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MIM (missing in metastasis) is a member of -BAR (inverse BAR) domain protein family, which functions as
a putative metastasis suppressor. However, methods of gaining high purity MIM-I-BAR protein are barely
reported. Here, by optimizing the purification process including changing the conditions of cell lysate
and protein elution, we successfully purified MIM protein. The purity of the obtained protein was up to
~90%. High-resolution atomic force microscope (AFM) provides more visual images, ensuring that we can
observe the microenvironment around the target protein, as well as the conformations of the purification
products following each purification process. MIM protein with two different sizes were observed on mica
surface with AFM. Combining with molecular dynamics simulations, these molecules were revealed as
MIM monomer and dimer. Furthermore, our study attaches importance to the usage of imidazole with
suitable concentrations during the affinity chromatography process, as well as the removal of excessive
imidazole after the affinity chromatography process. All these results indicate that the method described
here was successful in purifying MIM protein and maintaining their natural properties, and is supposed
to be used to purify other proteins with low solubility.

Keywords:

Atomic force microscopy
Dynamics simulations
I-BAR domain
Purification optimization
Recombinant expression

© 2017 Published by Elsevier B.V.

enriched membranes [6]. Recombinant MIM-I-BAR is proved to be
useful in many fields [7], so far methods of gaining high purity

1. Introduction

Owing to the important roles in the regulation of membrane
changes, certain membrane-associated proteins such as BAR fam-
ily proteins, have drawn increasing interests in the medical fields
[1]. Among them, metastasis suppressor 1 (MIM) s a special protein
with abnormal expression in tumor tissues [2]. Previous publica-
tions confirmed that MIM is overexpressed in primary tumors but
lost in metastatic cancer cells [4]. MIM protein represents the typ-
ical characteristics of I-BAR proteins, which are mainly related to
the direct/indirect regulation for cytoskeleton [5]. BAR domain of
MIM protein, consisting of 250 amino acids, is critical for MIM func-
tion and binds to phosphatidylinositol (4, 5)-bisphosphate (PIP2)
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MIM-I-BAR protein are barely reported yet.

In this work, we aimed to express MIM-I-BAR with more natural
properties in bacteria, avoiding unwanted denaturation and refold-
ing process. The solubility of MIM-I-BAR was improved by changing
the lysate conditions. Ni-NTA resin chromatography and desalina-
tion/ultrafiltration step were necessary in this work to purify the
soluble protein. The application of AFM in characterizing the molec-
ular size and morphology of protein has gradually become research
hotspot [8].

Compared with traditional investigation technologies, such as
X-ray diffraction and nuclear magnetic resonance, AFM provides
additional information on 3D morphology of biomolecules, and
ensures the researchers to investigate the conformation evolutions
of the target molecules during the bioengineering processes. Here,
we introduce high-resolution AFM imaging technology to in-depth
investigate the conformations of the products from each process of
the purification. Combining the results of AFM and the molecular
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dynamics simulations, we confirmed that we successfully obtained
MIM-I-BAR with high purity, and they present in the solution in the
forms of monomer and dimer. Besides, our study attaches impor-
tance to the usage of imidazole with suitable concentrations during
the affinity chromatography process, as well as the removal of
excessive imidazole after the affinity chromatography process. All
these results indicate that the method described here was suc-
cessful in purifying MIM protein and maintaining their natural
properties, and is supposed to be used to purify other proteins with
low solubility.

2. Materials and methods
2.1. Bacterial strain and materials

Ni-NTA resin was purchased from Genscript (China). E. coli BL21
(DE3) strain and DNA agarose were purchased from Invitrogen
(USA). Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) gel preparation kit was purchased from Beyotime
(China). All the other chemicals needed in this work were pur-
chased from Sigma Aldrich (USA).

2.2. In vitro expression of MIM-I-BAR

Plasmids encoding His tagged MIM-I-BAR proteins were pre-
pared by ligation of PCR-generated DNA fragments into vectors
pET-14b (Novagen). DNA cloning was performed in DH5a cells. The
primers used in PCR were listed in Table 1.

Briefly, chemically competent BL21 (DE3) E. coli cells were
transformed with pET14b-MIM-I-BAR. The transformed cells were
selected based on their resistance to ampicillin. A single colony of
the transformed cells incubated in 3 mL of Lennox broth medium
(LB, 1% tryptone, 0.5% yeast extract, 1% NaCl, 50 g ampicillin
mL-1, pH 7.4) at 37°C for 8h at shaking speed of 220 revolu-
tions per minute. The culture was further inoculated in 150 mL
of pre-warmed LB medium and shaked at 37° C, 220 revolutions
per minute for another 2 h. When the optical density at 600 nm
reached to 0.6, the culture was added with 0.4 mmol isopropyl-
beta-p-thiogalactopyranoside (IPTG) L1, and cells were collected
by centrifugation (5752g, 15min, 4°C) 3 h later. The cell pellets
were stored at —20°C.

2.3. Purification of MIM-I-BAR

A cell pellet mentioned above was re-suspended in 5 mL lysate
buffer consisting of 50 mmol Tris/HCl L-!, 500 mmol NaCl L1,
10 mmol Imidazole L-1, 1 mmol PMSF L-1, and 0.2 mg lysozyme
mL~1. 1 uL protease inhibitor cocktail mL~! (KeyGEN, China) was
added. Then the mixture was kept at —80°C overnight. After that,
the re-suspended cells were sonicated on ice for 5min (work for
2 s, interval for 3 s). The soluble fraction was collected by centrifu-
gation (15000 revolutions per minute, 40 min, 4°C) and loaded
onto a pre-packed 2 mL Ni-NTA agarose column, which was previ-
ously equilibrated with ten column volumes of Buffer A containing
20 mmol phosphate buffer L-!, 500 mmol NaCl L-! and 10 mmol
Imidazole L~1. The purity of protein was improved by gradient elu-
tion. The optimum concentration of imidazole for each experiment
was tested firstly. The eluted protein was desalted using a PD-10
column (GE, USA) and condensed by ultrafiltration (5000 revolu-
tions per minute, 20 min, 4°C). The obtained products was stored
in PBS (pH7.4) in —80°C. The purity of the product was determined
by 10% SDS-PAGE.

2.4. Atomic force microscope imaging

AFM was introduced to investigate the conformations of the
obtained products after each step in our purification process. AFM
imaging was carried out with utilizing an Agilent 5500 AFM system
(Agilent, Chandler, AZ). The sample solution was diluted in PBS and
dropped on freshly cleaved mica surface. After 5min incubation,
the surface was washed with PBS for 4-5 times and dried in the air.
Silicon cantilevers tip with spring constant of around 0.1 N/m was
used for imaging. The AFM imaging was performed in air at room
temperature in Agilent AAC mode. The obtained AFM images were
processed by WSxM software [9].

2.5. Molecular dynamics simulations

Martini coarse-grained (CG) force field (version 2.1) [10] were
used for modelling the dynamics of MIM [-BAR in the mixture of
imidazole and water with the molar ratio 1:1. CG parameter of
MIM I-BAR was obtained by using the tool seq2itp.pl, which used
the information of amino acid sequence (Fig. 2A) and secondary
structure (PDB ID: 2D1L). As for imidazole, known ring fragment in
Martini model was used to get the its CG model. The detailed param-
eters could be found in supporting information (*.itp files). In order
to study whether MIM I-BAR preferred to interact with imidazole,
we set up the initial simulation system with MIM I-BAR centered
in the box (dimension: 21nm x 21nm x 21 nm), and further evenly
solvated the box with 28577 imidazole and 28577 water molecules.
(Fig. 1)

The system was firstly kept at T=400K for 10 ns to mimic the
initial randomly distributed states, and then the temperature was
gradually lowered down to room temperature (T=298 K). All the
simulations were performed for 2.4 s (effective time) with a time
step of 20fs and periodic boundary conditions using GROMACS
5.0.4[11]. The first 400 ns simulation was reserved for system equi-
librium. Snapshots of the simulation system in this paper were all
rendered by VMD [12]. For all simulations, a cutoff of 1.2 nm was
used for van der Waals (vdW) interactions, and the Lenard-Jones
potential was smoothly shifted to zero between 0.9 nm and 1.2 nm
to reduce cutoff noise. For electrostatic interactions, the columbic
potential, with a cutoff of 1.2 nm, was smoothly shifted to zero from
0 to 1.2 nm. The relative dielectric constant was 15, which was the
default value of the force field [13]. MIM I-BAR, imidazole and water
were coupled separately to V-rescale heat baths [14] at T=298K,
with a coupling constant 7=1 ps. The systems were simulated at
1 bar pressure using isotropic Parrinello-Rahman pressure coupling
scheme [15] with a coupling constant 7= 5 ps and the compressibil-
ity of 3 x 10~%. The neighbor list for non-bonded interactions was
updated every 10 steps with the cut-off 1.4 nm.

3. Results and discussion

3.1. Recombinant plasmid construction and in vitro protein
expression

The vector plasmid pET-14b contains 6 x His-tag at the N-
terminal of the cloned gene, which could be easily expressed in
the E. coli BL21 (DE3) prokaryotic expression system and purified
using nickel ion beads (Cao M et al., 2014).The MIM-I-BAR sequence
comprising amino acid residues (aa) 1-235 is shown in Fig. 2A.
The plasmid construct map is shown in Fig. 2B. MIM conformation
predicted by dynamics simulation is shown in Fig. 2C.

Following IPTG induction, soluble MIM-I-BAR was present in the
supernatant of the cell lysate and the supernatant was analyzed
by Western blot using the anti-histidine antibody and anti-MIM
antibody. Fig. 3 showed western blot results of the products with-
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Table 1
Designed primers for PCR.

Gene name Designed primers

His-MIM-I-BAR Sense
Anti-sense

5'-CAGTTACTCGAGGAGGCTGTGATCGAGAAGG-3’
5'-GTCGGATCCTTAGTCCAAAATCACCTGTTCAC-3’

MIM I-BAR monomer

Imidazole

MIM

MIM-+Imidazole

MIM-+Imidazole+water

Fig. 1. Simulation system, coloring style is the same as above. The system consists of 1 MIM I-BAR monomer, 28577 Imidazole and 28577 water.

A
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Fig. 2. (A) The amino acid sequences of MIM-I-BAR, I-BAR, reverse Bin-Amphiphysin-Rvs. (B) Plasmid Construct Map. 6 x His,His tag; MIM-I-BAR, MIM protein domain;
AmpR, Remove the AMP(antibiotic) toxicity; EcoR I and BamH I, cleavage sites (C) Overall conformation of MIM I-BAR with the structure adapted from Protein Data Bank (ID:
2D1L) [16]. The alpha-helix is in purple, while the other second structures are in blue. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

M 1 2 3 4

Anti-His & ' '

Fig. 3. Western blot image. Supernatant of lysate cells without induction (lane1 and
lane 3), induced after 25°C, 12 h (lane2) and 37°C, 3 h (lane4).

«35kD

out induction (lanel and lane 3), induced at 25°C for 12 h (lan2),
and at 37°C for 3 h (lane4) respectively. Stripes appeared in lane2

and lane4, indicating that His-tagged MIM-I-BAR was successfully
expressed as the N-terminal histidine fusion protein in E. coli.

3.2. Optimization of purification process

Fig. 4A showed the SDS-PAGE images of supernatant and pellet,
which reveal that MIM-I-BAR has low solubility and mainly exist
in pellet as inclusion body. In order to improve the solubility, as
well as to avoid the denaturation and renaturation processes, we
tried four kinds of lysate method. The product was dealt with typ-
ical lysate buffer (20mM pH 7.5 Tris/HCl, 500 mM NacCl, 10 mM
imidazole, 1mM PMSF) (Method 1), or dealt with typical lysate
buffer added 0.2 mg/ mL1lysozyme, 1 uL/mL protease inhibitor cock-
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Fig. 4. 10% SDS-PAGE images. (A) Supernatant (lane1) and pellet (lane2) (B) Different kinds of lysis methods. Lane 1-4 correspond to the supernatants of lysis product after
four lysate methods, and lane 5-8 correspond to the pellet of lysis product after four lysate methods. (C) Different imidazole concentrations. (D) The products without (lane1)

and with (lane2) ultrafiltration.

tail (addition lysate buffer) (Method 2), or dealt with typical lysate
buffer followed by being stored at —80°C overnight (Method 3),
or dealt with addition lysate buffer followed by being stored at
—80°C overnight(Method 4). The lysis products were measured by
10% SDS-PAGE and the corresponding results was shown in Fig. 4B.
From Fig. 4B we may see that, at 35kDa the gray levels of Lane 2
was higher than that of the other lanes and lane3 was lower than
that of the other lanes, indicating that the treatment in the lysate
buffer with protease inhibitor cocktail could obviously improve sol-
ubility of the protein in the product, in addition, overnight storage
in —80°C will decrease protein solubility. With more MIM-I-BAR
dissolved in lysate buffer, the concentration of purified protein has
significantly increased.

The accompanying proteins and small molecular impurities are
the main factors affecting the purity and activity of the obtained
MIM-I-BAR products. Here, the histidine tag was added to the N-
terminus of MIM-I-BAR to facilitate the purification of the protein
using a Ni-NTA agarose affinity column. Four concentrations of imi-
dazole (100, 150, 200, and 250 mmol L~1) were tested to determine
the most suitable conditions for the usage of imidazole on getting
rid of the accompanying proteins. According to the results of pre-
liminary experimental (Fig. 4C), the concentration of imidazole was
determined to be 200 mM or 250 mM. The eluent was then handled
with PD-10 desalination column, followed by an additional ultrafil-
tration process to remove the small molecular impurities. Finally,
the protein was separated by SDS-PAGE (Fig. 4D). The purity was
determined by Quantity One (Bio-Rad) to be up to 90%.

3.3. Different purification process analyzed by AFM

As discussed above, the purity of MIM-I-BAR was dramatically
improved by the purification processes in this work. However, the

detailed conformation of the product after each purification process
was unknown, especially the conformation of the final product. The
observation of the microstructures is an effective method for the
determination of the products, and is of great importance in their
further applications in bioengineering. Here, the morphology of the
products (after ultrafiltration) in our work was observed on mica
surface by high-resolution AFM (Fig. 5). From the topography and
amplitude images in Fig. 5A, we may see that the sizes of molecules
under the same off-set in z direction divided into two major groups
(pointed by yellow and blue arrows respectively in Fig. 5A). As we
know, BAR domains are coiled-coil motifs that dimerize into mod-
ules with a positively charged surface [17]. Thus, MIM dimers is
unavoidable in the final products. Fig. 5B is the zoom-in AFM image
of one representative molecule from the larger-size group. From
the zoom-in image and its corresponding 3-D image in Fig. 5C, we
may see that these oligomers appeared to have two subunits under
high-resolution AFM imaging, in accordance with the dynamics
simulation results of MIM dimer in Fig. 5C. Thus, we suppose that
the observed dots with larger sizes were the self-assembled MIM
dimers while the smaller ones were MIM monomers. To be men-
tioned, the various orientations of MIM dimers on the mica surface
induced the different conformations observed in Fig. 5A. All these
results indicated that the obtained recombinant MIM-I-BAR pro-
tein molecules here are with high purity and remain the natural
bioactivity of in vitro self-dimerization.

Before the ultrafiltration process, the purification went through
three other processes including E. coli lysate, affinity chromatog-
raphy, and desalination. Fig. 6A is the SDS-PAGE images of the
products after E. coli lysis (Lanel), purified by Ni-NTA Column
(Lane2), dealt with PD-10 column (Lane 3), and after ultrafiltration
(Lane 4) respectively. As shown in Fig. 6A, in higher concentration,
we cannot find any obvious difference among the purification steps,
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3 .

Fig. 5. (A) The topography and the corresponding amplitude AFM image of MIM-I-BAR molecules on mica surface. The ones pointed by blue arrows are supposed to be the
MIM dimers, while the ones pointed by yellow arrows are supposed to be the MIM monomers. (B) The zoom-in AFM image of the area circled black white dashed square and
its corresponding amplitude image. (C) 3D image and the molecular dynamic simulation results of MIM dimer. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 6. (A) SDS-PAGE images of the samples after E. coli lysis (Lane1), purified by Ni-NTA Column (Lane2), dealt with PD-10 column (Lane 3) and after ultrafiltration (Lane 4).
(B-D) The AFM imagines of the samples after E. coli lysis (Lane1), purified by Ni-NTA Column (Lane2), dealt with PD-10 column (Lane 3), respectively.

especially before and after desalination on the conformations of
the products. And the corresponding topography AFM images of
the conformations of the products after the first three were shown
in Fig. 6B-D, respectively. From Fig. 6, we may see that the mor-
phologies of the observations changed a lot for different steps. For
the samples obtained after lysate process, the sizes of the obser-
vations on mica surface were varied and larger aggregations were
observed (Fig. 6B). This is because that there were many impurities

remaining in the products after lysate process, such as microorgan-
ism debris, other functional proteins and various salts. With the
usage of Ni-NTA column to get rid of most impurities (chromatog-
raphy process), the products showed more uniform distribution of
size in Fig. 6C.

Interestingly, we observed fried egg-like structure in Fig. 6C.
Fig. 7 is the dynamic simulation results of the MIM imidazole sys-
tem and the MIM imidazole water system in the martini coarse
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Fig. 7. (A) Time evolution of system energy, which indicates that the first 400 ns may be sufficient for the system equilibrium. (B) Non-bonded interactions between MIM
[-BAR and Water/Imidazole. (C) Number of contacts between MIM I-BAR and Water/Imidazole.

grained force field, respectively. From the time evolution of the sys-
tem energy shown in Fig. 7A, we may see that the system reached
a balance after 400 ns. As shown in Fig. 7B, the interaction energy
between MIM protein and water is much higher than that between
MIM and imidazole, which indicates MIM is more likely to interact
with imidazole. Besides, the number of contacts among MIM, water
and imidazole is investigated in Fig. 7C. From Fig. 7C, we may see
that in the mixed solution, the number of contacts between water
and MIM is less than that between imidazole and MIM, indicating
that the observed fried egg-like structure in Fig. 6C was attributed
to the co-existence of imidazole and salts surrounding the target
protein via nonspecific interactions (video of molecular dynamics
simulation result is shown in supply information).

As reported by other publications, the small molecules sur-
rounding the target protein effect the biological activities of the
latter [18]. In order to liberate the MIM protein, we decreased the
imidazole concentration via desalination column (Section 3.2), and
the conformation of the resulted products was also investigated
by AFM (Fig. 6D). As shown in Fig. 6D, the heights of the observed
particles divided into two major groups under the same off-set in
z direction. According to the dynamic simulation results discussed
above, the less bright ones are supposed to be the previously gath-
ered imidazole in high concentration, which dispersed into smaller
fragments when the concentration of imidazole decreased. Accord-
ingly, the brighter ones are supposed to be the liberated target
protein, MIM-I-BAR. The existing smaller fragments were further
removed by ultrafiltration process (Section 3.2, Fig. 4D), and we
could clearly observe the target protein in forms of monomers and
dimers in Fig. 5A. So far, based on the high-resolution AFM imaging,
we can conclude that the desalination and ultrafiltration processes
are indispensable in the purification processes of proteins to avoid
to the interference of the excess salts on the morphologies and
biological activities of the target protein.

4. Conclusion

By optimizing the purification process including changing the
conditions of cell lysate and protein elution, we successfully puri-
fied MIM protein which is a specific protein with low solubility. The
purity of the obtained protein was up to ~90%. Compared to tra-
ditional purity detection means such as SDS-PAGE, AFM provides
more visual images, ensuring that we can observe the microenvi-
ronment around the target protein, as well as the conformations of
the purification products following each purification process. MIM
protein with two different sizes were observed on mica surface with
AFM. Combining molecular dynamics simulations, these molecules
were revealed as MIM monomer and dimer. Furthermore, our study

attaches importance to the usage of imidazole with suitable con-
centrations during the affinity chromatography process, as well as
the removal of excessive imidazole after the affinity chromatogra-
phy process. All these results indicate that the method described
here was successful in purifying MIM protein and maintaining their
natural properties, and is supposed to be used to purify other pro-
teins with low solubility.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.colsurfb.2017.05.
054.

Video: molecular dynamics simulation result of MIM imidazole
water system;

*.itp files: detailed parameters for the simulations.
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