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Salt-Dependent Aggregation and Assembly
of E coli-Expressed Ferritin

Wei Sun1, Chengfeng Jiao1, Yue Xiao1, Luowei Wang1,
Cheng Yu1, Jialin Liu1, Yongli Yu2, and Liying Wang1

Abstract
Ferritin, with the primary function of iron storage, is a nearly ubiquitous protein found in most living organisms. Our recent
investigations suggest that ferritin can assemble nanoparticles. So we use ferritin as a novel type of delivery vehicle for recom-
binant epitope vaccines. And, we found that ferritin form nonnative aggregates depended sensitively on NaCl concentrations.
Here, we report that ferritin is an ion-sensitive protein and has the attribute of salt-dependent aggregation. Our results indicate
that recombinant ferritin can be released as a soluble form from Escherichia coli at low NaCl concentrations (�50 mmol/L).
Moreover, this result affords us to confirm a proper self-assembling solution for soluble ferritin or other ferritin-based fusion
proteins to assemble nanoparticles.
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Introduction

Ferritins are a family of proteins found in all species, which

function primarily in ion sequestration. The ferritin protein

family can self-assemble into protein cages of 2 types: maxi-

ferritin and mini-ferritin.1 Composed of 24 subunits, maxi-

ferritin form a spherical-like structure with external and

internal diameters of 12 and 8 nm, respectively.2 This unique

architecture promises the 24-subunit ferritin a suitable charac-

ter when utilized as antigen nanocarrier. Whether fused

epitopes can be exposed on the surface of antigen carrier is a

critical factor of endowing a protein to be a good antigen deliv-

ery agent. One of the successful cases of ferritin used as antigen

carrier is a ferritin-HA fusion protein, which can spontaneously

assemble and delicately form 8 trimeric viral spikes on its

surface.3

Various nanotechnologies have been widely exploited for

drug delivery, and recently, ferritin-based nanoparticles are

drawing more and more attention.4-17 In particular, self-

assembly-based technology has been the subject of intense

study in drug delivery.1,9 Considering the application as nano-

cages vehicle of ferritin, different expression systems are used

to acquire it. Ferritin and ferritin-based fusion proteins can all

successfully self-assemble into nanoparticles after expressed in

mammalian cells, fungus,14,18 and Escherichia coli.12,19 As has

been known, ferritin nanocage has an interesting feature: The

nanocage can be broken down into subunits in an acidic

environment (pH ¼ 2.0), and such process is reversible. When

the pH is tuned back to neutral (pH 7.2), the ferritin subunits

will be reconstituted into a nanocage structure5,20 and almost in

an intact fashion.13,21

Because of no need for posttranslational modifications and

the ubiquitous feature of ferritin, in our study, we preferred to

utilize E coli, the versatile host for the production of hetero-

logous proteins, to express ferritin and developed a ferritin-

based fusion protein-expressed platform. When we cloned and

expressed ferritin and its fusion proteins in E coli, it was found

that ferritin aggregated in the precipitate. And, the aggregates

were noncovalent, as evidenced by their rapid dissociation in

the presence of urea. In the process of exploring aggregated

reason, the present work provides the first study of the rever-

sible phase behavior for nonnative aggregates of ferritin as a

function of NaCl concentration. We found that NaCl in the
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lysis buffer was related to the solubility and self-assembly

character of ferritin.

Materials and Methods

Cloning and Inducible Expression of Ferritin
Fusion Protein

Based on the sequence of ferritin in Helicobacter pylori

from the NCBI database (GenBank accession number:

AE001439.1), a pair of primers, Fer-f1 (50-GGATCC

GGCGGT TCAAAA GACATC ATTAAG TTGC-30) and

Fer-r1 (50-CTCGAG AGATTT CCTGCT TTTAGC GATC-30),
was designed to amplify a partial DNA fragment. Polymerase

chain reaction (PCR) amplification was performed using the

complementary DNA template from H pylori (HPss1; 94�C for

5 minutes, 94�C for 45 seconds, 55�C for 1 minute, and 72�C for

1 minute, 30 cycles, followed by 1 cycle of 72�C for 10 minutes

and 1 cycle of 4�C to hold). The PCR products were isolated on

1.2% agarose gel and purified using a gel extraction kit

(E.Z.N.A, USA). The purified PCR products were inserted into

the pET-28a plasmid (Novagen) using T4 DNA ligase (Takara)

after cleaving with BamHI and XhoI (Takara). For the purpose

of purification, the coding sequence of His-tag was constructed

at both ends of the constructed coding genes.

Bacterial Ultrasonic Lysis and Polyacrylamide
Gel Electrophoresis

The recombinant pET-28a/ferritin plasmid was transformed

into the E coli BL21 (DE3) strain. The ferritin E coli BL21

(DE3) cells were cultured in LB media with 0.5% kanamycin at

37�C and induced at an OD600 of 0.6 with 0.4% isopropyl-

b-D-thiogalactopyranoside for 3 hours at 37�C. The final cul-

ture was then harvested by centrifugation at 8000g for 10 min-

utes at 4�C, and the pellet was collected. Then, the pellet was

resuspended in LB medium (1% NaCl, 1% Typone, 0.5% yeast

extract)/lysis buffer (20 mmol/L Tris, 50 mmol/L NaCl, 1

mmol/L EDTA, pH 7.6) and different concentrations of NaCl

solution (0, 50, 100, 170, and 300 mmol/L), respectively. The

cells were lysed by sonication (input power 5 seconds/600 W,

interval 10 seconds, 40 cycles) and then centrifuged at 10 000g

for 15 minutes at 4�C. The supernatant and precipitate were

analyzed by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE). All sodium dodecyl sulfate-stained

gels were scanned with high-resolution scanner (Canon Scan-

ner 110). Gel images were analyzed using Magic Chemi 1D

software (Wealtec). For optimal clarity, protein bands were

detected by adjusting parameters. The data for the bands were

generated from technical triplicates.

Ferritin Purification

The supernatant of ferritin cell lysis was loaded into 3 mL of

Ni-NTA His-Bind resin (Merck Millipore). The column was

washed first with 10 column volumes of buffer A (20 mmol/L

Tris-HCl, 50 mmol/L NaCl, 20 mmol/L imidazole, 0.03%
Tween 80, pH 7.6) and then eluted in 2 mL buffer B (20

mmol/L Tris-HCl, 50 mmol/L NaCl, 500 mmol/L imidazole,

0.03% Tween 80, pH 7.6). The eluted solution was loaded into

Sephadex G-25 (Sigma), and the solution was finally washed

by buffer C (20 mmol/L Tris-HCl, 50 mmol/L NaCl, 0.03%
Tween 80, pH 7.6).22,23

Ferritin Solution Dialysis and Ultraviolet-Visible
Spectrometry Observation

To make sure the purified ferritin is retained in monomer form,

pH of buffer C was regulated to 2.0. Then, the denatured pro-

tein was evenly divided and dialyzed in buffer D (20 mmol/L

Tris-HCl, 0.03% Tween 80, pH 7.6, 50/100/170/300 mmol/L

NaCl) at 4�C.22,23 After dialysis, the protein solutions that

contain different NaCl concentrations were placed in 1-cm2

quartz cuvettes to monitor optical density. Optical density was

taken at l ¼ 650 nm.

Transmission Electron Microscopy

The solutions of ferritin in buffer C and buffer D with 50 to 300

mmol/L NaCl were prepared for transmission electron micro-

scopy (TEM) measurements. Several microliters of solutions

were put on the carbon film-coated mesh for TEM, and exces-

sive solution was removed. The samples were negatively

stained by 1% aurothioglucose and observed by TEM.

Results

Effect of Different Ultrasonic Medium
on the Character of Ferritin

To acquire ferritin in E coli, samples were treated by ultrasonic

with LB medium. Then, the lysate was centrifuged. The super-

natant and precipitate were analyzed by SDS-PAGE. It was

found that the ferritin emerged as a polymeride in the precipi-

tate (Figure 1). Ferritin is a protein that naturally forms nano-

particles. It should be soluble in the supernatant. Then, we

change the ultrasonic medium to lysis buffer (20 mmol/L

Tris-HCL, 150 mmol/L NaCl, 1 mmol/L Na2 EDTA, 1

mmol/L ethylene glycol tetraacetic acid [EGTA], 1% Trion

X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L glycer-

ophosphate, 1 mmol/L Na3VO4, 1 mg/mL leupeptin) and

repeated the above procedures. Interestingly, this time ferritin

was in the supernatant (Figure 1). These data indicated that

components (1% Typone, 0.5% yeast extract, 1% NaCl) in the

LB medium cause ferritin in the precipitate. Then, we use 1%
Typone, 0.5% yeast extract, and 1% NaCl (170 mmol) as ultra-

sonic medium to lyse the bacteria, respectively. The results

showed that Typone and yeast extract had little effect on the

solubility of ferritin, and 1% NaCl (170 mmol) cause 50% of

ferritin in the precipitate. In contrast, we assayed the character

of flagellin and its soluble expression both with LB medium

and lysis buffer. Meanwhile, we assayed the character of VP1
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as negative control, which emerged in precipitate both with LB

medium and lysis buffer, and we assayed the character of fra-

gellin as positive control, which emerged in supernate both

with LB medium and lysis buffer (Table 1). These results

clearly demonstrate that ferritin is an ion-sensitive protein.

Effect of NaCl Concentrations on the Character
of Ferritin

Ionic strength is believed to play a key role in the assembly and

stability of protein. To investigate this, ultrasonic medium were

changed with various NaCl concentrations (0, 50, 100,170,

300 mmol/L) in lysis buffer (20 mmol/L Tris-HCL, 1 mmol/

L Na2 EDTA, 1 mmol/L EGTA, 1% Trion X-100, 2.5 mmol/L

sodium pyrophosphate, 1 mmol/L glycerophosphate, 1 mmol/L

Na3VO4, 1 mg/mL leupeptin; Figure 2A and B). The data

showed that approximately 100% of ferritin protein was

released as a soluble form at 0 mmol/L NaCl. And almost

50% of ferritin was in the precipitate at 50 to 170 mmol/L

NaCl. However, ferritin protein was in aggregate form at higher

Figure 1. SDS-PAGE analysis of ferritin distribution between soluble
and aggregation after bacterial cell ultrasonic disruption.
Note. Ferritin was overexpressed in the E. coli BL21 (DE3) strain. 5
mediums were studied as ultrasonic buffer: LB medium, lysis buffer,
1%Typone, 5%Yeast Extract and 1%NaCl. Here the soluble and aggre-
gation of ferritin can be abserved. Higher percentage of the aggregates
can be observed in the insoluble sample after ultrasonic disruption
(n¼3). LB medium-insoluble form after sonication. Lysis buffer-soluble
form after sonication. 1% Typone- soluble form after sonication. 5%
Yeast Extract-soluble form after sonication. 1%NaCl- insoluble form
after sonication. S-supernatant & P-precipitate.

Table 1. SDS-PAGE Data of Ferritin Distribution Between Soluble
and Insoluble With Control Protein.

Protein

Medium

LB
Medium

Lysis
Buffer

1%
Typone

5% Yeast
Extract

1%
NaCl

Ferritin � þ þ þ �
VP1 � � � � �
Flagellin þ þ þ þ þ

Abbreviations: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electro-
phoresis; þ, soluble; �, insoluble.

Figure 2. SDS-PAGE analysis of NaCl concentrations on the charac-
ter of Ferritin.
Note. A. Ferritin was overexpressed in the E. coli BL21 (DE3) strain.
Different concentrations of NaCl were studied: 0, 50,100,170,300mM.
Here the soluble and precipitate of ferritin can be abserved. 100% of
ferritin protein was released as soluble form at 0 mM NaCl. About
50% of ferritin was in the precipitate at 50-170 mM NaCl. Ferritin
protein was as aggregation form at higher concentrations of NaCl
(300 mM). When 0.5 M urea exist in the solution, even if the concentra-
tion of NaCl is 500 mM, ferritin released as soluble form. S-supernatant &
P-precipitate. B. Different concentrations of NaCl illustrating the
enhanced amount of precipitate Ferritin aggregates (n¼3). C. Repre-
sentative examples for different concentration of NaCl. Approximate
percent transmission values are indicated on each digital image.
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concentrations of NaCl (300 mmol/L). We still assayed fragel-

lin and VP1 as controls, and approximately 100% of fragellin

was released as soluble form at 300 mmol/L NaCl. The epi-

topes of foot-and-mouth disease viruses (FMDV) have been

under extensive investigation. VP1 capsid protein has been

revealed to carry critical epitopes for inducing immune

responses, including 1 major B-cell epitope and 2 T-cell epi-

topes. The most dominant B-cell epitope in FMDV spans resi-

dues 141 to 160 aa and is highly exposed on the surface of the

virion. Antibody responses against the loop are able to neutra-

lize FMDV. Our laboratory has constructed the recombinant

protein of VP1, and most of it was expressed as inclusion

bodies in E coli.11 And flagellin is the component antigen of

the flagellar filament.11 This protein is exposed on the bacterial

surface, is available to B cells, can be expressed at high levels,

and is a significant target of the T-cell response to STm.7

Furthermore, our laboratory has constructed the recombinant

protein of flagellin, and it was a soluble expression in E coli.11

These results showed that ferritin has the attribute of salt-

dependent aggregation. The series of digital images in

Figure 2C shows representative examples for different concen-

trations of NaCl to help align the percentage transmission val-

ues to what is apparent from visible observation as the titrations

proceed.

Percentage of Transmission of Ferritin in Different
Concentrations of NaCl Solutions

We used NaCl as the precipitating agent for different ferritin

concentrations. It shows that the location of the salt-dependent

cloud points is sensitive to the total protein concentration. In

that, higher protein concentration makes the transition occur

more readily, that is, at lower salt concentrations. Figure 3

shows sharp cloud-point transitions, akin to the forward titra-

tions of pH in Figure 2C. A striking feature of Figures 2C and 3

is the sensitivity of the location of the transition to the identity

of ferritin. Physically, this is a major driving force that prevents

aggregate coalescence, and phase separation is electrostatic

repulsions between the aggregate molecules, as was suggested

previously based on isolated results for aggregate cloud points.

The series of digital images in Figure 3 shows representative

examples for different points along the forward titration curve

for the buffer-only condition to help align the percentage trans-

mission values to what is apparent from visible observation as

the titrations proceed.

Electromagnetic Wave Absorption Properties
of Ferritin Nanocomposites

To characterize the morphologies of ferritin nanoparticles at

lower and higher NaCl concentrations, samples were examined

by TEM. The nanoparticles with diameters ranging from

10.5 to 13 nm (mean 12 nm) can be observed in the samples

treated at lower NaCl concentrations (�50 mmol/L),

whereas these structures were not detected in the samples

treated at higher NaCl concentrations (100-300 mmol/L;

Figure 4). These results clearly demonstrated that lower

NaCl concentrations (�50 mmol/L) could promote ferritin

form nanoparticles.

Discussion

The structural properties, especially the capacity of loading

foreign peptides, make ferritin a powerful potential nanoplat-

form on which to construct multifunctional nanofusion pro-

teins.24,25 The advantages of ferritin-based fusion protein as

vaccine exist in 2 aspects: the recognition frequency of peptide

is amplified and the volume of fusion protein is big enough to

afford a strong immunogenicity, which endows it the great

potential to be a successful vaccine. In our research, both fer-

ritin itself and ferritin-based fusion proteins can assemble into

nanoparticles, proving foundation for fusion proteins to be

effective vaccines.

During the process of bacterial ultrasonic crack, we found

that one protein, no matter what kind of ultrasonic medium (LB

or lysis buffer) was used, would always have the same result. If

ferritin emerged in supernatant, it was seemed as soluble

expressed, such as flagellin.10,26 If ferritin was in precipitate,

it was seemed as aggregated expressed, such as VP1.15,27 So,

when little scale tests were did to see the solubility of one protein

expressed in E coli in our laboratory, bacteria in LB were

brought to do the ultrasonic crack directly for operating conve-

nience usually. With LB as ultrasonic medium directly, it was

found that ferritin as a polymeride emerged in the precipitate.

Considering the ubiquitous feature of ferritin, referring to

the papers related to ferritin expression,28,29 which reported

that ferritin was soluble expressed in E coli, we guessed there

must be some verstellbar elements that could be altered to get

soluble ferritin. We adjusted nutrition of culture medium, pH

value, induction temperature, and finally focus on the

Figure 3. NaCl titration for cloud points of Ferritin aggregates at
three different total aggregate concentrations: 10 mg/ml (circles), 5
mg/ml (squares), and 1 mg/ml (diamonds).
Note. The arrow indicates the direction of the titration.
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ultrasonic medium. After decreased concentration of NaCl in

ultrasonic medium, ferritin was soluble in the supernatant. The

results suggested that being different from other proteins, fer-

ritin was so sensitive to ionic strength in environment. If using

LB as the ultrasonic medium, it would lead to a false appear-

ance of aggregated expression in E coli. We then designed a

series concentration of NaCl solvated in lysis buffer, which are

300 mmol/L, 170 mmol/L, 100 mm, 50 mmol/L, and 0 mol/L

separately. The concentration 170 mmol/L is equivalent to 1%
quality percentage concentration of NaCl, which is the same

composition in LB, trying to recur the same ionic strength of

ferritin experienced in LB. Compared with 170 mmol/L, 300

mmol/L is a relatively high concentration for ferritin that would

lead it aggregated. The concentration 100 mmol/L is a regular

choice for lysis buffer according to the third edition of Mole-

cular Cloning.16,30 NaCl 50 mmol/L is a relatively low con-

centration for ferritin that would lead it to be soluble. NaCl

0 mmol/L used as blank control. Our results indicated that the

concentration of NaCl should be below 100 mmol/L in the

purification and assembling process of ferritin-related pro-

teins. The choice of NaCl concentration in our following

experiment was 50 mmol/L, which was proven as a good

choice for the successful refolding procedure of ferritin itself

and ferritin-based fusion proteins. But to those aggregated

expression proteins in E coli, even if the ionic strength in

ultrasonic medium was adjusted, their aggregation state still

can’t be altered, such as VP1 shown in Figure 1 as negative

control.

Salt–protein interactions regulate protein solubility and

stability, particularly in the processes of salting out and aggre-

gation. At physiological conditions, triggered by the presence

of salt, intramolecular folding events induce the correct pep-

tide formation. Circular dichroism spectroscopy shows that

peptides are unfolded at pH 7.4 in the absence of salt. By

raising the ionic strength of the solution, electrostatic inter-

actions between charged amino acids within the peptide are

screened, and a hydrophobic conformation is adopted. At rel-

atively high salt concentrations, hydrophobic interactions

dominate and lead to the precipitation of the chemically

cross-linked polymer chains.31,32 It is shown that changes in

salt concentration induce aggregation not only through the

formation of protein intermediates, the peptides, but also

through charge screening and various solvation forces. It is

the complex interaction between such protein secondary

structures and the solvation forces that is responsible for the

salt-triggered aggregation.

In the following experiments, we found that when 0.5

mol/L urea exists in the solution, even if the concentration

of NaCl is 500 mmol/L, ferritin still be soluble because urea

can transform the surface charge distribution of ferritin and

improve its solubility. But the 0.5 mol/L urea maybe have

slight impact on activity of proteins, so we can try to adjust

NaCl concentration to a proper range (<100 mmol/L) to

promote ferritin self-assembling process without the exis-

tence of urea. The attribute of salt-dependent aggregation of

ferritin affords us a theoretical basis in finding a proper self-

assembling solution for ferritin and other ferritin-based

fusion proteins. It also gives us a reminder that some empiri-

cal methods maybe lead to a false appearance in the science

research.
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