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Abstract

We have recently identified a new family of multidomain oxidoreductase (redox) enzymes, the 

MICALs, that directly regulate the actin cytoskeletal elements necessary for the morphology, 

motility, and trajectory of cells. Our genetic assays reveal that Mical is both necessary and 

sufficient for actin organization and cellular effects in vivo and our biochemical assays with 

purified Mical protein reveal that Mical utilizes its redox activity to directly disassemble actin 

filaments. These results identify Mical proteins as novel actin disassembly factors and uncover a 

redox signaling mechanism that directly regulates the actin cytoskeleton. These results have also 

set the stage for in-depth characterization of the Mical enzyme. However, it has been difficult to 

obtain sufficient amounts of highly-pure Mical protein to conduct further biochemical, structural, 

imaging, catalytic, and other high-precision studies. Herein, we describe a means for expressing 

high levels of soluble recombinant Mical protein in bacteria. Likewise, we have designed a new 

purification strategy that enables the rapid and efficient purification of milligram quantities of 

highly-pure and >99% active Mical protein. This new strategy for generating large amounts of 

highly-pure and active Mical protein will aid research objectives designed to characterize the 

biochemical, enzymology, and structural biology of Mical and its effects on actin filament 

dynamics.
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Introduction

Cells require the assembly of actin filaments beneath their plasma membranes in order to 

produce the forces necessary for motility. Regulating the organization and dynamics of these 

actin filaments leads to changes in the shape, trajectory, and connectivity of these cells. 
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Multiple extracellular guidance cues and their cell surface receptors have now been 

identified that regulate actin dynamics in motile cells and their processes [1-4], but we still 

know little of how these instructive cues present on the cell surface exert their precise effects 

on the actin cytoskeleton. Semaphorins, for example, are one of the largest families of these 

guidance cues but use poorly understand mechanisms to directly regulate the movement and 

navigation of cells and their membranous extensions that are critical for neural function, 

immunity, angiogenesis, cardiovascular health, and pathologies including cancer [5-8].

We have recently identified a new cytosolic protein, Mical, that provides a direct link 

through which Semaphorins regulate the actin cytoskeleton [9-12]. Mical directly binds to 

both the Semaphorin receptor Plexin and actin, and directly disassembles actin filaments 

(Figure 1A; [9, 10]). Mical is a member of a phylogenetically-conserved family of proteins, 

the MICALs, that are unusual in that they combine a flavin-binding (flavoprotein) NADPH-

dependent oxidoreductase enzymatic moiety with a number of domains found in 

cytoskeletal-associated proteins (Figure 1B; [9]). Mical utilizes its NADPH-dependent 

redox enzymatic domain to post-translationally oxidize individual actin filament subunits, 

simultaneously severing filaments and decreasing polymerization (Figure 1C; [11]). Mical 

therefore is an important new class of actin disassembly factors that uses a catalytic post-

translational redox mechanism to alter F-actin stability. However, this work and the further 

characterization of the biochemical activity of Mical has been hindered by the inability to 

purify large amounts of Mical protein [9, 13]. We now present a simple method for 

expressing and rapidly purifying large amounts of active Mical protein.

Materials and Methods

Chemicals and Chromatography Resins

Basic chemicals were obtained from Sigma Chemical, Inc., St. Louis, MO, USA, while 

Complete® EDTA-free protease inhibitor cocktail tablets were obtained from Roche Applied 

Science, Indianapolis, IN, USA and Imidazole was obtained from EMD Biosciences, San 

Diego, CA, USA. Conical centrifuge tubes were obtained from Corning Life Sciences 

(Corning, NY, USA), and Amicon Ultra centrifugal filters (Ultracel-50k) were obtained from 

Millipore, Billerica, MA, USA. Homogenization was performed with a high-pressure 

homogenizer (EmulsiFlex-C5, Avestin, Inc., Ottawa, Ontario, Canada). HISTRAP FF, 

HIPREP 26/10 Desalting columns, Superdex™ 200, 10/300GL gel filtration column, and 

AKTA Purifier UPC 10 were from GE Healthcare Bio-Sciences Corporation (Piscataway, 

NJ, USA). The Uno S6 column was obtained from Bio-Rad Company (Hercules, CA, USA).

Molecular Biology and Protein Expression

In order to obtain high-quality recombinant Mical protein, we have pursued a number of 

different bacterial expression and purification strategies ([9, 10, 13], including trying to 

adopt strategies that have been used to express different parts of Mical and specific portions 

of MICALs from other species (e.g., [13-15]). However, these expression strategies and 

constructs have not provided a rapid, simple, and efficient means to generate abundant levels 

of active Mical protein for different biochemical and F-actin assays in vitro and matching 

with regions of the Mical protein used in vivo ([13], data not shown). Since, our previous 
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work with purified recombinant Mical protein revealed that the oxidoreductase (redox) and 

calponin homology (CH) domains of Mical (Figure 1B) are together sufficient for Mical's 

biochemical activity and for its effects on actin filaments in vivo and in vitro [10], we have 

concentrated our efforts on purifying a portion of the Mical protein containing both the 

redox and CH domains (MicalredoxCH). We have used the pET43.1bNG plasmid (see Figure 

1 in Ref [16]) containing Drosophila MicalredoxCH for this work and it was transformed into 

ArcticExpress Competent cells (Stratagene, La Jolla, CA, USA) using heat shock at 42°C 

for one minute in a water bath and bacteria were selected for up-take of the plasmid by their 

ability to grow on LB/agar plates containing 50 μg/ml carbenicillin (Research Products 

International [RPI] Corp, Mount Prospect, IL, USA). A single clone was then selected from 

the culture plate using sterile technique and inoculated into 150ml TB culture medium 

containing 50 μg/ml carbenicillin, 2mM MgSO4 (Fisher Scientific, Pittsburgh, PA, USA), 

and 20μg/ml gentamycin (Sigma Chemical, Inc., St. Louis, MO) and shaken at 37°C 

overnight in an Innova44 shaking incubator (New Brunswick, Edison, New Jersey, USA). 

The overnight culture was then diluted (1:40) into 6 L of TB medium containing 50 μg/ml 

carbenicillin, mixed thoroughly, and then divided into 1 L aliquots that were placed into six 

2.8L flask after which time 2ml of Antifoam B emulsion (Sigma Chemical, Inc., St. Louis, 

MO, A6707-500ml) were added into each flask. Bacteria were then cultured at 30°C with 

shaking at 225rpm for ~8 hrs. Isopropyl-β-D-thiogalactoside (IPTG) was then added to the 

culture at a final concentration of 0.5mM to induce expression of the Mical protein and the 

culture was then incubated with shaking at 10°C for 24 hrs. The culture was then poured into 

1L centrifuge bottles (Nalge Nunc International Corporation, Rochester, NY, USA), which 

were spun in a Beckman J-6M Induction Drive Centrifuge at 3500rpm (2623 × g) for 30min 

to collect the bacteria pellet. The supernatant was then drained from the bottle and the 

bacteria pellet/bottle was then fast frozen in liquid nitrogen and stored at −80°C.

Homogenization and Clarification of Cell Lysates

Frozen bacteria pellets from 6 L TB media culture was thawed at room temperature for 

30min. One tablet of Complete® EDTA-free Protease Inhibitors was dissolved in 100 ml of 

lysis buffer (10mM Tris-HCl, pH8.0, 500mM NaCl, 3mM β-mercaptoethanol, 20mM 

imidazole) according to the manufacturer's instructions. This protease inhibitor cocktail was 

then added to the cell pellets and allowed to stir using a stirrer plate at 4°C and stirrer bars 

until the pellet had completely dissolved (about 10min). The dissolved sample was then 

loaded into a high-pressure homogenizer (EmulsiFlex-C5, Avestin, Inc., Ottawa, Ontario, 

Canada) pre-cooled for 1 hr using a refrigerated circulating bath set at 4°C, and the bacteria 

were broken by increasing the pressure to 40 psi. In all cases, the output pressure was within 

5,000-10,000 psi and the temperature of the sample was controlled by either immersion of 

the machine/tubing in ice or cooling and applying water using a re-circulating water bath. 

Initially, the cells were swirled during lysis to prevent cells from getting stuck in the 

machine and the lysis step was repeated two to three times (up to five times). As an 

alternative, the bacteria was lysed using a Misonix Ultrasonic Liquid Processor or similar 

and sonicating for 15 minutes at 50 amplitude, 5s on and 5s off. The cloudy supernatant was 

then further clarified by transferring the sample into a 250 ml NALGENE centrifuge bottle 

with a sealing cap and centrifuging the homogenized sample at 22,000g for 2 h with a 

Beckman J2-MC centrifuge. The resultant supernatant was transferred into another 

Wu et al. Page 3

Protein Expr Purif. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



centrifuge bottle and spun for 30min at the same speed. The supernatant was then filtered 

using Durapore membrane filters (0.45μm, Millipore).

Ni2+-NTA Chromatography and SDS-PAGE

Nickel-nitrilotriacetic acid (Ni2+-NTA) chromatography was done using standard 

approaches by loading the sample into a 5ml HisTrapFF1-GE affinity column with buffer 

Ni-A (10mM Tris-HCl, pH8.0, 500mM NaCl, 5% glycerol, 3mM β-mercaptoethanol, 20mM 

imidazole) and washed with >20 column volumes (CV) of buffer Ni-A at flow rate of 

1ml/min (faster flow rates [2-3 ml/min] were also employed if the pressure in the system 

stayed below 0.35 Mpa). Prior to eluting the MicalredoxCH protein, it is possible to remove 

much of the chaperonin-associated proteins Cpn60 and Cpn10 from the Ni2+-NTA affinity 

column by washing with 20 CV of dissociation buffer (20 mM Hepes pH 7.0, 10 mM 

MgCl2, 5 mM ATP, and 150 mM KCl)) [17]. The dissociation buffer was washed out with 

10 CV of buffer Ni-A and MicalredoxCH protein was eluted with elution buffer Ni-B (10mM 

Tris-HCl, pH8.0, 500mM NaCl, 5% glycerol, 3mM β-mercaptoethanol, 250mM imidazole). 

The eluates were saved in one mL aliquot samples in microcentrifuge tubes using a 

FRAC-920 fraction collector (GE Healthcare Bio-Sciences Corporation, Piscataway, NJ, 

USA). 10 μL of each sample was then mixed with 3.3 μL of 4x Laemmli Sample Buffer 

(250mM Tris, pH6.8, 8% SDS, 40% glycerol, 0.032% bromophenol blue, 20% β-

mercaptoethanol) and loaded onto an 1.5mm-thick SDS-PAGE gel composed of 10% 

separating gel (10% Acryl and bisacryl [29:1], 375mM Tris-HCl, pH8.8, 0.1% SDS, 0.1% 

ammonium persulfate and 0.08% TEMED) and 4% stacking gel (4% Acryl and bisacryl 

[29:1], 125mM Tris-HCl, pH6.8, 0.1% SDS, 0.15% ammonium persulfate and 0.125% 

TEMED). A Mini Format 1-D Electrophoresis unit (Bio-Rad Company, Hercules, CA, 

USA) was used for all protein electrophoresis.

Sample Desalting, Thrombin Digestion, and Ion Exchange Chromatography

Samples containing the appropriately sized bands were combined and desalted by loading 

them onto a HiPrep™ 26/10 column (GE Healthcare Bio-Sciences Corporation, Piscataway, 

NJ, USA) and eluting them with S-A Buffer (20mM NaPO4, pH7.5, 10mM NaCl, 5% 

glycerol, 1mM DTT). Samples were then thrombin (Roche Diagnostics GmbH, Germany) 

digested to remove the Nus solubility tag by incubation with 100 μl of 10 μg/μl thrombin at 

RT for 4 hrs. A small amount of the digested sample was then run on a 10% SDS-PAGE gel 

to check the efficiency of the thrombin digestion. After the thrombin digestion was 

confirmed to be complete, the sample in S-A buffer was loaded onto a MonoS column at a 

flow rate of 1 ml/min. The column was then washed with 10CV of S-A buffer (until the UV 

reading was stable, indicating that protein was not continuing to wash off the column). The 

samples were then collected in 1 ml aliquots following elution with 35 CV of an elution 

buffer S-B (20mM NaPO4, pH 7.5, 1 M NaCl, 5% glycerol, 1mM DTT). 10 μL samples 

from each collection tube were then mixed with Laemmli Sample Buffer and 

electorphoresed on an SDS-PAGE gel.

Gel Filtration Chromatography, Buffer Exchange, and Sample Concentration

Samples eluded from the ion exchange column containing the appropriately sized bands 

were loaded into a Millipore Amicon Ultra centrifugal filter (Ultracel-50 kDa cutoff) and 
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centrifuged for 15 min at 2623 × g with a Beckman J-6M Induction Drive Centrifuge in 

order to decrease the volume. To further polish protein quality, samples were loaded onto a 

Superdex™ 200, 10/300GL gel filtration column (GE Healthcare Bio-Sciences Corporation, 

Piscataway, NJ, USA) that had been pre-equilibrated with gel filtration buffer (20 mM 

NaPO4, 200 mM NaCl, 5% glycerol, 1 mM DTT). Samples were washed with gel filtration 

buffer and collected in 500 μl aliquots. 5 μl of each aliquot was subjected to SDS-PAGE. 

Samples that were highly enriched for the appropriately sized band (MicalredoxCH protein) 

were then concentrated by loading the sample into a Millipore Amicon Ultra centrifugal 

filter (Ultracel-50kDa cutoff) and centrifuging as described above until the volume was 

reduced to less than 1 ml. The MicalredoxCH protein was then changed into its storage buffer 

by adding ~14 ml of ice-cold Mical protein Storage buffer (10mM Tris-HCl, pH8.0 100mM 

NaCl, 5% glycerol, 1mM DTT). The sample was then mixed evenly and centrifuged to 

concentrate it to <1 ml. This addition of ~14 ml of ice-cold Mical protein Storage buffer and 

concentration of the sample to <1 ml was repeated two more times with a final 

centrifugation step to decrease the volume to less than 500 μl.

Protein Quantification and Western Blotting

Protein concentration was determined by adding 2 μl to the platform of a Nanodrop 

spectrophotometer and measuring the absorption at 280 nm [18]. For Western blot analysis, 

0.5 μg of purified MicalredoxCH protein and 5 μl Precision Plus Protein Standards (Bio-Rad 

Company, Hercules, CA, USA) were loaded onto a 10% SDS-PAGE gel. After 

electrophoresis, the protein was transferred onto a PVDF membrane (Immobilon P, 

Millipore, Billerica, MA). The membrane was blotted with 5% dry milk / PBS for 1 hr at 

room temperature. A 1:2000 dilution of a Mouse 6 His tag antibody (His tag Monoclonal 

antibody, Novagen, EMD Biosciences, San Diego, CA, USA)/ 5% dry milk/ PBS was then 

added to the membrane and incubated overnight at 4°C. The membrane was washed 5 times 

with PBS for 10 min each and then incubated in a 1:10,000 dilution of HRP-conjugated, 

sheep anti-mouse IgG antibody (NA931V, Amersham, GE Healthcare Bio-Sciences 

Corporation, Piscataway, NJ, USA) in 5% dry milk/ PBS for 1 hr at room temperature. The 

membrane was then washed 5 times with PBS for 10 min each, incubated in SuperSignal™ 

West Pico Chemiluminescent substrate (Thermo Scientific, Rockford, IL, USA) for 1 minute 

at RT, and then exposed to BioMax Light Film (Kodak, Rochester, NY, USA).

UV-visible Spectroscopy and Related Analyses

UV-visible spectroscopy was done using standard approaches [19] and either a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA) or fluorescence 

spectrophotometer (Spectra Max M2; Molecular Devices, Sunnyvale, CA, USA). Scanning 

wavelengths between 250nm and 700nm were used. Data was then loaded into Excel 

software (Microsoft Corp., Redmond, WA, USA) and presented using GraphPad software 

(La Jolla, CA, USA). Calculating the percentage of purified MicalredoxCH protein that is 

bound to FAD (i.e., the percentage of MicalredoxCH protein that will be active) was done 

using standard approaches [20, 21] such that the concentration of the purified MicalredoxCH 

protein was determined as described above by adding 2 μl to the platform of a Nanodrop 

spectrophotometer and measuring the absorption at 280 nm. The concentration of FAD in 

the purified sample was then determined using standard approaches [22], by denaturing 
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MicalredoxCH protein with 0.2% SDS, pelleting the denatured MicalredoxCH protein, 

measuring the absorbance of the free FAD in the sample, and then using the Beer-Lambert 

law (Absorption at 459 nm = ε[extinction coefficient, also known as molar absorptivity] × C 

[concentration in M] × l [path length in cm of the cuvette in which the sample is contained]) 

to calculate the concentration of FAD. The concentration of FAD in the purified sample was 

then divided by the concentration of MicalredoxCH in the purified sample to determine the 

percentage of purified MicalredoxCH protein that is bound to FAD (see also Figure 3B).

Catalytic (NADPH-Consumption) Activity of Purified Mical Protein

Examining Mical's ability to consume its co-enzyme NADPH was done using standard 

approaches and based on the ability of NADPH to absorb light at 340 nm, while NADP+ 

does not [11]. To do this, 294 μl of DTT/General Actin Buffer (5 mM Tris-HCl pH8.0 and 

0.2 mM CaCl2, 1mM DTT) was added into two 1.7 ml microcentrifuge tubes (tubes 1 and 

2). As a control, 3 μl of MicalredoxCH protein storage buffer (10mM Tris-HCl, pH8.0 100mM 

NaCl, 5% glycerol, 1mM DTT) was added into tube 1. For the experimental tube (tube 2), 3 

μl of 60μM purified MicalredoxCH protein was added (to generate a final concentration of 

600 nM). The temperature of a Microplate reader (Spectra Max M2; Molecular Devices, 

Sunnyvale, CA, USA) was then set to 25°C and programmed to monitor absorbance 

intensity every 30 sec at 340 nm. The mixture from tube 1 was then placed into a Quartz and 

Glass Micro Cell (Fisherbrand, Fisher Scientific, Pittsburgh, PA, USA) and the absorbance 

was pre-read every 30 sec for 3 min to establish a zero point. 3 μl of 10 mM NADPH (MP 

Biomedicals, Solon, OH, USA, 100 μM final concentration) was then added into the same 

Micro Cell. The Micro Cell was then covered with a small piece of parafilm and mixed by 

inverting 5 times. The absorbance was recorded every 30 sec for 30 min to get results for the 

buffer only negative control. The mixture from tube 2 was then transferred into a 

Fisherbrand Quartz and Glass Micro Cell and the absorbance was pre-read every 30 sec for 3 

min (the zero point). 3 μl of 10 mM NADPH (100 μM final concentration) was then added 

into the same Micro Cell and inverted 5 times to mix as described above. The absorbance 

was then recorded every 30 sec for 30 min to get the experimental result using the purified 

MicalredoxCH protein. The saved results from the spectrophotometer were then loaded into 

GraphPad Prism (La Jolla, CA, USA). The zero points of both samples were then 

normalized according to the pre-read results (zero point results) and the curve was presented 

using GraphPad Prism.

Actin polymerization Assay

Standard approaches for a pyrene-labeled actin polymerization assay was employed ([10-12, 

23]; Cytoskeleton, Inc.) such that ATP (final concentration: 200μM) and 1M DTT (final 

concentration: 1 mM) were added into 1ml ice-cold General Actin Buffer (5mM Tris-HCl 

pH8.0 and 0.2 mM CaCl2). This General Actin Buffer was then used to dilute pyrene-

labeled muscle actin (Cytoskeleton Inc, Denver, CO, USA) to 0.1mg/ml (2.3 μM). The 

mixture was pipetted up and down to mix after which time it was incubated on ice for 1 hr to 

depolymerize actin oligomers that had formed during storage. The actin was then 

centrifuged at 60,000 rpm (150,000 × g) at 4°C for 1 hr in a TLA-120.1 rotor and an 

Optima™ TLX Ultracentrifuge (Beckman Coulter, Inc., Fullerton, CA, USA) to remove 

residual actin nucleating centers after which the supernatant was transferred to a new tube on 
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ice. Actin was then added into wells of a 96-well plate (100μl/well) and NADPH (MP 

Biomedicals, Solon, OH, USA, final: 200 μM) was added into some of the wells. A 2x actin 

polymerization buffer (10mM Tris-HCl pH7.5, 100 mM KCl, 4mM MgCl2, 2mM EGTA, 

1mM DTT, 0.4mM ATP) containing either MicalredoxCH protein (final concentration: 600 

nM) or the buffer used to store Mical (10mM Tris-HCl pH8.0, 100 mM NaCl, 5% glycerol, 

1 mM DTT) was then added into each well to induce actin polymerization at 25° C. Actin 

was used at a final concentration of 1.1 μM for each of the conditions (Storage Buffer + 

actin, NADPH + actin, MicalredoxCH + actin, MicalredoxCH + NADPH + Actin). 

Fluorescence intensity was immediately monitored at 407 nm with excitation at 365 nm by a 

fluorescence spectrophotometer (Spectra Max M2; Molecular Devices, Sunnyvale, CA, 

USA). After normalization with the blank control, all curves were shifted to the same zero 

point as G-actin only controls. The XY scatter method was used to draw the dynamic actin 

polymerization curves with GraphPad Prism software (La Jolla, CA, USA).

Results and Discussion

In order to obtain high-quality recombinant Mical protein for biochemical, catalytic, 

imaging, and structural biological applications, we have pursued a number of different 

bacterial expression and purification strategies [9, 10, 13]. While each of these approaches 

has been successful in generating Mical protein that has been used for characterizing Mical 

and its effects on actin filaments [9-12], our approaches have also been confounded by 

problems of both low solubility and yield, and they have not provided a rapid, simple, and 

efficient means to generate abundant levels of Mical protein. Therefore, the objectives of this 

study were to: (1) establish a system to express high amounts of soluble Mical protein; (2) 

develop a simple and efficient chromatography protocol to purify large amounts of Mical 

protein; (3) characterize the purified Mical protein to establish its authenticity and integrity 

with respect to its correct mass, flavin/cofactor content, and NADPH/co-enzyme 

consumption activity; and (4) ascertain that the purity and catalytic efficiency of the purified 

Mical protein are sufficient for the characterization of Mical and its effects on actin 

filaments.

A new strategy to generate high levels of soluble MicalredoxCH protein

Our previous analysis of purified recombinant Mical protein revealed that the 

oxidoreductase (redox) and calponin homology (CH) domains of Mical (Figure 1B) are 

together sufficient for Mical's biochemical activity and for its effects on actin filaments in 

vivo and in vitro [10]. Therefore, we have concentrated our efforts on purifying a portion of 

the Mical protein containing both the redox and CH domains (MicalredoxCH). Our previous 

work [9, 10, 13] revealed that Mical protein was most soluble in bacteria when we expressed 

Mical fused to a Nus solubility tag [24-27]. However, the organization of the available 

pET43.1 vector that contained a Nus tag also contained His purification tags on both sides of 

a thrombin protease cleavage site, making it difficult to use His/nickel affinity 

chromatography to separate the Mical target protein from the Nus tag following thrombin-

mediated protein cleavage. Therefore, we modified the pET43.1b vector to change the 

position of the thrombin cleavage site and the N-terminal His tag and inserted the redoxCH 

Wu et al. Page 7

Protein Expr Purif. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



portion of Mical (Figure 1B) within this modified vector, which we called pET43.1bNG 

(see Figure 1 in Ref [16]).

Our initial observations with MicalredoxCH protein expressed using the pET43.1bNG vector 

revealed that 1) MicalredoxCH expressed in this vector was even more soluble in this 

configuration with the Nus tag than it had been using the pET43.1 vector and 2) the use of 

the pET43.1bNG vector increased the amount of MicalredoxCH protein that bound to the Ni2+ 

beads, suggesting that the N-terminal His tag might be better exposed in its new position. 

However, the on-going use of a number of conventional expression strategies and induction 

temperatures as low as 14°C still failed to provide high levels of soluble MicalredoxCH 

protein (data not shown). Our experimental analysis of Mical protein expression using 

bacteria revealed, however, that lowering the temperature of growth resulted in more soluble 

Mical protein (data not shown). We therefore turned to bacterial cells engineered to express 

cold-adapted chaperonin proteins Cpn60 and co-chaperonin Cpn10 from the cryophilic 

bacterium, Oleispira antarctica [28]. Chaperonins have often been employed to help bacteria 

process and fold recombinant proteins and Cpn60 and Cpn10 facilitate protein folding at 

temperatures as low as 4–12°C. Thus, these chaperonins enable both low-temperature 

expression and assisted processing of proteins, which has been found to increase the 

abundance of soluble protein [29, 30]. In comparison to more traditional induction 

temperatures [13], our pilot studies using both standard microbiological and induction 

procedures [9, 13, 31] and these cold-adapted Arctic Express bacteria revealed an increase in 

the levels of soluble MicalredoxCH (Figure 2A). These findings suggested that our 

pET43.1bNG expression vector coupled with expression in cold-adapted Arctic Express 

bacteria provided a means to produce large amounts of soluble MicalredoxCH protein in 

bacteria.

Purification

The step-by-step purification process is described in detail below and summarized in 

Scheme 1. A representative MicalredoxCH purification process that monitors enzyme purity 

by SDS-PAGE and Coomassie blue staining is shown in Figure 2.

Homogenization and clarification of bacterial cell lysates

Homogenization of 45 g of cell paste, that was obtained from 6 L cultures (5 × 1010 cells), 

was performed in 100 ml of lysis buffer and resulted in a cloudy solution that was subjected 

to high-pressure homogenization and centrifugation at 22,000 × g to remove the larger 

particular matter. The supernatant was then centrifuged again at 22,000 × g after which time 

the clarified solution between the pellet and the film at the top of the centrifuge tube was 

removed, filtered through a 0.45μm filter, and the filtered solution was used for the next 

purification step (Ni2+− NTA chromatography).

Ni2+ -NTA chromatography

The sample preparation was first loaded into a column containing the Ni2+-NTA and the 

column was washed repeatedly with a buffer containing 20mM imidazole (buffer Ni-A) to 

elute contaminating proteins. The washing step was repeated with greater than 20 CV of this 

20mM imidazole washing solution and was completed when the chromatogram of the FPLC 
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was returned to baseline at 280nm indicating that no more protein was being eluted from the 

column. It should also be noted that MicalredoxCH protein is orange/yellow in color on a 

column (due to its flavin binding). Thus, we also followed the enrichment of the Mical 

protein by the yellow appearance of the column. To elute the bound MicalredoxCH from the 

Ni2+-NTA resin, elution buffer containing 250mM imidazole (elution buffer Ni-B) was 

added to the column and the MicalredoxCH protein was rapidly and completely eluted 

(Figure 2A). As was expected from similar MicalredoxCH purification work [10, 13], the 

Ni2+-NTA column provided a major purification step and greatly enriched the MicalredoxCH 

protein (Figure 2A). However, as can be observed in Figure 2A, several other prominent 

bands, including the chaperonin-associated proteins Cpn60 and Cpn10, also bound with tight 

affinity to the Ni2+-NTA column.

Thrombin digestion to remove the Nus solubility tag

Our previous work aimed at purifying the redox portion of the Mical enzyme [9, 13] 

revealed that the Nus solubility tag [24-27], in contrast to other hydrophilic solubility tags 

such as GST and MBP, greatly increased the solubility of MicalredoxCH. Therefore, we 

employed a Nus solubility tag that could be separated from MicalredoxCH by a consensus site 

for the serine protease thrombin (see Figure 1 in Ref [16]). To remove the Nus tag, we 

prepared our Ni2+-NTA pooled protein sample by first desalting and exchanging the buffer 

using a HiPrep 26/10 column. Little to no precipitate formed in our pooled fraction upon 

desalting and buffer exchange so we proceeded to digest our sample with thrombin. The full-

length Nus-tagged MicalredoxCH migrated on an SDS-PAGE at ~150 kDa which was 

significantly reduced following digestion with thrombin (Figure 2B). Likewise, a prominent 

band at ~84kDa appeared in our thrombin digested sample that corresponded to the 

MicalredoxCH protein (Figure 2B). We also noticed the presence of bands corresponding to 

the chaperonins and also the appearance of a band corresponding in size to the ~56kDa Nus 

tag (Figure 2B). This indicated at least one more purification step was necessary to separate 

out the MicalredoxCH protein.

Ion exchange chromatography

We turned to ion exchange chromatography to remove the Nus tag and additional residual 

proteins including the chaperonins and enrich for our MicalredoxCH protein. Based on its 

amino acid sequence, the isoelectric point (pI) of our MicalredoxCH protein was predicted to 

be 7.07 (DNA Star Software, Madison, WI, USA) while the pI of the Nus tag was calculated 

at 4.43. We therefore selected an anion exchange column (Uno Q6) with a buffer pH above 

the pI for the MicalredoxCH protein (Tris Buffer, pH8.0). We found however a less than 

expected ability of the MicalredoxCH protein to bind and be purified to a high level from the 

anion exchange column at this pH (data not shown). This suggested that the MicalredoxCH 

protein might be more positively charged then would be predicted. We therefore examined 

the ability of MicalredoxCH to bind to a cation exchange column (such as a Uno S6 column or 

a Mono S 5/50 GL Column). Our results revealed that MicalredoxCH protein bound very 

tightly to the cation exchange column at pH7.5 and could not be eluted when the 

conductivity was lower than 18 mS/cm. We have also noticed similar ionic properties of 

different forms of the Mical protein and Mical proteins from other species (data not shown). 

Moreover, since proteins which bind the Ni-agarose column non-discriminately (i.e., without 
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a His(6)-tag) are likely to carry a strongly negative charge on their surface and therefore 

would be predicted not to bind with a cation exchange column, this allowed us to further 

remove residual proteins and enrich for MicalredoxCH. Therefore, we loaded our sample 

through a cation exchange column at pH7.5 and following washing with 5% S-B buffer (in 

which the final conductivity was around 10 mS/cm), protein was eluted from the column 

using a gradient from 5-100% S-B buffer (Figure 2C). Our results revealed that the purity of 

the MicalredoxCH protein is very high after cation column chromatography (Figure 2C). 

However, in order to obtain enzyme with even more homogeneity and purity for precision 

spectroscopic, kinetic studies, and biochemical assays we added an additional purification 

step based on gel filtration chromatography.

Gel filtration chromatography and Buffer Exchange

We employed a gel filtration column to eliminate the residual lower molecular weight 

proteins that were still present in our sample (Figure 2C). To prepare for gel filtration 

chromatography, samples enriched for MicalredoxCH were loaded into an Amicon 

Ultracel-50 in order to decrease the volume. Samples were then loaded onto a Superdex 200, 

10/300GL gel filtration column and washed with gel filtration buffer to enable the different 

size proteins to separate. During this time, samples were collected in 500 μl aliquots and the 

separation and purity of the samples were confirmed on an SDS-PAGE gel (Figure 2D). The 

samples that were highly enriched for MicalredoxCH protein were once again loaded into an 

Amicon Ultracel-50, after which the MicalredoxCH protein was exchanged into a buffer that 

we had previously found to be useful for storing active Mical protein [10, 13].

Characterization of the purity, light absorption properties, and catalytic activity of the Mical 
flavoprotein

The purified MicalredoxCH in its storage buffer was concentrated to a minimum volume using 

an Amicon Ultra centrifugal filter. A concentration of protein at 4.6 mg/ml was determined 

by absorption at 280 nm. An overall yield of >2 mg of highly pure MicalredoxCH was 

generated from 6 L of cell culture using this purification strategy (Figure 3A). Purified 

MicalredoxCH was confirmed by immunoblotting of the MicalredoxCH protein following SDS-

PAGE and membrane transfer (Figure 3A). Likewise, since the Mical redox domain is a 

flavin adenine dinucleotide (FAD) binding module [9, 10, 13], we examined the color of the 

protein and found that the purified Mical protein was yellow/orange in color (Figure 3A), a 

distinguishing feature of proteins that bind flavins (flavoproteins). In particular, it is the 

isoalloxazine ring system that is the structural component of the flavin cofactor that is 

responsible for the yellow appearance of FAD, FMN, and flavoproteins. This isoalloxazine 

ring system is also responsible for light absorption in the UV and visible spectral range such 

that the oxidized form of the flavin has two peaks at ~360nm and ~450nm. We therefore 

examined the UV-Visible absorption spectra of our MicalredoxCH purified protein and found 

that it showed peaks at ~360nm and ~450nm (Figure 3B). To further analyze the purity of 

our MicalredoxCH protein and the percentage of purified MicalredoxCH protein that is bound 

to FAD (i.e., the percentage of MicalredoxCH protein that will be active) we took absorption 

readings of the MicalredoxCH protein at both 280nm (to determine the protein concentration 

of the apoprotein in the sample) and at 450nm (to determine the amount of flavin in the 

sample). In particular, the amount of FAD in a sample cannot typically be determined by 
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simply measuring the absorbance of the sample, since when FAD is bound to a protein like 

MicalredoxCH, the protein backbone shields the FAD from absorbing light (e.g., compare the 

black and green lines in Figure 3B). Instead, the amount of FAD in the protein sample is 

determined by denaturing MicalredoxCH (thereby releasing FAD), pelleting the denatured 

MicalredoxCH protein, measuring the absorbance of the free FAD in the sample (as in the 

green line in Figure 3B), and then using the Beer-Lambert law to determine the 

concentration of FAD in the sample. However, it is not necessary to perform these steps each 

time Mical protein is purified if one knows the extinction coefficient (absorption coefficient) 

of the FAD when it is bound to the MicalredoxCH protein. For example, we have used 

standard approaches [20, 21] to determine that the extinction coefficient at 459nm of the 

MicalredoxCH . FAD protein is 8998 M−1 cm−1. The concentration of FAD in a sample can 

then be determined by using the Beer-Lambert law (concentration [M] = Absorption459/

Extinction Coefficient MicalredoxCH . FAD). In Figure 3B, for example, using a 

spectrophotometer and a cuvette with a path length of 1 cm, the Absorption459 was 

determined to be 0.4487 for this sample. Thus as shown in Figure 3B, we were able to 

calculate the concentration of FAD in this sample and that the amount of active (FAD-

bound) purified MicalredoxCH protein that we obtained from this purification strategy is 

>99%. Finally, since Mical uses the pyridine nucleotide NADPH as a co-enzyme in its redox 

reactions [10-12], we confirmed the activity of the purified MicalredoxCH protein by 

measuring the NADPH consumption activity of Mical (Figure 3C).

Biochemical analyses of purified Mical

We have recently found that the redox portion of the Mical protein regulates the biochemical 

properties of actin filaments [10-12]. In particular, we find using standard actin biochemical 

assays including pyrene-labeled actin polymerization and depolymerization assays, high-

speed actin sedimentation assays, negative-staining electron microscopy (EM) approaches, 

and total internal reflection fluorescence (TIRF) microscopy that Mical catalytically induces 

actin depolymerization and suppresses actin polymerization [10-12]. Our previous results, 

therefore, uncover for the first time a biochemical role for Mical proteins and identify the 

Micals as important new actin modifying proteins with widespread implications for the 

control of the actin cytoskeleton. These previous results [10-12] also identify a simple and 

efficient biochemical assay in which to characterize the activity of our newly purified 

MicalredoxCH protein.

Actin filaments are necessary components of the contractile apparatus of muscle, and also 

control the shape and movement of non-muscle cells. These filaments are helical polymers 

composed of multiple individual 42 kD actin proteins (monomers) that connect (polymerize) 

together with non-covalent bonds and dynamically join and leave the filament at its two 

ends. The polymerization properties of actin can be reconstituted in vitro by using purified 

actin and specific constituents and conditions [23]. For example, fluorescently-labeled actins 

like pyrene actin have long been employed to monitor both the polymerization and 

depolymerization of actin using standard approaches, where the fluorescence intensity of the 

pyrene-labeled actin polymer is substantially higher than the pyrene-labeled actin monomer 

(Figure 4; [23]). Our previous work has revealed that purified MicalredoxCH has no 

observable effects on its own on actin polymerization or depolymerization [10, 11], and 
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likewise, we find that purified MicalredoxCH prepared using our new expression and 

purification procedure also has no observable effects in an actin polymerization assay 

(Figure 4). In particular, as can be observed by following the characteristic increase in 

fluorescence intensity over time, the addition of MicalredoxCH to actin does not alter its rate 

or extent of polymerization (Figure 4, black line). However, Mical uses the pyridine 

nucleotide NADPH as a required coenzyme in its in vitro reactions regulating F-actin 

dynamics (Figure 1C; e.g., [10-12]), and we find that similar to our previously published 

results [10-12] that activating our newly purified MicalredoxCH with NADPH results in 

dramatic alterations to the ability of actin to polymerize (Figure 4). In particular, as 

measured in changes in fluorescence intensity, we observed a decrease in actin 

polymerization over time, which was followed by a substantial decrease in the extent of 

polymerization, the rapid depolymerization of F-actin to G-actin, and the inability of G-actin 

to reinitiate detectable polymer formation (Figure 4, green line). NADPH on its own has no 

appreciable effect on actin polymerization. Thus, our results reveal that our newly purified 

MicalredoxCH exhibits similar effects on actin dynamics to that of our previously purified 

MicalredoxCH [10-12]. Indeed, we noted a similar but increased activity and effect on F-actin 

dynamics with our new MicalredoxCH protein (not shown) that is likely the result of our new 

purification procedure generating recombinant MicalredoxCH protein that is of higher purity 

than our previously purified recombinant MicalredoxCH protein [13]. Thus, this expression 

and purification strategy generates highly-active Mical enzyme.

Conclusions

We provide herein a simple, efficient, and detailed approach that utilizes a modified bacterial 

expression vector, a low temperature expression system, and a simple chromatography set-

up to express and purify large amounts of an active form of the redox enzyme Mical. In 

particular, the purification procedure reported here is unique, yet it is simple, efficient, and 

highly reproducible, and allows one to go from cell harvesting to >95% pure protein in ~5 

days. Moreover, our three-step purification process consisting of consecutive Ni2+−NTA 

chromatography, ion exchange chromatography, and gel filtration chromatography is capable 

of yielding over 2 mg of MicalredoxCH. This procedure could also easily be scaled-up in 

culture volume in order to purify even larger amounts of MicalredoxCH protein. We also find 

that this MicalredoxCH enzyme can be aliquoted and stored frozen (it is stable in this manner 

for >18 months). It is also stable upon freeze-thaw and enables one to carry out a large 

number of experiments with a single preparation of Mical enzyme (e.g., we have used this 

MicalredoxCH protein in F-actin assays at concentrations as low as 1nM). The quality of the 

enzyme and its specific activity are also higher than our previously published efforts, and 

will provide a source of purified protein for further characterizing the biochemical properties 

and actin regulatory effects of MICAL-family actin disassembly factors. Furthermore, this 

purification procedure yields a homogenous sample of highly pure enzyme as well as 

reproducibility from batch to batch that will be useful for crystallographic and other high-

precision spectroscopic and kinetic studies, various enzymology and catalytic 

determinations, additional assay development, high throughput screening, and 

characterization of inhibitors and activators of Mical. Our work described herein identifying 

a simple purification strategy for Mical should also prove useful for examining the role of 
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other domains of Mical and their effects on Mical-mediated F-actin alterations. Finally, our 

preliminary results indicate that this purification strategy also yields high amounts of pure 

protein for the three human MICAL family members. This will allow the comparison of the 

different MICALs from invertebrates to humans.
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Highlights

• A bacterial expression system for generating high amounts of Mical enzyme

• A purification strategy that yields highly-pure and active Mical enzyme

• This enzyme is suitable for biochemical, structural, imaging, and catalytic 

studies
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Figure 1. The Semaphorin-Plexin signaling molecule Mical is an actin regulatory enzyme
((A) The Semaphorins (Semas) belong to one of the largest families of guidance cues and 

associate with their large, cell surface Plexin receptors to regulate the organization of the 

actin cytoskeleton. We have recently found that Mical proteins provide a direct physical link 

between Plexins and the actin cytoskeleton by directly associating with Plexin through their 

C-terminus and with filamentous actin (F-actin) with their N-terminus [10]. Likewise, our 

results reveal that Mical directly disassembles F-actin into G-actin using its flavin adenine 
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dinucleotide (FAD) and nicotinamide adenine dinucleotide phosphate (NADPH) – binding 

redox domain [10-12].

(B) Members of the MICAL family of proteins contain a flavoprotein monooxygenase 

(redox) domain, a calponin homology (CH) domain, a LIM domain and a Plexin-interacting 

motif. We have found that the redox and CH domains of Mical (MicalredoxCH) are both 

necessary and together are sufficient for Mical's effects on the actin cytoskeleton in vivo 

[10].

(C) F-actin is a specific substrate for the FAD-binding protein (flavoenzyme) Mical, which 

in the presence of its coenzyme NADPH directly oxidizes (O) the Methionine (Met) 44 

amino acid residue of individual actin subunits to induce actin filament disassembly and 

altered actin polymerization.
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Figure 2. Purification of Recombinant MicalredoxCH protein
(A) Coomassie-stained bands (arrow) corresponding to the Nus-tagged MicalredoxCH protein 

were observed in multiple collection tubes following IPTG-induced bacterial expression, 

lysis, Ni2+-NTA affinity chromatography, and elution with 250 mM imidazole. MW in kDa 

(also for B-D).

(B) Samples from (A) containing Ni2+-NTA affinity purified Nus-tagged MicalredoxCH 

protein were combined and subjected to thrombin digestion (+) to remove the Nus tag. A 

Coomassie-stained band corresponding in size to the cleaved MicalredoxCH protein was 

observed following thrombin digestion (arrow). Note, that uncleaved Nus-tagged 

MicalredoxCH protein is readily seen in the absence of thrombin (arrowhead).

(C) As seen following Coomassie-staining, Cation exchange chromatography was used to 

separate MicalredoxCH protein (arrow) from contaminating proteins, including chaperonins 

and the Nus tag. Proteins were eluted with a gradient of NaCl by increasing the percentage 

of S-B buffer. Sample tubes 5 through 13 (*) were utilized for (D).

(D) Gel filtration chromatography allowed the further purification of the MicalredoxCH 

protein as seen following Coomassie-staining such that the protein collected in tubes 7 and 8 

(*) was combined, concentrated to a working volume, and utilized for the results presented 

in Figures 3 and 4. We find an overall yield of ~2 mg of highly-pure active MicalredoxCH 

protein can be routinely generated from 6 L of bacterial culture using this purification 
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strategy and the starting culture volume can be scaled-up in order to purify larger amounts of 

MicalredoxCH protein.
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Figure 3. Determining the purity of the MicalredoxCH protein
(A) Purified Mical protein in the presence of its prosthetic group (co-factor) FAD. SDS-

PAGE/Coomassie-staining (left) and anti-His immunoblotting (middle) reveal both the 

presence of His-tagged MicalredoxCH protein (arrowhead) and the purity of the protein 

sample (arrow). Note also that this purified Mical protein is yellow in color (right). In 

particular, active Mical protein requires FAD to be purified along with the Mical protein 

backbone and FAD generates a yellowish color that can be used to confirm the presence of 

FAD. MW in kDa.
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(B) The isoalloxazine ring system of FAD that generates the yellow/orange color of FAD 

(see Figure 3A) is also responsible for light absorption in the UV and visible spectral range 

such that the oxidized form of FAD has two peaks at ~360nm and ~450nm [19] (green line). 

Note, that the UV-visible light absorption spectra of the purified MicalredoxCH protein 

sample also reveal peaks at ~360 nm and ~450 nm (black line, peaks at 372nm and 459nm). 

This characteristic absorption spectra is a hallmark of a flavin binding protein. 

Characterization of the absorption spectra also allows a determination of the amount of the 

purified MicalredoxCH that is bound to FAD. The concentration of purified Mical in this 

sample is 4.2 mg/ml (50.16 μM) (see Materials and Methods). The concentration of FAD in 

this sample is 49.87 μM (0.4487/8998 M−1cm−1) (see Materials and Methods). Thus, 

99.43% (49.87 μM/50.16 μM) of MicalredoxCH protein in the sample is bound to FAD.

(C) We confirmed the enzymatic activity of purified MicalredoxCH protein by following the 

conversion of Mical's co-enzyme NADPH to NADP+. This conversion (consumption) of 

NADPH can be followed by measuring the change in absorbance at 340 nm (NADPH 

absorbs light at 340 nm, while NADP+ does not). Note the change (decrease) in absorbance 

of NADPH over time in the presence of MicalredoxCH protein (black dots) but not with buffer 

only (the buffer used to store MicalredoxCH; gray dots). Consistent with our previous results 

[11], adding Mical's substrate, F-actin, into this assay further increases (in a F-actin 

concentration-dependent manner) the consumption of NADPH by MicalredoxCH protein (not 

shown).
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Figure 4. Analysis of the activity of purified MicalredoxCH protein
Pyrene-labeled actin was used to monitor both the polymerization and depolymerization of 

actin, where the fluorescence intensity (a.u. [arbitrary units]) of the pyrene-labeled actin 

polymer is substantially higher than the pyrene-labeled actin monomer. As judged by the 

increase in fluorescence intensity over time which reveals actin polymerization, the addition 

of 600 nM of purified MicalredoxCH protein alone to actin (black dots) does not alter the rate 

(r), extent (e), or steady-state level (ss) of actin polymerization (as compared to an actin only 

control incubated with the buffer used to store MicalredoxCH; gray dots). In the presence of 

100 μM of its NADPH coenzyme, however, purified MicalredoxCH protein (MicalredoxCH + 

NADPH; green dots) specifically alters the rate of actin polymerization (1) such that over 

time activated MicalredoxCH induces a decrease in the extent of polymerization (2), the rapid 

depolymerization of F-actin (3), and the inability of actin to reinitiate polymer formation (4). 

These results are similar to what we observed with our previously purified active 

MicalredoxCH enzyme [10-12].
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Scheme 1. 
Expression and Purification of Recombinant MicalredoxCH
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