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Abstract 

Structural interactions of human respiratory syncytial virus NS2 with human innate immune 

system receptors RIG-I and MDA5 

By Vu Ngo  

Respiratory syncytial virus (RSV) is a significant public health threat that causes severe 

bronchitis and pneumonia in children and immunocompromised individuals. In response to RSV 

infection, host cells employ various pattern recognition receptors (PRR). These include receptors 

of the retinoic acid-inducible gene I-like receptors family (RLR) of the innate immune system. 

retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) 

are two such RLRs that detect cytosolic viral RNA. RSV has 10 genes that code for 11 proteins, 

including nonstructural protein 2 (NS2) which plays an important role in antagonizing human 

type I interferon (IFN) response through direct interaction with RIG-I at its caspase recruitment 

domains (CARD). NS2 is also found to interact with MDA5 in its inactive conformation. Despite 

these insights into the molecular mechanism of NS2 antagonism, definite structures of the direct 

interactions of NS2 with the two RLR are not established. In order to address this knowledge 

gap, we aim to solve the structure of the direct interactions of NS2 with RIG-I and MDA5. First, 

we optimized an in vitro expression system using E. coli to express recombinant NS2, RIG-I, and 

MDA5 with a His-MBP tag. We also expressed the CARDs of RIG-I and MDA5 along with our 

tags in order to examine possible interaction at the domains. The recombinant proteins were 

purified using Ni-NTA affinity column, ion exchange column, and size exclusion columns. 

Purified NS2 and MDA5 CARDs were used in pre-crystallization tests to determine suitable 

conditions of crystallization of the complex between NS2 and MDA5 CARDs.   
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Introduction 

Respiratory syncytial virus (RSV) is a common non-segmented, negative-strand RNA 

virus of the Pneumoviridae family. Upon infection in humans, RSV causes mild cold-like 

symptoms. However, children and those with a weakened immune system are susceptible to 

severe infection cases, which can result in bronchitis and pneumonia. Currently, RSV is the 

number one cause of bronchitis and pneumonia in children under the age of 1 in the US with an 

estimated 58,000-80,000 cases of hospitalization every year (1). With no dedicated treatment 

available, RSV poses a great challenge to the nation’s public health. 

RSV genome contains 10 genes that code for 11 proteins (Figure 1) (4). The first two 

genes encode for nonstructural protein 1 (NS1) and nonstructural protein 2 (NS2). These two 

proteins play key roles in the suppression of human immune response. In RSV infected mice, 

NS1 and NS2 reduce cytotoxic T lymphocytes response by suppressing type I interferon 

response (IFN) (5). In vitro cultures, NS1 and NS2 blocks beta interferon signaling (6, 7). 

Cooperatively, they can enable resistance against interferon responses (8). NS1 and NS2 

effectively suppress the induction and the effects of IFN responses by targeting various key 

receptor proteins of the innate immune system.  
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Figure 1: RSV genome. The genome contains 10 genes that codes for 11 proteins: non-structural 
protein 1 (NS1), non-structural protein 2 (NS2), nucleocapsid protein (N), phosphoprotein (P), matrix 
protein (M), small hydrophobic protein (SH), attachment glycoprotein (G), fusion protein (F), M2-1, 
and M2-2. 

 

As the first line of defense, the human innate immune system relies on various pattern 

recognition receptors (PRRs) to detect pathogens derived molecules also known as pathogen-

associated molecular patterns (PAMP). Detection of PAMPs by PRRs results in the activation of 

various immune pathways. One of which is the type I interferon response of the innate immune 

system. Two important cytosolic PRRs responsible for eliciting type I IFN are the retinoic acid-

inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5). The 

structures of these two receptors share many similarities as they include: two caspase recruitment 

domains (CARD) at their N-terminus; two helicase domains made of Hel1, Hel2i, and Hel2; a C-

terminal domain (CTD) as reviewed by Onotomo et al (3). RIG-I and MDA5 are RLRs 

responsible for the detection of viral RNA in the cytosol. RIG-I exists in an inactive, 

autorepressed state. In this conformation, the two CARDs interact with Hel2i of the helicase 

domains and become unavailable for downstream signaling (9). RIG-I detects viral blunt-ended 

double-stranded RNA of around 20 base pairs or single-stranded RNA with 5’-phosphates 
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through the CTD and the helicase domains (10 – 12, 15). Upon binding of viral RNA, CARDs are 

released and become available for signaling with downstream mitochondrial antiviral signaling 

protein (MAVS), which activates several transcription factors such as IRF3 and IRF7 that 

modulate expressions of many IFN-stimulated genes (ISG). MDA5 is proposed to exist in a 

conformational equilibrium between an open form and a closed form (13). The latter is favored 

when the receptor is in a ligand-free state. Unlike RIG-I, MDA5 senses viral RNA through 

cooperative formation of MDA5 filaments along viral double stranded RNA (13, 14). On the 

outside of these filaments lay arrays of CARDs that interact with MAV CARDs for downstream 

signaling (Figure 2) (13, 15).  
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Figure 2: Diagram of the type I IFN pathway involving RIG-I and MDA5. The two RLRs sense 
viral RNA and activate downstream MAV, activating various transcription factors that lead to the 
expression of interferon alpha and beta in the nucleus. 

 

RIG-I and MDA5 play a dominant role in RSV infections. Knockdown experiments of 

RIG-I using small interfering RNA prevent activations of interferon response factor 3 (IRF3) and 

nuclear factor- κB (NF-κB), which are important transcription factors for the expression of IFN 

type I genes (16). Expression of RIG-I and MDA5 is upregulated in children infected by RSV (17). 

Previous studies show that NS2 is a potent disruptor of RIG-I and MDA5 immune functions. 

NS2 interferes with beta interferon transcription through its binding to RIG-I N-terminal CARDs  
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(2). A recent structure study shows NS2 interacts with inactive conformation of RIG-I and 

MDA5(18). These findings suggest that RIG-I and MDA5 are antagonized through direct binding 

of NS2, inhibiting host immune responses. Despite the progress made in understanding the 

molecular mechanisms of NS2 antagonism, we still lack a definite structure of the supposed 

direct interaction of NS2 with RIG-I and MDA5. In order to resolve this gap in knowledge, we 

propose to solve the structure of the direct interactions of NS2 with RIG-I and MDA5.   

In this study, we optimized an expression system using E. coli to express human RSV 

NS2, RIG-I, MDA5, and MDA5 CARDs. We purify expressed proteins using affinity columns. 

Upon successful purifications, we create complexes between NS2 with each of two human 

immune receptors as well as with the CARDs truncation of MDA5. We then test the complexes 

in multiple crystal screening conditions in an attempt to optimize the conditions for crystal 

formation of the complexes. 
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Result 

MDA5 full length purification 

Ni-NTA Column 

 We started first with MDA5 full length due to plasmid availability. Initially, we used Ni-

NTA column to purify the protein using His-tag’s affinity to the resin. The column showed 

positive results as SDS-PAGE gel results showed MDA5 full length with His-tag (120 kDa) 

elutes at 100mM, 300mM and 500mM imidazole concentration (Figure 3). However, the 

fractions contained most MDA5 at 300mM imidazole concentration still have many 

contaminants especially at 75 kDa. The lack of bands in the wash fractions indicate that the 

contaminant bands in the elution fractions are not unspecific binding proteins. The presence of 

MDA5 full length band in the pellet sample suggests that some of the protein was denatured 

during sonication and precipitated into the pellet during centrifugation. This could explain the 

lack of an intense MDA5 full length band in the supernatant sample (L). Elution fractions of 

300mM imidazole concentration were collected and diluted 10 times to a final imidazole 

concentration of 30mM and a final NaCl concentration of 50mM. This step was needed to 

prepare the sample for further purification using Heparin Column, which is designed for 

purification of RNA/DNA binding proteins. 
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Figure 3: Stained SDS-PAGE gel after first Ni-NTA gravity column. Protein ladder is used and 
labeled on the left with mass in kilo dalton (kDa). Proteins bound with high affinity to the column are 
eluted with the elution buffer described in the method of varying imidazole concentration. Elution 
fractions are shown with different concentrations of imidazole in millimolar (mM). MDA5 full-length 
is shown as the eluting bands near at 120kDa. Wash solutions described in the method are used to elute 
unspecific binding elements and protein. L is the supernatant obtained after cell lysis. FT is the 
resulting supernatant after it is passed through the column. Pellet denotes the pellet sample from cell 
lysis. 20 uL of sample with 5 uL of 5x SDS loading dye is used for each lane of the gel.  

 

  

Heparin Column 

 We attempted further purification using Heparin column which is designed for 

DNA/RNA binding protein purification. The diluted sample from the first Ni-NTA column was 

passed through a 5mL Heparin column. However, SDS-PAGE gel result shows lost of almost all 

full-length MDA5 after dilution as the prominent band at 120kDa in the pre-dilution sample is 

only faintly observable in the dilution (Figure 4A). The chromatograph supports the gel result as 

there is no clear absorption peak observed at either wavelength in the chromatograph (Figure 

4B).  
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Figure 4: (A) Stained SDS-PAGE gel after Heparin affinity column. Protein ladder is used and 
labeled on the left with mass in kilo dalton (kDa). Tightly bound proteins and other materials are eluted 
using a concentration gradient of decreasing 0M NaCl buffer(Conc A) and increasing 1M NaCl 
containing buffer(Conc B). Elution fractions are shown by the sample well they are collected from. 
Flowthroughs are the resulting samples after passing selected elution samples from the first Ni-NTA 
through the Heparin column. 20 uL of sample with 5 uL of 5x SDS loading dye is used for each lane of 
the gel. (B) Chromatograph of eluted samples from Heparin column. Detection of eluted proteins is 
enabled by measuring the absorbance (in mAU) of UV lights of wavelength 280 (shown in blue) and 
wavelength 260 (shown in purple). Absorbance peaks are shown with absorbance displayed at the top of 
each peak. The samples with the corresponding absorbances are shown using the name of the sample 
well in gray above the x-axis. Changes in Concentration of buffer A (orange) and Buffer B (green) are 
shown relatively. The x-axis shows the volume of sample eluted from the column. 
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Size Exclusion Column (SEC) 

 Some of the elution fractions containing MDA5 from the first Ni-NTA column were 

stored in -80°C. We used the stored sample for size exclusion chromatography in order to further 

purify the sample without Heparin. We also passed the flowthrough samples from Heparin in 

order to confirm whether the faint bands we saw near 150kDA in Figure 4A is MDA5 or just 

merely smears from the SDS loading dye. The result from SDS-PAGE gel indicates that there 

was not a band for MDA5 full length in the flowthrough fractions of the Heparin column. This 

meant that all full-length MDA5 was lost during dilution. We observed the band representing 

full-length MDA5 full length in the stored elution sample of the first Ni-NTA. However, this 

band disappears in the fractions that passed through the size exclusion column. At the same time, 

we observed an increase in the intensity of the contaminant band at 75 kDa and the contaminant 

band in between 75kDa and 50 kDa in the elution fractions compared to the samples before SEC 

(Figure 5A). The chromatograph of the column supported this finding as we observered a high-

intensity peak at the fractions where we observer intense bands in the SDS-PAGE gel (Figure 

5B). These observations suggested that full-length MDA5 is highly unstable and degrades after 

experiencing changes from freezing temperature to room temperature. The increase in the 

intensity of contaminant bands was most likely a result from the degradation of full-length 

MDA5 into smaller peptide chains. However, the contaminant bands around 75 kDa could also 

be unspecific proteins that were trapped by the SEC matrix. 
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Figure 5: (A) Stained SDS-PAGE gel after SEC. Protein ladder is used and labeled on the left with 
mass in kilo dalton (kDa). Samples from elution fractions containing MDA5 full length (Load (-80C)) 
and flowthrough sample from Heparin column (Load (4C)) are passed through SEC. Elution fractions 
are shown by the sample well they are collected from. 20 uL of sample with 5 uL of 5x SDS loading 
dye is used for each lane of the gel. (B) Chromatograph of eluted samples from SEC column. 
Detection of eluted proteins is enabled by measuring the absorbance (in mAU) of UV lights of 
wavelength 280 (shown in blue) and wavelength 260 (shown in purple). Absorbance peaks are shown 
with volume of the samples in the peak at the top of each peak. The samples with the corresponding 
absorbances are shown using the name of the sample well in gray above the x-axis. The x-axis shows 
the volume of sample eluted from the column. 
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MDA5 CARDs purification 

Ni-NTA Column 

 Due to issues with the purification of MDA5 full-length, we decided to purify the 

CARDs of the MDA5 protein (25kDa) in order to test potential binding of NS2 at these domains. 

Observations from SDS-PAGE gel shows positive results in the initial purification of MDA5 

CARDs. The protein begins eluting at 50 mM imidazole concentration. MDA5 CARDs were 

overexpressed at high amount as shown by the intense bands at 25kDa which represent MDA5 

CARDs with His-tag. However, the fractions containing MDA5 CARDs contain many 

contaminant bands including a very prominent band in between 25kDa and 37 kDa (Figure 6).  

Elution fractions at 400mM to 500mM imidazole are collected and combined for further 

purification. 

 
Figure 6: Stained SDS-PAGE gel after first Ni-NTA gravity column. Protein ladder is used and 
labeled on the left with mass in kilo dalton (kDa). The bands representing MDA5 CARDs are indicated 
by the red rectangle and an arrow. Proteins bound with high affinity to the column are eluted with the 
elution solution described in the method section with varying imidazole and NaCl concentration. 
Elution fractions are shown with different concentrations of imidazole in millimolar (mM). Load is the 
supernatant obtained after cell lysis. 20 uL of sample with 5 uL of 5x SDS loading dye is used for each 
lane of the gel.  
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Q HP Anion Exchange Affinity Column 

 We further purified the collected fractions from the first Ni-NTA column using Q anion 

exchange column. At buffer pH of 7.4, MDA5 CARDs carried an overall negative charge. The 

column we used had a positive charge that enables MDA5 CARDs to preferably bind to the 

column. Elution of MDA5 CARDs was enabled using an increasing salt concentration. SDS-

PAGE gel result showed elution of MDA5 CARDs through intense bands at 25kDa in elution 

fractions B11, C5, C11, D7 and F5 (Figure 7A). The chromatograph supported the gel result as 

an intense peak with an absorbance of around 225 mAU observed at the positions of the elution 

samples (Figure 7B). The presence of MDA5 CARDs bands in the flowthrough fractions can be 

explained as the amount of protein in the collected fraction exceeded the column’s binding 

capacity. The intensity of the MDA5 CARDs band in the elution fractions indicated high-affinity 

binding of MDA5 CARDs to the column. Elution F5 was shown to contain MDA5 CARDs 

without any contaminant band. All other elution fraction contains contaminant bands. However, 

it is worth noting that the relative intensity of the contaminant bands decreased compared to the 

intensity of the MDA5 CARDs band. 
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Figure 7: (A) Stained SDS-PAGE gel after Q HP anion exchange affinity column. Protein ladder is 
used and labeled on the left with mass in kilo dalton (kDa). Tightly bound proteins and other materials 
are eluted using a concentration gradient of decreasing 0M NaCl buffer (Conc A) and increasing 1M 
NaCl containing buffer (Conc B). Elution fractions are shown by the sample well they are collected 
from. Flowthroughs are the resulting samples after passing selected elution samples from the first Ni-
NTA through the Q column. 20 uL of sample with 5 uL of 5x SDS loading dye is used for each lane of 
the gel. (B) Chromatograph of eluted samples from Q HP column. Detection of eluted proteins is 
enabled by measuring the absorbance (in mAU) of UV lights of wavelength 280 (shown in blue) and 
wavelength 260 (shown in purple). Absorbance peaks are shown with volume of samples displayed at 
the top of each peak. The samples with the corresponding absorbances are shown using the name of the 
sample well in gray above the x-axis. Changes in Concentration of buffer A (orange) and Buffer B 
(green) are shown relatively. The x-axis shows the volume of sample eluted from the column. 
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NS2-MBP purification 

First Ni-NTA Column 

 In order to purify NS2, we use a combination tag composed of MBP and 10 histidines. 

MBP is tag well-known for its improvement of expressed protein’s stability and solubility. 

Observations from SDS-PAGE gel shows positive result in the initial purification of NS2-MBP. 

The protein begins eluting at 100 mM imidazole concentration. NS2-MBP is overexpressed at 

high concentration as shown by the intense bands at 60kDa. However, the fractions containing 

MDA5 CARDs contain many contaminant bands (Figure 6). However, these contaminant bands 

are relatively lower in intensity. Elution fractions at 100mM and 400mM imidazole are collected 

and combined for further purification. 

 
Figure 8: Stained SDS-PAGE gel after first Ni-NTA gravity column. Protein ladder is used and 
labeled on the left with mass in kilo dalton (kDa). Proteins bound with high affinity to the column are 
eluted with the elution solution described in the method section with varying imidazole concentration. 
Elution fractions are shown with different concentrations of imidazole in millimolar (mM). W1-W3 are 
wash steps in which wash solutions are used to elute unspecific binding elements and protein.  Load is 
the supernatant obtained after cell lysis. FT is the resulting supernatant after it is passed through the 
column. 

60 
kDa 
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TEV cleavage and Second Ni-NTA 

 Elution fractions collected from the first Ni-NTA were combined and dialyzed in a 10-

times-dilution in order to reduce imidazole and salt concentration. At the same time of the 

dialysis the sample was digested with TEV in 1:50 mass ratio in order to cleave the attached tag 

from NS2. The resulting sample is expected to contain the NS2 protein with cleaved MBP tag. 

The resulting sample after TEV treatment was passed through a second Ni-NTA column. We 

expect the NS2 protein without MBP tag would have less affinity toward the Ni resin and elute at 

a much lower imidazole concentration. The result from SDS-PAGE gel showed that the cleaved 

NS2 eluted at a much lower concentration of imidazole as indicated by the cleaved NS2 band at 

15kDa starting from the flowthrough fraction until 50mM imidazole elution fraction. Some NS2 

remained with the MBP tag as indicated by the band near 75 kDa (Figure 9). Despite failing to 

separate uncleaved NS2 with cleaved NS2, the column was able to separate MBP tag from 

cleaved NS2 as the MBP tag elutes at higher imidazole concentrations.  
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Figure 9: Stained SDS-PAGE gel after Second Ni-NTA gravity column. Protein ladder is used and 
labeled on the left with mass in kilo dalton (kDa). Proteins bound with high affinity to the column are 
eluted with the elution solution described in the method section with varying imidazole concentration. 
Elution fractions are shown with different concentrations of imidazole in millimolar (mM). A wash 
fraction is used to elute unspecific binding elements and protein. 

 

  

Size Exclusion Column (SEC) 

 Elution fractions of 25mM and 50 mM imidazole from the second Ni-NTA were passed 

through the size exclusion column. SDS-PAGE gel result showed separation of cleaved NS2 

from NS2-MBP and MBP in elution fractions B9, B10, C2, and C3 (Figure 10A). However, 

there was a new contaminant band below 25kDa for fraction C2 and C3. We suspect that this can 

be a product of NS2 degradation or contamination of the column from prior use. There was a 

faint. negligible contaminant band at 50kDa. The chromatograph supported findings of the gel as 

a peak was observed in the elutions where the separation of NS2 is achieved (Figure 10B). 
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Figure 10: (A) Stained SDS-PAGE gel after SEC. Protein ladder is used and labeled on the left with 
mass in kilo dalton (kDa). Samples from elution fractions containing NS2 from second Ni-NTA (Load) 
are passed through SEC. Elution fractions are shown by the sample well they are collected from. 20 uL 
of sample with 5 uL of 5x SDS loading dye is used for each lane of the gel. (B) Chromatograph of 
eluted samples from SEC column. Detection of eluted proteins is enabled by measuring the 
absorbance (in mAU) of UV lights of wavelength 280 (shown in blue) and wavelength 260 (shown in 
purple). Absorbance peaks are shown with volume of the samples in the peak at the top of each peak. 
The samples with the corresponding absorbances are shown using the name of the sample well in gray 
above the x-axis. The x-axis shows the volume of sample eluted from the column. 
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Crystal Conditions Screening 

 We mixed purified NS2 and MDA5 CARDs in a 1:1 mass ratio. Next, we tested for 

multiple crystallization conditions at various conditions of varying salt, pH, metal 

concentrations. The majority of our conditions formed aggregate. One condition at well H11 was 

able to form micro crystals, suggesting that highly ordered complexes are potentially being 

formed by NS2 and MDA5 CARD. However, the condition is not sufficient to form a crystal 

suitable for structural studies using X-ray diffraction.  

 
 
Figure 11: Formation of micro crystals in screening condition. Samples of NS2 and MDA5 CARDs 
are used in 6 trays of 96 different crystal screening conditions. One condition exhibits positive result 
with formation of micro crystals. Condition of the well is shown.  
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Discussion and Future Direction 

 In order to study the structural antagonism of RSV viral protein NS2 on human RIG-I 

and MDA5, we sought to optimize the expression and purification system of the proteins in 

question using Escherichia coli. We were able to successfully overexpress and purify NS2 and 

MDA5 CARDs with minimal contaminants. Additional large-scale purifications of NS2 and 

MDA5 CARDs will be necessary to generate samples for our future structural studies. Next, we 

will need to create and optimize a purification protocol to obtain samples of full-length RIG-I. In 

the event that purification of full-length RIG-I fails, we can purify RIG-I CARDs domain instead 

as NS2 is found to interact with RIG-I at its CARD domain (2). 

Our attempts at purifying full-length MDA5 were not successful due to the instability of 

the full-length MDA5 expressed by E. coli BL21 cells. In order to successfully purify full-length 

MDA5 in the future, we need to improve its stability. It is well established in scientific literature 

that MDA5 forms filaments along double-stranded RNA (13, 14). The interaction with double 

stranded RNA may improve the stability of MDA5. Therefore, we can add double stranded RNA 

into elution fractions containing MDA5 after the first Ni-NTA column before moving to the next 

purification step in future purification attempts.  

 Initial crystal condition screening shows a potential condition for crystal formation with 

the formation of micro crystals (Figure 11). Moving forward, we should optimize the condition 

by modifying the components of the identified potential conditions and testing different 

combinations using the hanging drops method. Another way to increase our chance of forming 

crystal is to improve the purity of our protein samples. This would require further optimization of 
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our purification methods. After a suitable condition is found and a crystal of the complex 

between NS2 and MDA5 CARDS is formed, we can move on to study the structure of this 

interaction through X-ray crystallography. The resulting structure of the interaction could be 

extremely valuable in designing future therapeutic against RSV and improve our understanding 

of NS2 structural functions.  
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Materials and Methods 

Cells and Plasmids 

Proteins for this study were expressed using Escherichia coli BL21(DE3). We used 2CT-10 

plasmid for our NS2 MBP construct, 2BT-10 plasmid for our MDA5 CARDs construct. Details 

of our plasmids with restriction sites are included in the figure below. 

 

Figure 12: Plasmids design. A) plasmid construct for MDA5 CARDs with 10x his-tag. B) plasmid 
construct for NS2 with MBP tag and 10x his-tag. C) plasmid construct for full-length MDA5 with 10x 
his-tag. 
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Transformation 

Competent E. coli BL21(DE3) cells were mixed with plasmids containing the desired 

recombinant protein in the following ratio: 200ng plasmid / 50 μL cell (MDA5 full length); 

200ng plasmid / 50 μL cell (MDA5 CARDs); 200ng plasmid / 50 μL cell (NS2). The mixture 

was incubated on ice for 30 minutes. Uptake of the plasmid by the E. coli cells were induced 

through heat shock at 42°C for 45 seconds. The mixture was then cooled on ice for 5 minutes.  

900 μL of LB was added to the mixture and incubated in a shaker at 37°C for growth in 1 hour. 

100 μL of the mixture was plated onto a cell culture agar plate containing 100 mM carbenicillin. 

The plate was incubated at 37°C overnight. 

Protein expression 

The transformed cell colonies were grown in 250mL Luria broth mediums with 1:1000 

ratio of Ampicillin (250 μL). The mediums were grown overnight at 37°C. The mediums were 

transferred into 1L flasks for further growth (10mL per 1-L flask) at 37°C. Once the OD600 of 

each flask reached 0.4–0.6, the flasks were cooled on ice and induced with 500mM isopropyl β-

D-1-thiogalactopyranoside (IPTG). The temperature of the shaker was lowered to 20°C. The 

flasks were incubated overnight for protein expression.   

Protein purification 

 Cell from Luria broth culture was harvested by centrifugation at 3800 rounds per minute 

(rpm) for 30 minutes at 4°C. Resulting cell pellets from each 1L culture were washed with 

deionized water and resuspended in 50 mL lysis buffer (25mM Na₃PO₄ pH 7.4, 500mM NaCl, 

10% glycerol, 2mM β-mercaptoethanol). Resuspended cells were mixed with protease inhibitors 

in the following amount: 500 μL phenylmethylsulfonyl fluoride (PMSF); 50 μL Aprotinin; 50 μL 

Pepstatin; 50 μL Leupeptin. The mixture was sonicated on ice at 50% amplitude for 20 minutes. 
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The supernatant of the lysate was separated using high speed centrifugation at 18000 rpm for 1 

hour at 4°C. The supernatant was then incubated in Ni-NTA resin equilibrated with the lysis 

buffer (first Ni-NTA column). The resin was then washed with wash buffers (25mM Na₃PO₄ pH 

7.4, 750mM NaCl, 10% glycerol, 2mM β-mercaptoethanol, 50mM – 75mM imidazole) in a 

gravity column. The proteins were eluted using an elution buffer (25mM Na₃PO₄ pH 7.4, 

150mM NaCl, 10% glycerol, 2mM β-mercaptoethanol, 200mM – 600mM imidazole). The 

column was then cleaned with 15mL of 25mM Na₃PO₄ pH 7.4, 150mM NaCl, 10% glycerol, 

2mM β-mercaptoethanol, 1M imidazole. Fractions containing the desired protein were dialyzed 

with 25mM HEPES pH 7.4, 150mM NaCl, 10% glycerol, 2mM β-mercaptoethanol. At the time 

of the dialysis, the fractions were digested with TEV protease at the mass ratio of 1:20. The 

resulting fractions were put through a second Ni-NTA gravity column. The flowthrough fraction 

is expected to contain the desired protein and was collected for concentration using concentrator 

of the appropriate molecular cut-off point. The protein containing fraction was concentrated to 

around 2mL and was further purified through a different type of affinity column or size 

exclusion column using the ÄKTA™ pure protein purification system. 
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