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Abstract
Background

Compartmentalization can protect cells from the interference of external toxic substances and sequester
toxic products. We hypothesis that the proteinaceous compartments may be a candidate material with
engineering feasibility suitable for adding to engineering bacteria for the sequestration of toxic
environmental products, contributing to open up a new biological detoxi�cation pathway.

Results

Here, we found a new approach of bacterial resistance to silver ion stress. We show that the self-
assembled nanocompartments can help model species (E. coli) resist silver ion stress. Transmission
electron microscopy and energy dispersive X-ray (TEM-EDX) analysis showed that the
nanocompartments stably combined with silver ions in vitro. In addition, when exposed to 30 μM AgNO3,
the survival rate of engineered bacteria (with nanocompartments) was 86%, while it was just 59% in the
wild-type bacteria (without nanocompartments). Moreover, label-free quantitative proteomics indicated
that the nanocompartments enhanced bacterial activity by inducing the up-regulation of protein
processing and secondary metabolites, and decreased intracellular silver ion concentration, increasing
resistance to toxic silver ions.

Conclusions

This study of nanocompartments contributes to a deeper understanding of how bacteria respond to
environmental stressors like heavy metal pollutants in water, soil, and sediment. The encapsulin
nanocompartment has the potential to be applied in different environments, potentially the human body,
and appears conducive to developing new anti-toxic drugs for metal ions.

Background
In the long-term evolution of bacteria, they have developed strict procedures and automatic controls for
their metabolic system. Bacteria have a robust molecular regulatory mechanism, which can effectively
resist changes in the external environment[1-3]. Bacteria have also evolved a set of e�cient detoxi�cation
mechanisms, which effectively detoxify heavy metal ions, thus limiting the effect of harmful heavy metal
ions on their life activities [4]. In addition, bacteria have many interesting biochemical and metabolic
processes. For example, selenium-rich yeast can absorb selenium compounds from the external
environment and reduce the toxic inorganic selenium to organic selenium compounds through
intracellular metabolism, so as to protect itself from the in�uence of the external environment[5, 6]. High
state of toxic heavy metal ions can be reduced to their low valence states, making them less harmful [7].
For example, Ag+ can be converted into low toxic elemental Ag0 [8]. Here, we describe a new approach to
increasing bacterial resistance to silver ion stress.
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Compartmentalization can protect cells from the interference of external toxic substances and protect
enzymes in cells from proteolysis[9]. Both the lipid-binding organelles of eukaryotes and the protein
containers of prokaryotes have this property[10-12]. Protein cage is a common biocompatibility system
that has been found in many �elds, especially as a carrier[13, 14]. The addition of similar protein cages in
engineered organisms may result in signi�cant improvements in sequestering toxic environmental
products. Therefore, we hypothesis that the proteinaceous compartments may be a candidate material
with engineering feasibility suitable for adding to engineering bacteria for the sequestration of toxic
environmental products, contributing to open up a new biological detoxi�cation pathway.

There are many examples of compartments in nature, such as lipid-binding organelles in eukaryotes and
protein containers in prokaryotes[10-12]. One of the newest types of proteinaceous compartments is the
encapsulin nanocompartment, which shows great potential for application in nanobiotechnology. In
previous experiments, we used molecular cloning techniques to express the encapsulin proteins of the
anammox bacteria “Ca. Brocadia fulgida” in Escherichia coli (unpublished observations). The encapsulin
protein was able to self-assemble into a nanocompartment within E. coli. In preliminary studies, we found
that nanocompartments helped the bacteria resist the stress of toxic products, such as hydroxylamine.
This agreed with reports that the interior and exterior surfaces of the nanocompartments can be used as
toxic attachment points[15, 16]. Therefore, we speculated that the nanocompartments will help bacteria
resist the stress of other toxic substances such as toxic silver ions as well. In addition to its
characteristics and functions, evidence has shown that nanocompartments can be easily manipulated
through genetic engineering, signi�cantly increasing the number of potential applications[17].

To better understand the protective mechanisms of nanocompartments, silver ions were used as a model
toxin. Industrial wastewater releases a large number of harmful heavy metals into the environment,
including Ag+, which can cause great harm to the ecosystem and human health, in addition to wasting a
valuable resource[18]. Ag+ can enter the human body through aquatic organisms, which can lead to a
variety of diseases as it accumulates[19, 20]. Therefore, �nding a suitable method to remove Ag+ from
wastewater is urgently needed, and of great signi�cance for the continued recovery from and treatment of
wastewater pollutants.

In this study, transmission electron microscopy and energy dispersive X-ray spectroscopy (TEM-EDX)
were used to determine whether the nanocompartments were able to combine with silver ions in vitro.
Next, we used surface plasmon resonance imaging (SPRi) technology to characterize the kinetic process
of the combination of silver ions with the nanocompartments. Lastly, label-free quanti�cation proteomics
was used to reveal the antibacterial mechanisms of silver ions with high resolution at the protein level.
This study has increased our understanding of the role that nanocompartments play in reducing cellular
stress caused by silver ions.

Results
Nanocompartments encapsulate silver ions in intro
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A general feature of nanocompartments is their high stability, which enables them to endure in culture
supernatants[21, 22]. An encapsulin nanocompartment resembles a virus capsid in terms of its
mechanical properties. In order to determine whether the nanocompartments can encapsulate silver ions,
we incubated the puri�ed nanocompartments with silver ions in vitro. It was found that the
nanocompartments did encapsulate silver ions, appearing darker than nanocompartments without silver
ions when observed by transmission electron microscopy (TEM) (Fig. 1A and B). Energy dispersive X-ray
(EDX) analysis also detected silver ions in the nanocompartment (Fig. 1C, D and E), con�rming that a
single nanocompartment can stably encapsulate silver ions in vitro.

Agglomeration/dispersion of nanocompartment encapsulated silver ions

We have shown that nanocompartments can encapsulate silver ions, but the encapsulation process
cannot be dynamically observed. So we used SPRi, which is an unlabeled in-situ detection technique[23-
25], to quantify the agglomeration of nanocompartments and silver ions. SPRi was conducted using a
high aperture optical objective[26, 27]. Supporting Information Fig. S1 shows that when
nanocompartment and silver ions were combined, they attached to the coated sensor chip, but the
nanocompartment without silver ions did not attach to the surface of the chip. Fig. 2A and B show the
transmission and plasmonic images of the nanocompartment particles with silver ions, it should be
noted that the plasma image is V-shape.

It has been reported that the stability of a nanocompartment is dependent on the pH values[21]. Apart
from pH 3 and pH 4, the nanocompartment particles can be stable at pH 5-9, which is in agreement with
the previous reports[28, 29]. In our system, the nanocompartment particles were able to attach to the
surface, but were also allowed to agglomerate/disperse. So, the buffer pH was reduced from 7 to 4 and
the particles were incubated for 750 min. Fig. 2C shows the agglomeration/dispersion information of the
nanocompartment particles with encapsulated silver ions, this represents the �rst ever sensorgrams of
nanocompartment particles. At pH 7, the SPRi signal increased over time, which was likely caused by the
combination of the nanocompartments with silver ions. The nanocompartments landed on the surface of
the sensor chip, resulting in the increased SPRi signal. When the pH of the solution was changed to 4, the
SPRi signal decreased over time, suggesting that the nanocompartment particles were dispersing and the
silver ions were being released back into the solution (see the Supporting Information Animation,
Additional �le 2). In order to provide further evidence supporting our hypothesis, the surface of the sensor
chip was analyzed by scanning electron microscopy (SEM-EDX). The measured points included
nanocompartment particles as well as other sections of the sensor chip (Fig. 2D and E). Empty
encapsulin nanocompartments could not be observed by SEM. It was found that there were silver ions
where there were nanocompartment particles, but sections without nanocompartments did not have silver
ions.

Nanocompartment centered resistance to silver ion stress in model organism

Our experiments have shown that the nanocompartments were able encapsulate silver ions, but it is not
known whether they can protect normal bacteria from the effects of silver ions. So, we used E. coli as a
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model organism to explore the functions of nanocompartments in resisting silver ions. The process of
silver ions binding to E. coli BL21 that were immobilized on the surface of the sensor chip was imaged
using the surface plasmon resonance microscope. Supporting Information Fig. S2 shows that the E. coli
BL21 cells were tethered to the sensor chip via relatively weak noncovalent bonds. Fig. 3A and B show the
transmission and plasmonic images of the bacterial cells. The V-shape formed by a single bacteria
matches the position of the bacteria in the optical image[26].

 Then the effects of silver ions on E. coli BL21 were studied by adding AgNO3 (�nal concentration 20 µΜ).
To test whether the nanocompartments were effective in bacteria, we established two different types of
bacteria, using genetic and molecular biology methods. One of them was engineered bacteria (EB, with
nanocompartments), and the other was wild-type bacteria (WB, without nanocompartments). Then we
passed a solution of AgNO3 through the bacteria at a rate of 3 μl/s for about 1,000 seconds. With the
addition of silver ions, the image intensity of the bacteria increased signi�cantly. There was also a
signi�cant difference in the image intensities of EB and WB (Fig. 3C). The intensity of the image signal
was proportional to the mass density of the sensor surface. So, the data showed that silver ions were
absorbed by the bacteria cells. These observations also showed that the nanocompartments placed in
normal bacteria can also encapsulate silver ions.

It has been reported that silver ions can damage cell membranes and DNA by producing reactive oxygen
species (ROS)[30]. We speculated that nanocompartments would reduce the sensitivity of bacteria to
silver. To verify this, we investigated the effects of nanocompartments on the survival of E. coli under
ROS stress caused by silver ion exposure. Shown in Fig. 3D, as the concentration of silver ions increased,
the bacterial survival rate decreased. When exposed to 30 μM AgNO3, the survival rate of EB was 86%,
while WB’s survival rate was 59%, which suggested that EB had a higher resistance to silver ions than WB.

The possible mechanisms by which bacteria resist silver ion stress using nanocompartments

To further explore the protective effects of nanocompartments in bacteria, the effects of
nanocompartments on the growth curve of E. coli experiencing silver ion-caused ROS stress was
investigated. As shown in Fig. 4A, the beginning of Phase I the growth curves of E. coli from all groups
were similar. However, in Phase II, following dosing with silver ions (WB + 0µM AgNO3 (WB), WB + 120µM

AgNO3 (WB+Ag+), and EB + 120µM AgNO3 (EB+Ag+), the growth rates in WB+Ag+ and EB+Ag+ were lower
than that in WB (Fig. 4A). Notably, when both were exposed to silver ions, the growth rate of the
engineered bacteria was faster than the wild-type bacteria, which is consistent our previous result (the
survival rate of EB is higher than WB). As predicted, the encapsulin protein (about 42-kDa) was found to
be highly expressed in a band from engineered bacteria when analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)(Supporting Information Fig. S3). These results support
the hypothesis that nanocompartments help bacteria resist silver ion stress.

High-throughput proteomics was used to get a comprehensive picture of the proteomic changes in the
WB, WB+Ag+, and EB+Ag+ groups. As shown in Fig. 4B, a total of 2679, 2680, and 2653 proteins were
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expressed in WB, WB+Ag+, and EB+Ag+, respectively. Among them, 2440 proteins were shared by all three
groups, suggesting that the majority of the proteins didn't change among the three groups.

In order to clarify the function of differentially expressed proteins in WB, WB+Ag+, and EB+Ag+, Gene
Ontology (GO) annotation analysis was used to analyze the quanti�ed proteins. GO annotations analysis
includes biological processes, cellular components, and molecular functions. As shown in Fig. 4C and D,
in the biological process category, many of the differentially expressed proteins were involved in cellular
processes, metabolic processes, and single-organism processes. It indicated that silver ions can inhibit
many catabolic processes and some biosynthetic processes in bacteria. These results suggested that
silver ions have intrinsic function as toxic metals.

In terms of cellular components, a large number of the up-regulated proteins were from cell parts.
Intriguingly, up-regulated proteins, not down-regulated proteins, were were more commonly associated
with cell membrane components. In E. coli, it has been found that silver ions affect membrane proteins,
leading to cell lysis[31]. In terms of molecular functions, the up-regulated proteins and down-regulated
proteins were mainly concentrated in catalytic activity and binding, suggesting that differentially
expressed proteins were involved in protein processing.

We then performed GO enrichment analysis of up-regulated proteins between speci�c groups, i.e.
‘WB+Ag+ vs WB’ and ‘EB+Ag+ vs WB’. As shown in Fig. 5A and B, we identi�ed that the GO terms
“structural constituent of ribosome” and “integral component of plasma membrane” were signi�cantly
enriched among the up-regulated proteins in ‘WB+Ag+ vs WB’. These results suggested that wild-type
bacteria responded to the silver stress by increasing the expression of ribosome-associated proteins and
membrane proteins, without success. We then found that the GO terms “single-organism transport” and
“integral component of plasma membrane” were signi�cantly enriched among the up-regulated proteins
in ‘EB+Ag+ vs WB’. Interestingly, the GO term “single-organism transport” was signi�cantly enriched in the
‘EB+Ag+ vs WB’, but not in the ‘WB+Ag+ vs WB’. These results indicated that engineered bacteria likely
have other ways of regulating silver ion stress, ways which have been proven successful.. Therefore, we
hypothesized that nanocompartments induced the up-regulation of transporter proteins in bacteria, thus
helping to transport silver ions out of cells, thereby reducing the silver ion stress.

We then subjected the up-regulated proteins identi�ed in ‘WB+Ag+ vs WB’ and ‘EB+Ag+ vs WB’ to KEGG
pathway enrichment analyses. Among the enriched KEGG pathways from ‘WB+Ag+ vs WB’ , we identi�ed
5 signi�cantly enriched metabolic pathways (P < 0.05) including the “ribosome”, “protein export”,
“bacterial secretion system”, “phosphotransferase system”, and “oxidative phosphorylation” (Fig. 6A). Of
the 12 signi�cantly enriched metabolic pathways from ‘EB+Ag+ vs WB’, 5 were shared with ‘WB+Ag+ vs
WB’, and 7 were unique (Fig. 6B). Therefore, those 7 metabolic pathways may be crucial in helping
bacteria resist silver ions. Those 7 metabolic pathways were “fatty acid degradation”, “valine, leucine and
isoleucine biosynthesis”, “butanoate metabolism”, “starch and sucrose metabolism”, “pantothenate and
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CoA biosynthesis”, “caprolactam degradation”, and “limonene and pinene degradation”. These results
indicated that detoxi�cation was associated with protein processing and secondary metabolites.

Discussion
Silver ion may enter the nanocompartments through pores

In nature, there are several proteins that are able to carry or sequester metal ions and minerals. As
reported by N. Dennis Chasteen, a multi-subunit protein shell can store iron[32]. For the protein shell to
transport metal ions and small organic molecules, small channels located in the protein shell are
required[33]. Sutter reported that the nanocompartment of Thermotoga maritima was a thin icosahedral
shell that consisted of 60 units[34] and that the interior of the nanocompartment contained conservative
binding sites. In this study, we have shown that nanocompartments do indeed serve as a platform for the
absorption of heavy metal ions. The experiments presented in this paper, by transferring
nanocompartments into E. coli (engineered bacteria) and dosing with silver ions, demonstrated that
nanocompartments can encapsulate silver ions in vitro. Similar structural analyses of
nanocompartments from Thermotoga maritima and Pyrococcus furiosus have also shown that capsids
have multiple pores that can control the exchange of small molecules[34, 35]. These small openings
likely serve as a permeability barrier to larger molecules, while permitting the transit of small molecules
and ions through the shell[9]. We hypothesized that the silver ions, like the small molecules and ions
mentioned above, might have entered the nanocompartments through pores.

  Interestingly, we also found that the nanocompartments can encapsulate other metal ions, such as zinc
ions (Supporting Information Fig. S4). Potential detoxicate nanomaterials can be prepared by taking
advantage of the characteristics of the outer and inner surfaces of nanocompartments[15, 16].
Nanocompartments can be easily manipulated by genetic means, resulting in a large number of diverse
and complex potential applications[17]. Expanding upon the ability of nanocompartments to encapsulate
metal ions, we speculate that they may be applied as detoxicants, with the potential to be developed into
detoxi�cation materials and drug carriers for use in industry and pharmaceuticals.

The nanocompartment can encapsulate silver ions in bacteria

In this study, we observed that silver ions reduced the growth of E. coli bacteria (Fig. 4A). Interestingly, we
saw that engineered bacteria had higher survival rates than wild-type bacteria, indicating that
nanocompartments increased bacterial resistance to silver ion stress. Previous studies have reported that
silver ions reduce cell activity by inducing ROS production in cells or by directly destroying cell
membranes[31]. Paulsen reported that bacteria may reduce high metal ions to a zero valence state to
deal with heavy metal stress[7]. Our results suggested that the nanocompartments encapsulated the
silver ions, effectively reducing the concentration of free silver ions in the cell, and protecting the cell. This
may be a new way for bacteria to respond to environmental metal ion stress.

The possible mechanisms by which nanocompartments help resist silver ion stress
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Moreover, our study has provided a comprehensive look at cellular responses to silver ion stress in wild-
type and engineered bacteria at the proteomic level, and we saw changes in the ribosome, protein export
system, and the phosphotransferase system, to name a few. In agreement with previous �ndings[36],
some complexes were even able to transport Ag+ from the inside to the outside of the cell.

Consistent with previous reports[37], we also found that a number of enzymes that metabolize fatty acids
were up-regulated only in the engineered bacteria. These enzymes included the fatty acid oxidation
complex (fadB), 3-ketoacyl-CoA thiolase (fadA, fadI), and long chain fatty acid-CoA ligase (fadD)
(Supplementary Excel �le, Additional �le 3). Interestingly, in contrast with previous �ndings and the notion
that the tricarboxylic acid (TCA) cycle and the adaptive oxalate pathway are suppressed in response to
silver ion stress[37], we detected up-regulation of numerous proteins involved in secondary metabolites
and protein processing, but only in the engineered bacteria.

So, in engineered bacteria, silver ion exposure could increase bacteria ROS production and membrane
permeability; but in the presence of nanocompartments bacteria may up-regulate protein processing and
secondary metabolites, and thereby decrease the intracellular silver ion concentration (Fig. 7). This study
of nanocompartments has increased the depth of our understanding of how bacteria adapt to
environmental stress, and further helps to understand how bacteria deal with heavy metal pollutants in
water, soil, and sediment. In addition, nanocompartments can be imported into functional bacteria by
genetic engineering to remove toxic metal ions and may be applied in many industries.

Conclusions
In conclusion, we have demonstrated that the self-assembled encapsulin nanocompartment can be
transferred into E. coli to help bacteria resist silver ion stress. However, it is not clear for how silver ions
get inside or stick to the surface of the encapsulin nanocompartments, which will be the focus of our
future work. Our study of self-assembled encapsulin nanocompartments provides a new approach to
bacterial responses to environmental stressors like heavy metal pollutants in water, soil, and sediment.
The encapsulin nanocompartment has the potential to be applied in different environments, potentially
the human body, and appears conducive to developing new anti-toxic drugs for metal ions.

Methods
Expression and puri�cation of encapsulin proteins

The encapsulin gene (cEnc) (NCBI: KKO18403.1) from anammox bacteria “Ca. Brocadia fulgida” was
cloned into a pET28a. The pET28a-cEnc was transferred into E. coli BL21 cells by electroporation.
Detailed methods regarding protein expression are given in the supplementary information. Proteins were
puri�ed based on previously reported methods[38].

SPR imaging
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First, the right chip was selected and its surface was functionalized (supplementary information).
Cleaned chips were submerged in a 3% solution of APTES in ultrapure water for 1.5 minutes, then rinsed
with ultrapure water prior to gentle, dust-free drying in air[39]. The coated chip was then cleaned with
deionized water and ethanol and dried with nitrogen. The processed chip was then placed on the
micro�uidic device as described in previous relevant reports[26, 27, 40]. A FlexiPerm reusable well (Su
Zhou) was mounted on top of the APTES-functionalized gold chip and �lled with 500 μL of 20 µM
AgNO3. Pump and �ow rate regulato the sample cell microchannel were made of polydimethylsiloxane
(PDMS) material. The size of the microchannel was 8×1×0.1 (mm). The model of microannotation pump
was LSP01 (LTD, China). Image acquisition and experimental details are attached in the supplementary
information. For better visualization, images were converted to scaled color images.

SEM-EDX and TEM-EDX

For SEM-EDX, the morphological properties of the surface and elemental distribution of
nanocompartment particles (from SPRi chip) were observed using cold-�eld emission SEM (JSM-7800F,
JEOL, Japan) and EDX (Quantax, Bruker, Germany) after gold-plating at an accelerating voltage of 20 kV.

For TEM-EDX, different nanocompartment particles (supplementary information) were measured with the
settings: acceleration voltage 300 keV, 5 eV/17l s, spot size 8, dwell time 60 s (Tecnai G2 F30, FEI
Company, USA) using ES vision software (Emispec Systems, Inc, Tempe, USA).

Cell survival test

The wild-type bacteria and engineered bacteria were inoculated into LB medium. The cultures were grown
to an OD600 of 0.6. For engineered bacteria, protein production was induced with 0.1 mM IPTG and the
cultures were incubated at 37°C and 180 rpm for 18 h in the dark. The next day, the wild-type and
engineered bacterias were seeded in a 96-well plate to 10-4 CFU/mL and incubated in LB medium with
varying concentrations of AgNO3 (0 μM,10 μM, 20 μM, and 30 μM) at 37°C for 12 h in the dark. Five
reduplicate wells were used for each treatment, and experiments were repeated three times. The
experimental data was normalized for comparison.

Determination of the cell growth curve

The wild-type bacteria and engineered bacteria were inoculated in LB medium. During Phase I, cultures
were grown to an OD600 of 0.6. In Phase II, for engineered bacteria, protein production was induced with
0.1 mM IPTG. Then 120 µM AgNO3 was added into the LB medium. For wild-type bacteria, one group had
0 µM AgNO3 added to the culture medium, and the other group had 120 µM AgNO3 added. The cultures
were incubated (37°C, 180 rpm) for 1.5 h in the dark. The concentrations of the bacterial cultures were
measured every half hour. This experiment was repeated three times.

LC-MS/MS proteomic analysis
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The total proteins of the E. coli were evaluated using SDS-PAGE. Proteins were extracted and digested
according to a previously published method[41]. Detailed information is given in the supplementary
information.

List Of Abbreviations
TEM-EDX: transmission electron microscopy and energy dispersive X-ray spectroscopy; SPRi: surface
plasmon resonance imaging; SEM: scanning electron microscopy; EB: engineered bacteria with
nanocompartments; WB: wild-type bacteria without nanocompartments; ROS: reactive oxygen species;
WB+Ag+: WB + 120µM AgNO3; EB+Ag+: EB + 120µM AgNO3; SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis; GO: Gene Ontology;
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Figure 1

Nanocompartments encapsulating silver ions in vitro. (A) Transmission electron micrographs of a
nanocompartment with silver ions. (B) Nanocompartment without silver ions. (C) Nanocompartment
particle measurement showing elevated silver peaks by TEM-EDX (red circles). (D) Non-
nanocompartment measurement. (E) Empty nanocompartment measurement. Scale bars, 200 nm.
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Figure 2

Agglomeration/dispersion of nanocompartment encapsulated silver ions. (A) Bright�eld image of
nanocompartment particles. (B) Plasmonic image of the encapsulin nanocompartment. Scale bars, 2 μm.
(C) Sensorgrams of nanocompartment particles. (D) SEM-EDX (red circles) measurement of
nanocompartment particles on the chip showing an elevated silver peak and (E) measurement of a non-
nanocompartment chip section. Scale bars, 100 nm.
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Figure 3

The nanocompartments helped the bacteria resist silver ion stress. (A) Bright�eld image of bacterial cells.
(B) Plasmonic image of the bacteria. Scale bars, 2 μm. (C) EB, E. coli with nanocompartments (black line);
sensorgram of WB, E. coli without nanocompartments (red line). The number of bacteria in each group
was 20. (D) Cell survival of EB (blue line) and WB (red line) with different concentrations of AgNO3 (0 μM,
10 μM, 20 μM, and 30 μM).
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Figure 4

High-throughput proteomics. (A) Cell growth curve of wild-type bacteria without AgNO3 (WB, black line),
wild-type bacteria with 120 µM AgNO3 (WB+Ag+, red line), and engineered bacteria with 120 µM AgNO3
(EB+Ag+, blue line). Each group of samples had three biological replicates. (B) Venn diagram showing the
occurrence of the proteins detected in the different bacteria groups. (C) and (D), GO annotation analyses
(Level 2). (C) Differentially expressed proteins of ‘WB+Ag+ vs WB’. (D) Differentially expressed proteins of
‘EB+Ag+ vs WB’.
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Figure 5

GO enrichment analyses of the up-regulated proteins in ‘WB+Ag+ vs WB’ and ‘EB+Ag+ vs WB’. The red
functional units show up-regulation of proteins.
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Figure 6

KEGG enrichment analyses of the up-regulated proteins in the ‘WB+Ag+ vs WB’ and ‘EB+Ag+ vs WB’. P <
0.001 is marked as ***, P < 0.01 is marked as **, and P < 0.05 is marked as *.



Page 20/20

Figure 7

Schematic of potentially involved mechanisms in nanocompartment protection of E. coli (EB, E. coli with
nanocompartments; WB, E. coli without nanocompartments) against silver ion stress. Silver ions (Ag+)
enter the cell, and then produce ROS that break down cell membranes and DNA, leading to cell lysis.
Nanocompartments can sequester the silver ions and induce up-regulation of protein processing and
secondary metabolites, thereby protecting the cell from silver ion stress.
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