assembly with CP. The nanoreactors were catalytically active,
being the first example of nanocage-based reactors specifically
for the synthesis of oligomeric biomolecules. Additionally, the
high copy numbers of enzymes confined in the cavity of P22
capsids creates a crowded environment, with densities of
biomacromolecules comparable to the crowded cellular
environment.39,40 Studying the biochemical and biophysical
properties of the nanoreactors provides insight into enzyme
behavior in crowded conditions from multiple perspectives,
such as kinetics, interdomain and intermolecular communica-
tions, and stability. Experiments in an in vitro cell culture
model explicitly demonstrated protection against oxidative
stress with both P22-GCL and P22-GshF nanoreactors. Given
the natural tropism of P22 to the liver as a nanocarrier,21 it will
be promising to test the efficacy of the GSH P22 nanoreactors
in treating hepatic diseases caused by diminished GSH in liver.

■ RESULTS AND DISCUSSION

Nanoreactor Design and Production. Synthetic nano-
reactors able to catalyze the partial or complete glutathione
(GSH) biosynthetic pathway were designed and then
produced in E. coli through the encapsulation of key enzymes
inside self-assembled P22 capsids (Figure 1). The enzymes
were genetically fused via their C-termini to the N-terminus of
the truncated scaffolding protein (SP, amino acids 239−303).
Two enzymes, Saccharomyces cerevisiae glutamate cysteine
ligase (GCL) and Pasteurella multocida bifunctional glutathione
full synthetase (GshF), were used and were separately fused to
the SP via a linker that contained the TEV protease
recognition sequence. Two assembler vectors with different
antibiotic resistance and promoters were engineered to

separately harbor the genes encoding GCL-SP (or GshF-SP)
and the P22 coat protein (CP), respectively. This allowed us to
independently control the expression of the CP and enzyme-
SP genes. In one set of experiments, the GCL-SP (or GshF-
SP) and CP were simultaneously induced for 5 h by L-
arabinose and isopropyl β-D-1-thiogalactopyranoside (IPTG),
respectively, and the consequent nanoreactors were named
P22-GCLs (or P22-GshFs). This simultaneous induction
strategy is similar to the one vector strategy previously
reported, where the CP and cargo-SP fusion were inserted
into two multiple cloning sites of one plasmid under control of
a single promoter.10,34 We also used an expression strategy
where GCL-SP (or GshF-SP) was induced for 2 h, prior to
induction of CP, which was then induced for a further 3 h.
This late CP induction for nanoreactor production was termed
P22-GCLl (or P22-GshFl). The late CP induction strategy was
previously shown to enhance the activity of the nanoreactors,
presumably by allowing time to complete enzyme folding and
maturation before capsid self-assembly and enzyme encapsu-
lation.19 The expressed and assembled nanoreactors obtained
from E. coli cell lysate were purified by sucrose cushion
ultracentrifugation and size-exclusion chromatography prior to
their characterization.

Characterization. The self-assembled nanoreactors were
comprehensively characterized to determine their biophysical
and biochemical properties. Sodium dodecyl sulfate−poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis showed
that all samples were purified to high purity (Figure 2). The
migration of each protein fell within the expected molecular
weight range, but the encapsulated enzymes showed a slightly
higher apparent molecular weight than free enzymes for both
GCL-SP and GshF-SP. The subsequent liquid chromatog-
raphy−mass spectrometry (LC-MS) results (Figure 2 and
Figure S1) demonstrated that the encapsulated GCL-SP and
GshF-SP both had masses (87 855 and 95 464 Da) that
corresponded well to the expected masses (87 856.29 and

Figure 2. Characterization of P22-GCL and P22-GshF nanoreactors. (a) Characterization of P22-GCL. (b) Characterization of P22-GshF. From
left to right: SDS-PAGE shows the approximate molecular weights of the components of the P22 nanoreactors in comparison with free enzymes,
and a high purity of the protein samples. LC-MS results indicate GCL-SP (expected 87 856.29 Da) and GshF-SP (expected 95 464.98 Da)
remained intact after encapsulation inside P22 capsids, while CP dimer (expected 93 241.34 Da) was also detected. SEC-MALS plots show that the
population of P22 nanoreactors are with good monodispersity. TEM images show homogeneity of the nanoreactors.
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95 464.98 Da, Table 1). The LC-MS also revealed that the
purified free GCL-SP and GshF-SP proteins had masses that
were 7789−7790 Da lower than the expected molecular weight
from the intact proteins (Figure S2). This is likely due to a
cleavage at a common site shared between GCL-SP and GshF-
SP, and analysis of the LC-MS results and protein sequence
suggests that the cleavage occurred between the tyrosine and
the phenylalanine residues of the TEV protease recognition
sequence (ENLYFQS), a part of the linker connecting the
enzyme to the SP. The native cleavage by TEV protease occurs
between the glutamine and the serine residues41 thus it is
possible that the cleavage occurred during purification,
catalyzed by an endogenous protease from E. coli (see
Supporting Information for sequences). The contrast between
the susceptibility of the free enzyme to proteolysis and the
protection afforded by the capsid to the encapsulated enzymes
highlights the role of the physical barrier of the capsid in
protection of the encapsulated cargo.
The purified nanoreactors were also analyzed by size-

exclusion chromatography coupled with multiangle light
scattering (SEC-MALS, Figure 2). The SEC profiles showed
a monodisperse population of particles for all the samples. The
particle sizes determined from the angular dependence of the
light scattering by MALS and quasi-elastic light scattering
(QELS) are summarized in Table 1. Compared to empty P22
capsids, the lower ratios of the root-mean-square charge radius
(Rrms) to hydrodynamic radius (Rh) of the nanoreactors
suggest a dense packing of cargo enzymes.42,43 The average
molecular mass of particles was calculated from MALS data
(Table 1) and the experimental average molecular mass of
empty P22 capsids was used to calculate the extra molecular
mass loaded in the nanoreactors, from which the packing
density and local concentration of enzymes inside the capsids
were calculated (Table 1), assuming each capsid consists of
420 copies of CP (see Methods). As a comparison, we also
determined the enzyme:CP ratio by densitometry analysis of
SDS-PAGE gels (see Methods and Figure S3), by which the
packing densities and local protein concentration could also be
calculated (Table S1). The packing densities are essential in
determining the absolute catalytic activities of nanoreactors,
which did not vary significantly between the two different
methods (see Supplementary Discussion 1). The high local
protein concentration, of more than 200 mg mL−1, is similar to
the estimated macromolecular concentration in the cellular
environment,39,40 providing us with a good model to study

how the enzymes might behave under confined and crowded
conditions as compared to diluted bulk solution conditions.
The morphology of the nanoreactor particles were analyzed

by transmission electron microscopy (TEM, Figure 2). The
overall population of the nanoreactor particles was homoge-
neous, with average diameters (Table 1) similar to the
procapsid form of P22 VLP (59.6 nm).14 Most particles
were fully assembled and intact, and the size and shape of all
four samples were consistent with P22 procapsid morphol-
ogy.10,14,34,44

Except that P22-GCLs has a higher packing density than
P22-GCLl, there is no noticeable difference in the physical
properties arising from the two induction strategies (simulta-
neous induction versus late CP induction). Given the interior
volume of P22 capsid (46 450 nm3),14 and the volumes of
GCL (105 nm3) and GshF (116 nm3) that are estimated based
on the protein structures, the packing density inside the P22
capsid is calculated to be 18−24% of the available volume,
which is similar to the volume occupancy reported previously
on the P22 encapsulation system.10,45 These characterization
results enabled us to further study the biosynthetic function of
these nanoreactors.

Enzymatic Activity and Kinetic Properties. The activity
and kinetic properties of each reaction step in the biosynthesis
of GSH, catalyzed by the P22 nanoreactors, was measured.
These peptide bond-forming reactions consume one molecule
of ATP (forming ADP) for each chemical conversion step
catalyzed by the enzymes. A coupled pyruvate kinase-lactate
dehydrogenase (PK-LDH) assay was utilized to determine the
reaction rates by quantitatively connecting the formation of
ADP with oxidation of NADH to NAD+, which can be
monitored by a decrease in absorption at 340 nm.46 As each of
the synthetic reactions involves three substrates, we measured
the kinetic constants for each one independently, while
maintaining the other two at saturated (at least 5-times Km)
conditions in Tris buffer at room temperature. To get the
turnover number (kcat) of the reactions for the enzyme, the
ratio of initial rate of the reaction to the total enzyme
concentration, i.e., v0/[E], was plotted against substrate
concentration, which was then fit to a Michaelis−Menten
kinetics model (Figure S4).
The Michaelis constant (Km) of both GCL and GshF for the

substrates did not change significantly upon encapsulation of
the enzyme within P22 capsids; mostly within 20% of the free
enzyme (Table 2). The P22 capsid was shown previously to

Table 1. Property Parameters of P22-GCL and P22-GshF Nanoreactorsa

technique property parameter P22-GCLS P22-GCLl P22-GshFS P22-GshFl P22 empty shell

LC-MS enzyme MM (Da) n.d. 87 855
(expected 87 858.29)

n.d. 95 464
(expected 95 464.98)

N/A

CP MM (Da) n.d. 46 623
(expected 46 620.67)

n.d. 46 623
(expected 46 620.67)

46 619.0b

(expected 46 620.67)

SEC-MALS average MM (kDa) 28 034.8 ± 33.8 25 975.9 ± 109.7 27 731.2 ± 25.7 28 105.2 ± 15.4 19 025.5 ± 87.5
(expected 19 580.7)

packing density
(enzyme copies per capsid)c

102.4 ± 0.4 79.0 ± 1.3 91.1 ± 0.3 95.0 ± 0.2 N/A

local concentration (mg mL−1)c 321.6 ± 1.3 248.1 ± 4.0 310.9 ± 1.0 324.2 ± 0.6 N/A

Rrms (nm) 23.9 ± 0.8 24.7 ± 0.8 21 8 ± 0.6 22.6 ± 0.5 28.3 ± 0.1

Rh (nm) 27.0 ± 0.1 26.9 ± 0.1 26.3 ± 0.1 26.7 ± 0.1 26.9 ± 0.1

Rrms/Rh
d 0.89 0.92 0.83 0.85 1.05

TEM average diameter (nm) 56.1 ± 1.2 57.8 ± 0.8 55.2 ± 1.0 58.7 ± 1.3 58b

aAll data are expressed as mean ± s.e.m. (n = 3) when applicable. n.d. = not determined. N/A = not applicable. bData from ref 44. cThese
parameters are derivatives of average MM of VLPs. dThis parameter is a derivative of Rrms and Rh.
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impose no barrier for the diffusion of small molecules, hence
the local concentration of substrates and products inside
capsids is essentially the same as that of the bulk solution.11

Given the free diffusion of substrates, the similar Km values
indicate that the affinities between the enzymes and the
substrates were not affected by encapsulation.
The turnover number (kcat) of GCL decreased by

approximately 70% in P22-GCLs, but maintained very similar
values in P22-GCLl, compared to free GCL (Table 2a). It is
possible that not all copies of the GCL enzyme inside P22-
GCLs were active, as was reported for other functional proteins
encapsulated inside P22 capsids.10,47 As discussed previously,
the time between translation and encapsulation might be
insufficient to achieve complete folding and maturation when
GCL is simultaneously induced with CP.19 Alternatively, some
copies of encapsulated GCL may undergo denaturation after
encapsulation. Another possibility is due to different loading
densities, where 20−30 more enzyme copies in average were
loaded in P22-GCLs nanoreactor capsids than P22-GCLl,
resulting in an about 30% increase in protein local
concentration (Table 1). Some enzymes have been shown to
behave differently in crowded environments.12,48 The decrease
in catalytic activities after enzyme encapsulation inside P22
capsids was reported previously,10,49 with a recent study
confirming that the crowded environment of the capsid cavity
could influence the enzymatic activity.12 Therefore, the more
crowded local environment of the P22-GCLs capsids may
inhibit enzymatic activity of GCL. Purification of a different
batch of the P22-GCL was found to have lower enzyme density
(for P22-GCLs, 67.1 ± 1.4 copies/capsid, i.e., 35.3 copies
fewer/capsid; for P22-GCLl, 68.2 ± 1.1 copies/capsid, i.e., 10.8
copies fewer/capsid), but measurements of the kinetic
constants (Table S3) showed comparable results to the old
batch of P22-GCLl (Table 2a). Thus, the decrease of kcat values
for P22-GCLs in the old batch was likely not caused by limited
structural maturation during protein production. Instead, the
differences between the activity of encapsulated and free GCL
might be due to the crowded local environment or protein
denaturation inside capsids.
The turnover numbers (kcat) of GshF showed a slight

increase upon encapsulation. For γ-GC synthesis from Glu and
Cys, the kcat values increased about 50% and 25% for P22-

GshFs and P22-GshFl, respectively, compared to free GshF
(Table 2a). A similar but more distinct trend was also found
for GSH synthesis, from γ-GC and Gly, where the kcat values
increased about 80% and 50% for P22-GshFs and P22-GshFl,
respectively compared to the free enzymes (Table 2b). These
results are somewhat surprising, as many enzymes have been
reported to lose some activity after encapsulation because
crowding and confinement effects might limit some structural
dynamics and necessary conformational changes for cataly-
sis.10,12,40,48 Structural studies suggests that GshF requires less
conformational change upon substrate binding,50 and therefore
its activity might be insensitive to the high-density packing
inside the capsid. However, the high local concentration of
enzymes, when encapsulated, will drive oligomerization of the
enzyme cargo which might be advantageous for multiunit
enzymes to enhance enzymatic activities compared to bulk
solution, as was reported for Escherichia coli hydrogenase 1.19

Although the two sequential reactions of the GSH biosynthetic
pathway can be catalyzed by a single protomer of GshF,
intersubunit communication is suggested to influence the
function in the dimer of GshF,50 which is expected to be
enhanced after encapsulation and may contribute to the
slightly increased kcat values observed. The P22-GshFs showed
a slightly higher activity than P22-GshFl, which again suggests
that extra time for enzyme maturation before packaging is not
always required to achieve high activity of encapsulated
enzymes.

Kinetic Properties of P22-GshF in Catalyzing the
Complete GSH Biosynthetic Pathway. Given the high
local concentration of the enzymes within the P22 capsids
(crowding) we hypothesized that interaction between the two
domains and the transport of γ-GC from one active site to the
other might be different for the encapsulated GshF from bulk
solution environment. Free GshF was reported to show no
substrate channeling of γ-GC.37 However, the encapsulation is
able to force copies of GshF to pack close to one another,
which might provide intermolecular proximity required for
channeling. Moreover, the interdomain and intersubunit
communications influence the bifunctionality of GshF.50 We
therefore investigated whether these communications were
affected by encapsulation.

Table 2. Michaelis−Menten Kinetic Constants Determined by Monitoring ADP Production Using PK-LDH Assaya

aAll data are expressed as mean ± s.e.m. (n = 3). (a) Synthesis of γ-GC from Glu and Cys, the rate-limiting step of GSH biosynthesis, catalyzed by
GCL or the GCL domain of GshF. (b) Synthesis of GSH from γ-GC and Gly, catalyzed by GS domain (ATP-grasp-like domain) of GshF.
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The kinetics of the GshF catalyzed reaction for the complete
coupled two-step synthesis of glutathione (GSH) were
measured using a thiol labeling assay (monobrombimane,
mBBr) where the concentrations of both GSH and the
intermediate γ-GC were measured.51 Since the kinetic balance
between the two sequential reactions plays an important role in
diffusional channeling,11 we tested the kinetic behavior of
GshF under different substrate conditions, where the rate of
the first (or second) step was modulated by variable Glu (or
Gly) concentrations (Figure 3a and b, Figure S6). To analyze
the data, a widely used free diffusion model was applied to
predict the accumulation of γ-GC and the production of GSH

under “no channeling” conditions,52 indicated by dashed lines
in the plots.
The accumulation of γ-GC reached a plateau that was higher

than predicted in the free diffusion model (Figure 3a left), and
a lag in GSH formation was found similar to the free diffusion
model (Figure 3a right), when all three amino acid substrates
were at saturation. If there was substrate channeling, a lower
intermediate concentration at steady state and a faster product
formation before steady state should have been observed
compared to the free diffusion model.53 Therefore, these data
imply no obvious substrate channeling for either the free or
encapsulated GshF when all the substrates are saturated. The
kinetic behavior was also analyzed under conditions where

Figure 3. Kinetic study of the GshF-catalyzed complete two-step GSH biosynthetic pathway. (a) Reactions carried out at 50 mM Glu, 2 mM Cys,
350 mM Gly, 5 mM ATP. (b) Reactions carried out at 2 mM Glu, 2 mM Cys, 350 mM Gly, 5 mM ATP. Left: progress plot of γ-GC concentration.
Right: progress plot of GSH concentration. All data are expressed as mean ± s.e.m. (n = 3). The dashed curves represent the theoretical situations
where no channeling happens between the two active sites of GshF, calculated from a free diffusion model (see Methods). (c) A cartoon
representation of the reaction trajectory catalyzed by P22-GshF (left) and a possible scenario of enzyme packing required by substrate channeling
(right). The GCL domain is in red while the GS domain is in blue, and the active sites of the two domains are depicted in different shapes.
Encapsulated GshF is likely to be localized to the interior lumen of P22 capsids via the flexible SP (orange) that is fused to the C-termini of GshF
protomers.14 The geometric positions of the domains, the active sites, and fused SP in a GshF dimer have referred to the crystal structure of GshF
(PDB: 3LN7).50 Possible shortest routes of γ-GC in P22 capsids are marked by dashed lines in green (left). A possible substrate channeling event is
labeled by a green arrow (right).
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[Glu] was under saturated (2 mM, lower than Km,Glu shown in
Table 2a) and the first step was slowed so that any leaky
channeling should be more obvious.11 Under these conditions,
the accumulation of γ-GC (Figure 3b left) and the production
of GSH (Figure 3b right) still fit well into the free diffusion
model, and no significant difference was found between the
kinetic plots of encapsulated and free GshF. Similar results
were also observed under other substrate conditions, including
unsaturated [Glu] with concentrations other than 2 mM (15
mM, Figure S6d; and 5 mM, Figure S6e), as well as
unsaturated [Gly] (i.e., the first step was kept at maximum
rate while the second step was slowed down; Figure S6a−c).
Consequently, the intermolecular proximity of GshF enzymes
enforced by the encapsulation did not affect the channeling
behavior of γ-GC between the GCL and GS active sites of
GshF.
The observed kinetic properties can be understood by

considering the geometric configuration of the GCL and GS
active sites in a single native dimer of GshF, the packing of
GshF dimers in the reported crystal structure, and the possible
arrangement of enzyme molecules inside the P22 capsids, as
demonstrated by Figure 3c. The lack of any observed
channeling in free solution is consistent with the structure of
GshF (PDB: 3LN7), which shows that the active sites are not
oriented such that the substrate trajectories between them
would facilitate channeling as proposed in structure-based
models of channeling.37,50 Proximity-induced channeling,
enforced by enzyme packing (Figure 3c right), could only
realistically be expected to occur when the distances and angles
between two adjacent functionally coupled active sites are
optimally about 10 Å and 0° (i.e., face to face) as suggested by

a computational study on the requirements for channeling.54

However, even in the protein crystals (packing density ∼550
mg mL−1) such proximity is not achieved (see Supplementary
Discussion 2),50 which allows us to understand the observed
absence of substrate channeling in the P22 nanoreactors, which
have a lower-density packing of GshF (∼300 mg mL−1, Table
1) than in the crystal. In addition, the encapsulated GshF is
localized to the interior surface of P22 capsids,14 which likely
constrains the conformation of GshF so that the required
proximity (both distance and orientation) between adjacent
GCL and GS active sites is not achieved (Figure 3 left) as
demonstrated in our experimental data.
The kinetics of the two-step reaction catalyzed by GshF was

also analyzed. The rates of each single step were measured and
calculated in the context of the overall coupled two-step GSH
synthesis, and plotted as a function of substrate concentration
(Figure S7). The high similarity between the kinetic behavior
of the free and the encapsulated GshF suggests that
encapsulation did not change the dual catalytic behavior of
GshF. It is worth noting that, when the GCL activity is at
maximum, both the apparent Michaelis constant for Gly
(Km,Gly,app) and apparent turnover number (kcat,Gly,app) of the
GS activity (Figure S7d, and Table S5) are significantly lower
than the steady-state constants shown in Table 2. This
phenomenon is likely due to the fact that the rate of GS
activity, the second step of the pathway, is limited by the rate
of GCL activity in the context of the coupled reactions.

Thermostability. Many enzymes have been reported to
have increased stability after encapsulation within protein
capsids.19,55−57 The stability of GCL and GshF, including
protein aggregation and enzymatic efficiency, was measured for

Figure 4. Enzyme thermostability test. (a) GCL. (b) GshF. Left: Progress of aggregation index. Right: Progress of relative activity (%) remained,
normalized from the mean at time zero (i.e., 100% activity). The 100% activities (in v0/[E]) were 8.5 s

−1 (free GCL at 1.5 μM), 4.9 s−1 (free GCL
at 3 μM), 3.9 s−1 (free GCL at 11.5 μM), 6.5 s−1 (P22-GCLl), 9.8 s

−1 (free GshF), and 7.2 s−1 (P22-GshFl). All data are expressed as mean ± s.e.m.
(n = 3).
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the nanoreactors and free enzymes under physiological
temperature conditions (37 °C). Free and encapsulated
enzymes in phosphate buffer were incubated at 37 °C, and
aliquots were taken at different time points to measure UV−vis
spectra to determine the aggregation index (AI) and enzymatic
activity of γ-GC synthesis (Figure 4). The AI was used to
monitor the formation of aggregates, where an AI value below
10 is generally considered to indicate the presence of no
significant aggregates in solution.58 P22 capsids with a
diameter of about 58 nm show higher light scattering45 and
a slightly higher AI value of about 25 in its normal,
monodispersed state. In the free GCL sample no aggregates
were detected initially, but aggregates formed very quickly
once the sample was incubated at 37 °C, showing a significant
increase in AI (Figure 4a left). These aggregates remained
dispersed in solution, until they precipitated as visibly insoluble
clusters with a relative decrease of the AI. This aggregation
behavior matched the change of relative activity of free GCL
(Figure 4a right). We did not observe any bulk aggregation for
P22-GCLl, but the enzymatic activity decreased rapidly to
about 5% after 1 h and remained at 3−5% activity for another
7 h (Figure 4a). In contrast, GshF showed a much higher
thermostability. Free GshF at a concentration of 1.5 μM only
started to aggregate significantly after about 8 h incubation at
37 °C, and the change in activity followed the same trend but
did not completely disappear until 24 h (Figure 4b). No visible
aggregation was observed in the P22-GshFl sample, and more
than 50% of the catalytic activity of P22-GshF was retained 72
h after incubation at 37 °C (Figure 4b).
These results show that there is a strong correlation between

the increase in AI and the decrease in catalytic activity for free
GCL and free GshF, indicating the loss of activity was due to
thermally induced aggregation. The P22 nanoreactors, in
contrast, had a decrease in activities but an insignificant change
in light scattering, suggesting the encapsulated enzymes
probably suffered the aggregation induced denaturation inside
capsids that was not captured by AI measurements of the bulk
solution. Given that an increase in protein concentration tends
to cause increased aggregation (Figure S8),59 one would expect
that enzymes at higher local concentrations should have a
higher propensity for aggregation and consequently a faster
loss in activity. For GCL, the encapsulated enzyme with a local
concentration of 282 μM (∼250 mg mL−1) showed a slower
decrease in activity compared to free enzyme at concentrations
higher than 3 μM (0.24 mg mL−1; Figure 4a right), suggesting
an enhancement of the enzyme stability upon encapsulation.
Similar results were obtained illustrating the stabilization of
GshF after encapsulation, where the encapsulated GshF with a
local concentration of 340 μM (∼325 mg mL−1) showed
slower and less loss of activity compared to free GshF at 1.5
μM (0.13 mg mL−1; Figure 4b right). This thermal protection
effect derived from encapsulation inside P22 capsids has
previously been observed in other enzyme constructs, such as
hydrogenase and phosphotriesterase.19,60

To examine whether the encapsulated enzyme could
undergo aggregation inside P22 capsids, a SYPRO Orange
dye-based thermal shift assay was performed. The intercalation
of this dye into the hydrophobic regions of proteins exposed
upon thermal denaturation results in enhanced fluorescence,61

which allows us to visualize the unfolding process of
encapsulated proteins inside the thermal-resistant capsids.
The data showed that both GCL and GshF were able to unfold
inside the capsids but with increased melting temperatures

compared to the free enzymes (Table 3 and Figure S9). These
results suggest the potential of protein aggregation inside P22

capsids via an unfolding pathway, as well as the stabilization
effect of the enzymes afforded by encapsulation. This is
consistent with a theory proposed by a recent study that
thermostability enhancement of enzymes after encapsulation
inside protein capsids might be due to the inhibition of protein
unfolding.57

The phenomenon of the decrease in enzymatic activity of
the nanoreactors raises a general issue in enzymology, which is
that not all copies of the protein species are necessarily
functionally active.47 In this study, the activity loss of the
enzymes inside P22 capsids could be observed and quantified
relative to the initial activity, and rationalized by protein
aggregation. Although we are not able to resolve the activity
distribution of single enzyme molecules in the encapsulated
population (i.e., how active each copy the encapsulated
enzymes is), previous results indicate the existence and the
variability of partially or completely unreactive species.47,62

In Vitro Cell Protection against Oxidative Stress. The
biomedical potential of these nanoreactors capable of catalyzed
GSH biosynthesis was examined in cell culture using an in vitro
oxidative stress model. Reactive oxygen species (ROS) were
induced rapidly by addition of rotenone, a mitochondrial
complex I inhibitor, causing oxidative stress in HEK 293FT
cells.63 Different protection strategies were simultaneously
applied to cells, and the cell viability was measured 9 h after
incubation and normalized to evaluate the effectiveness of
protection. All three thiol species in the GSH biosynthetic
pathway (Cys, γ-GC, and GSH) were tested as direct ROS
scavengers. As shown in Figure 5, Cys provided very little
protective effect on the cells, while both γ-GC and GSH
showed significant protection. This observation can be
understood given that the synthesis of γ-GC is the rate-
limiting step of the GSH biosynthesis pathway,36,64 which
might not be rapidly restored after the intracellular redox
balance is massively altered. Another two GSH precursors,
glutathione monoethyl ester (GSH-C2H5)

28 and N-acetylcys-
teine (NAC),27 also showed nearly the same protective effect
as GSH itself. These small molecules, serving as ROS
scavengers or scavenger precursors, all combat oxidative stress
stoichiometrically. To assess whether cells could be protected
from oxidative stress by compensation of the catalytic activity
of GSH biosynthesis,64 the stressed cells were also treated with
GCL and GshF, respectively, for their potential to synthesize
ROS scavengers. The results suggest that both GCL and GshF
showed a significant protective effect against oxidative stress in
vitro irrespective of encapsulation even though the enzyme
activity was shown to decrease upon incubation at 37 °C
(particularly for GCL) in the previous section. Probably, the
protective effect of GCL arose from the high activity at the
early stage of incubation and the residual activity that
remained. Empty P22 capsids were also found to show some
nonspecific protective effect, but it is clear from the data that
there was an increase in protective efficacy when the enzymes

Table 3. Melting Temperatures of GCL and GshFa

enzyme free (°C) encapsulated (°C)

GCL 40.33 ± 0.06 42.46 ± 0.09
GshF 51.26 ± 0.08 52.97 ± 0.04

aAll data are expressed as mean ± s.e.m. (n = 6).
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for GSH biosynthesis were encapsulated in the P22 capsids,
especially GCL.
Delivery of catalytic activity with biomedical efficacy is an

emerging therapeutic approach, especially for diseases caused
by toxic metabolites which need to be quenched by
stoichiometric amounts of antidotes.65 GSH is the molecule
responsible for maintaining normal intracellular redox potential
and neutralizing toxic metabolites, such as ROS, directly and
enzymatically.24 P22-GCL and P22-GshF, nanoreactors
capable of catalyzing the partial or complete GSH biosynthetic
pathway, showed protective effects against oxidative stress in
cells, which demonstrates that compensatory GSH biosyn-
thesis is potentially applicable for treatment of diseases caused
by GSH deficiency. These results, in combination with the
biodistribution property of P22 capsid to the liver,21 imply that
delivery of an enzymatic activity for GSH biosynthesis in vivo
using P22 system has great potential to treat hepatic diseases
related to GSH deficiency. This therapeutic approach might
allow sustained production of GSH in situ at specific disease
sites with higher efficacy and lower off-target effects, which
could not be achieved by a single administration of GSH that
has no targeting behavior and could be cleared quickly from
the in vivo environment.

■ CONCLUSIONS
In this study, we have designed and produced P22 VLP-based
nanoreactors that are able to catalyze the partial and complete
biosynthesis of GSH by encapsulation of the enzymes in this
pathway. The biophysical and biochemical properties of these
nanoreactors were comprehensively characterized. To our
knowledge, these nanoreactors are the first to accomplish
biosynthesis of oligomeric biomolecules and peptide bond
formation using nanocage architecture. The nanoreactors
provide a biomimetic model to study enzyme behavior in a
crowded and confined environment where a local protein

concentration is reached that is as high as the estimated
intracellular concentration of biomacromolecules.39,40 We
performed a series of experiments to study how the catalytic
activity and enzyme stability are affected by encapsulation,
which gives insight into some fundamental questions in
enzymology and protein engineering. By studying the complete
two-step GSH biosynthesis of P22-GshF nanoreactors, we
found that the high-density packing of GshF in the capsid
cavity was neither able to induce diffusional substrate
channeling between the two functionally coupled active sites
by introducing intermolecular proximity, nor to significantly
alter the bifunctionality of the enzyme. Compared to free
enzymes, the encapsulated enzymes were spared proteolysis
during assembly, purification and storage and much less
susceptible to thermal denaturation at high local protein
concentrations, demonstrating the protection of the enzyme
cargos by P22 VLP capsids. Furthermore, these nanoreactors
effectively protect cells against oxidative stress in vitro,
suggesting their biomedical potential for enhancing local
concentrations of GSH. Given the natural tropism of P22
capsid to the liver in vivo as a nanocarrier,21 it will be promising
to treat GSH deficiency-caused hepatic diseases by supple-
menting the GSH biosynthesis using these nanoreactors.

■ METHODS
Pyruvate Kinase-Lactate Dehydrogenase (PK-LDH)

Assay. The reaction was carried out in Reaction Buffer (100
mM Tris, 100 mM NaCl, 20 mM MgCl2, pH 8.0), containing
0.25 mM NADH (Acros Organics), 2 mM Phosphoenolpyr-
uvic acid tricyclohexylammonium (PEP; Sigma), 7 U mL−1

lactate dehydrogenase (porcine heart, Calbiochem), 7 U mL−1

pyruvate kinase (from rabbit muscle; Leebio), and GCL or
GshF (either free or encapsulated; total enzyme concentration
[E] ranging from 20 to 200 nM) in a final volume of 120 μL.
To measure kinetics of γ-GC synthesis, the substrates
supplemented were L-glutamic acid monosodium (40 mM
for GCL and 50 mM for GshF; Alfa Aesar), L-cysteine (40 mM
for GCL and 1 mM GshF; Sigma), and ATP disodium (1.5
mM for GCL and 4 mM for GshF; Aldrich). To measure
kinetics of GSH synthesis from γ-GC, the substrates
supplemented were γ-GC (5 mM; APExBIO), glycine (350
mM, Bio-Rad) and ATP disodium (4 mM). Enzyme was
added last to start the reaction. The Agilent Technology Cary
8454 UV−vis was used to monitor absorbance decrease at 340
nm with kinetics mode at 25 °C. The slope of the linear part of
A340 decrease with time was calculated using zero-order mode
kinetics in Agilent UV−visible Chem Station, and then
corrected from the background A340 decrease (reaction mixture
without enzyme). The corrected slope was divided by 6220
M−1 cm−1 (extinction coefficient of NADH at 340 nm) to get
the initial rate (v0) of the reaction. This initial rate was divided
by total enzyme concentration in the reaction mixture to get
v0/[E], which was then fitted to Michaelis−Menten model for
kinetic constants using Prism 7 Version 7.00.

Monobromobimane (mBBr) Labeling Assay. Standard
curves for mBBr assay were first made for γ-GC and GSH. The
concentration of these thiol species was determined by
Ellman’s assay.66 Ellman’s assay solution was prepared by
dissolving 4 mg 5,5′-Dithio-bis(2-nitrobenzoic acid) (DTNB;
Alfa Aesar) in Reaction Buffer. Twenty-five μL γ-GC or GSH
(Alfa Aesar) in reaction buffer with less than 1 mM
concentration added to 250 μL Reaction Buffer in addition
of 5 μL Ellman’s assay solution. The mixture was incubated at

Figure 5. Protection of HEK 293FT cells from oxidative stress.
Oxidative stress was induced by rotenone. Reagents added were
indicated as molecules within GSH biosynthetic pathway (red), GSH
precursors (blue), and GSH makers (light green for GCL, and dark
green for GshF). Gray boxes represent P22 capsids for enzyme
encapsulation or empty capsids. The protection (%) was measured by
cell viability, normalized from the cell viability of normal cells (100%,
oxidative stress uninduced) and unprotected cells (0, oxidative stress
induced but no protection applied, see Methods). All data are
expressed as mean ± s.e.m. (n = 6). *P < 0.05, **P < 0.01, and ***P
< 0.001 versus Cys (unpaired t test). #P < 0.05, and n.s. P > 0.05
between two indicated groups (one-way analysis of variance test
followed by Tukey’s multiple comparison test). The data analysis
method is described in detail in Supplementary Discussion 3.
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room temperature for 15−20 min before measuring A412. The
concentration of the thiol species was determined by

A c lD412 TNB thiolε=

where path length l is 1 cm, εTNB is 75 180 M−1 cm−1, and

dilution factor D is 25 L
(250 25 5) L

5
56

=μ
μ+ + . The thiols with known

concentrations were then diluted to make standard thiol
solutions. Twenty-five μL standard solution was mixed with 25
μL monobromobimane (mBBr, 6 mM in acetonitrile; Frontier
Scientific), and incubated in dark at room temperature for 30−
60 min for labeling. The labeling reaction was then quenched
by adding 2 μL methanesulfonic acid (10% in water; ACROS
Organics). The species in the sample were separated by Agilent
Eclipse XDB-C18 reverse phase column using an Agilent 1100
HPLC system. The elution method was linear gradients with a
flow rate of 0.6 mL min−1: 0 min, 81% B; 21.00 min, 86% B;
21.05 min, 0% B; 25.50 min, 0% B; 25.51 min, 81% B; 30.00
min, 81% B; next injection. Solvent A was methanol (J.T.
Baker), and solvent B was 0.2% acetic acid (Millipore) in
water. The fluorescence signal was measured by Waters 474
Scanning Fluorescence Detector (excitation 380 nm, emission
480 nm, bandwidth 18 nm), and collected by Agilent
OpenLAB CDS ChemStation Rev. C.01.07 [27] via Agilent
35900E Dual Channel Interface. Each sample was analyzed
twice. The raw chromatogram data were analyzed by Igor Pro
6.37 built-in Gaussian fit to calculate peak area of the labeled
thiol species, and the peak area was averaged from the two
runs. This whole process was performed in triplicate. The
calibration curves were then developed between average peak
area and thiol concentration.
The catalytic activity of GshF was determined by this assay.

The GSH biosynthesis was conducted in Reaction Buffer,
supplemented with either (a) L-glutamic acid monosodium (50
mM), L-cysteine (2 mM), glycine (350 mM), and ATP
disodium (5 mM), or (b) γ-GC (variable concentrations),
glycine (350 mM), and ATP disodium (5 mM). The reaction
was triggered by adding GshF to a final concentration of 50
nM. The reaction was quenched at different time points by
aliquoting 25 μL reaction mixture and mixing it with 25 μL
mBBr (6 mM in acetonitrile), while the labeling also started.
Then the labeling mixture was quenched and analyzed while
the generated data were processed, in the same way as standard
thiol solutions mentioned above. The average peak areas from
two HPLC runs were applied into standard curves for γ-GC
and GSH to calculate their concentrations. The whole process
was performed in triplicate.
The results of GSH synthesis from γ-GC using GshF were

fitted to Michaelis−Menten model for kinetics constants using
Prism 7 Version 7.00 (Figure S5 and Table S4). Since [γ-GC]
decreased during the course of the reaction, the [γ-GC] used
for plotting was the average of [γ-GC] at all the time points
(1.0, 1.5, 2.0, 2.5, and 3.0 min).
In the complete two-step GSH biosynthesis by GshF, the

results were plotted (Figure 3a and b, Figure S6), while the
theoretical nonchanneling curves in terms of time t were
predicted by a free diffusion model:52
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where v1 is experimentally measured the first step rate (the rate
of the increase in the sum of γ-GC and GSH from 3 to 20
min), Km,γ‑GC is the Michaelis constant for γ-GC obtained from
mBBr labeling assay (Table S4), and V2 is the maximum rate of
the second step with saturated γ-GC and ATP. Note that V2
varies with different [Gly], and is calculated from [Gly] based
on Michaelis−Menten kinetics formula
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where kcat,γ‑GC is the turnover number of the second step from
mBBr labeling assay (Table S4), Km,Gly is the Michaelis
constant for Gly obtained from PK-LDH assay (Table 2), and
[E] is the total concentration of GshF (50 nM).

Enzyme Thermostability. Free GCL, free GshF, P22-
GCLl, and P22-GshFl in phosphate buffer (50 mM NaPO4,
100 mM NaCl, pH 7.0) were incubated at 37 °C. At different
time points, an aliquot of protein was taken out from 37 °C,
and stored at 4 °C. The UV spectra were measured, and the
aggregation index (AI)58 were calculated by

A
A A

AI 100 340

280 340
= ×

−
The activity of the enzyme was determined by measuring the

rate of γ-GC synthesis at a condition with saturated substrates
(50 mM Glu, 50 mM Cys, 10 mM ATP) using PK-LDH assay
described above. To get the relative activity (%), the obtained
v0/[E] was compared to the average of v0/[E] at time zero.

In Vitro Cell Protection against Oxidative Stress. A 48-
well Clear Flat Bottom TC-treated Cell Culture Plate (Falcon,
353078) was incubated with 80 μL poly lysine (0.1 mg mL−1

in water) at room temperature for more than 30 min, then
washed with 200 μL DPBS (Gibco), and dried under UV light
for more than 30 min. The full medium used was DMEM
(Gibco) containing 10% fetal bovine serum, 0.1 mM
nonessential amino acids (HyClone), 6 mM L-glutamine
(HyClone), 1 mM MEM sodium pyruvate (HyClone), 1%
Pen-Strep, 0.5 mg mL−1 Geneticin G418 (Teknova). HEK
293FT cells were seeded in the poly lysine-treated 48-well
plate at a confluence of 35−40%, and incubated at 37 °C for
27−30 h. Then the medium was replaced by 250 μL full
medium supplemented with 0.25 μL rotenone (100 mM in
DMSO; Calbiochem), so that the final concentration of
rotenone and DMSO was 100 μM and 0.1%, respectively.
Besides rotenone and DMSO, one of the following potential
protective reagents was also supplemented simultaneously (all
in final concentrations): 1 mM Cys, 1 mM γ-GC, 1 mM GSH,
1 mM NAC (Alfa Aesar), 1 mM GSH-C2H5 (Cayman
Chemical), P22-GCL ([CP] = 0.15 mg mL−1 and [GCL] =
0.058 mg mL−1), P22-GshF ([CP] = 0.15 mg mL−1 and
[GshF] = 0.078 mg mL−1), P22 S39C variant ([CP] = 0.15 mg
mL−1), free GCL (0.058 mg mL−1), or GshF (0.078 mg
mL−1). Note that DMEM itself contains 0.2 mM Cys and 0.4
mM Gly. P22-GCL, P22-GshF, empty P22, free GCL, and free
GshF used here were prepared from ClearColi BL21(DE3)
Electrocompetent Cells and free of lipopolysaccharides (see
Protein Production section in Supplementary Methods). The
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control experiments were done with the full medium
supplemented with 0.1% DMSO (without oxidative stress),
and full medium supplemented with 100 μM rotenone and
0.1% DMSO (no protection against oxidative stress). Cells
were then incubated at 37 °C for 9 h. Then the medium was
replaced by 200 μL Thiazolyl Blue Tetrazolium Bromide
(MTT, 0.5 mg mL−1 in DPBS; Biosynth). After another 4 h
incubation at 37 °C, MTT was replaced by 250 μL DMSO to
dissolve all the crystals formed, followed by signal reading
using Cytation 5 plate reader at 490 nm. Each assay was
duplicated in one experiment, and the signals were averaged
(S490). The protection (%) was then calculated by

S S

S S

Protection (%)

490,DMSO only 490,rotenone plus protective reagents

490,DMSO only 490,rotenone only
=

−
−

The whole experiment was repeated six times.
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