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MATERIALS AND METHODS 

Materials. All the materials used are given in the supporting information section. BL21 (DE3) 

pLysS competent cell lines were from Invitrogen (Grand Island, NY). Ampicillin was from EMD 

Serono (Rockland, MA). SIGMAFAST protease inhibitor cocktail tablets EDTA-free, imidazole, 

phenylmethylsulfonyl fluoride (PMSF), proteinase K, and isopropyl β-D-1-

thiogalactopyranoside (IPTG) were from Sigma Aldrich (St. Louis, MO). Mouse anti-GFP 

antibody was from GenScript (Piscataway, NJ). Goat anti-mouse-HRP conjugated antibody was 

from Santa Cruz Biotechnology (Dallas, TX). Profinity IMAC Ni-charged chromatography resin 

Ni-IMAC was from BioRad (Hercules, CA). The Superdex 200 10/300 GL high performance 

column was from GE Healthcare (Piscataway, NJ). The detergents n-dodecyl-β-D-

maltopyranoside (β-DDM) and n-decyl-β-D-maltopyranoside (β-DM) were from GLYCON 

Biochemicals GmbH (Luckenwalde, Germany). The detergents N,N-dimethyl-1-dodecanamine-

N-oxide (LDAO), 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate/N,N-

dimethyl-3-sulfo-N-[3-[[3α,5β,7α,12α)-3,7,12-trihydroxy-24-oxocholan-24-yl]amino]propyl]-1-

propanaminium hydroxide (CHAPS), and 6-cyclohexyl-1-hexyl-β-D-maltoside (CYMAL-6), 

were from Affymetrix/Anatrace (Maumee, OH). All detergents were acquired at the highest 

purity grade available. 

 

Preparation of the crude membrane fraction of CapA-frGFP. A pre-culture of cells was grown 

overnight at 37 ºC in 3 mL of Terrific Broth medium supplemented with 25 μg·mL-1 of 

ampicillin. The cells were then diluted with 1 L of the medium and incubated at 30 ºC until the 

cultures reached the OD600 ~0.6. The culture was then cooled down to 20 ºC and induced 

overnight with 1 mM IPTG. Cells were harvested by centrifugation at 15,600 x g for 5 min at 4 
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ºC and then suspended in 70 mL of buffer containing 50 mM sodium phosphate pH 7.3, 0.3 M 

sodium chloride and one tablet of protease inhibitor mixture. Cells were disrupted by sonication 

with a 50 % duty cycle for 3 cycles at 50 % power using an ultrasonic homogenizer Model 300 

V/T (Biologics Inc., Manassas, Virginia). The lysate was subjected to high-speed centrifugation 

at 100,000 x g for 1 h at 4 ºC, the soluble fraction was discarded and the insoluble fraction 

containing the membranes was washed once by centrifugation under the same conditions as 

above. The membrane pellet was then flash frozen in liquid nitrogen and stored at -80 ºC. Then 

this fraction was thawed, resuspended and homogenized in 50 mM sodium phosphate pH 7.3, 0.3 

M sodium chloride for extraction. 

 

Detergent solubilization of CapA-frGFP. Stock solutions of each detergent were prepared at 20 

times their critical micelle concentration (CMC) values in water and then diluted in buffer as 

needed for the initial working concentrations. An equal volume of suspended cell pellet (as 

indicated above) was used for the comparison of detergent extraction efficiencies, with the total 

amount of extracted protein normalized per gram of cells. Each pellet was suspended in 50 mL 

of 50 mM sodium phosphate pH 7.3, 0.3 M sodium chloride containing one of the following 

detergents: (i) 1% β-DDM, (ii) 1% β-DM, (iii) 1% CYMAL-6, (iv) 2% CYMAL-6, (v) 1% 

CHAPS, (vi) 2% CHAPS, and (vii) 1% LDAO. These suspensions were incubated at 4 ºC for 45 

min and then centrifuged at 100,000 x g for 1 h to separate the solubilized protein prior to 

analysis by SDS-PAGE. In addition, the quantification of the detergent efficiency was carried 

out measuring the absorbance spectra for each in the absorption region of the GFP, 350 to 600 

nm Then, the concentration of the extracted fusion protein was determined at 490 nm, using a 

molar extinction coefficient of 56,000 M-1 cm-1 as previously described (1). 



 4 

 

Purification of CapA-frGFP. The solubilized membrane proteins were mixed with 10 mL of 

densely packed Ni-IMAC resin previously equilibrated with five column volumes of the 

following equilibration buffer (EB): 50 mM sodium phosphate pH 7.3, 0.3 M sodium chloride, 

20 mM imidazole, and the appropriate detergent: 0.05 % β-DDM, 0.3 % β-DM, 0.1 % CYMAL-

6, 1 % CHAPS, 0.08 % LDAO. The mixture was gently stirred for 30 min at 4 ºC and then 

packed into columns. After collection of the flow through, the columns were washed with ten 

column volumes of EB. The columns were subsequently washed with another ten column 

volumes of the EB containing 50 mM imidazole. The CapA-frGFP fusion protein was finally 

eluted with EB containing 500 mM imidazole. Eluted fractions were analyzed by SDS-PAGE. 

In order to remove the imidazole from the solution, the fractions containing the protein were 

combined and dialyzed extensively against 20 mM HEPES pH 7.0, 0.3 M sodium chloride using 

a dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA) with a molecular weight 

cut-off of 1 kDa at 4 ºC. It is important to note that no detergents were added to the buffer except 

in the case of CHAPS because of the small micelle size (6 kDa) of this detergent. Several 

dialysis changes of 1 L each were necessary. The protein was further purified by size exclusion 

chromatography (SEC) using a Superdex-200 HR 10/300 gel filtration column previously 

equilibrated in the same dialysis buffer containing the appropriate detergent (0.05 % β-DDM, 0.3 

% β-DM, 0.1 % CYMAL-6, 1 % CHAPS, 0.08 % LDAO). Prior to SEC, the protein was 

concentrated up to 12-15 mg·mL-1 using 100 kDa cutoff concentrators (Millipore, Billerica, 

MA), which also removed most of the impurities from the protein solution. Protein purity was 

analyzed by SDS-PAGE.  
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Purification of the folding reporter GFP. A C-terminally His6-tagged frGFP was cloned into the 

plasmid pRSET and expressed in Escherichia coli BL21(DE3) pLysS. A 10 mL starter culture of 

Luria-Bertani medium supplemented with 100 μg·mL-1 of ampicillin and 170 μg·mL-1 of 

chloramphenicol was grown overnight at 37 ºC. The starter culture was then added to 1 L of the 

medium containing the same concentrations of antibiotics and incubated at 37 ºC until the culture 

reached an OD600 ~0.7. The culture was then induced overnight with 1 mM of IPTG. Cells were 

harvested by centrifugation at 9,700 x g for 8 min at 4 ºC and then suspended in 10 mL of lysis 

buffer (50 mM sodium phosphate pH 7.2, 0.3 M sodium chloride) containing 10 mg·mL-1 of 

lysozyme. One tablet of protease inhibitor mixture was added to 50 mL of buffer. Cells were 

broken via sonication using an ultrasonic homogenizer Model 300 V/T (Biologics Inc., 

Manassas, Virginia). Cell lysate was centrifuged at 36,200 x g for 30 min at 4 ºC. The 

supernatant was adjusted to pH 8.5 and injected onto a Ni-NTA column (GE Healthcare) 

previously equilibrated with 20 mM Tris pH 8.0, 100 mM sodium chloride.  After washing, the 

frGFP was eluted with the same buffer containing 300 mM imidazole. After concentration, the 

frGFP was purified by size exclusion chromatography (SEC) using a Superdex-200 gel filtration 

column previously equilibrated in 20 mM Tris, pH 8.0, 300 mM sodium chloride. The major 

elution peak was collected and concentrated up to 18 mg·mL-1 and stored at -20 ºC. All eluted 

fractions from both purification steps were analyzed for purity by SDS-PAGE. 

 

SDS-PAGE and Western blot analyses. Detection of proteins was accomplished by SDS-PAGE, 

silver stain, Western blotting, and mass spectroscopy. SDS-PAGE was performed with Tricine-

SDS gels with stacking and resolving gels of 4 % and 12 %, respectively. For silver staining, the 

gels were washed once with water for 5 min and then fixed with 12.5 % glutaraldehyde solution 
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at room temperature for 1 h. Fixed gels were washed with water and then stained with a solution 

of 1 % silver nitrate for 1 h. Stained gels were washed with water and then developed with 6.25 

% sodium carbonate and 0.25 % formaldehyde (developer solution). Development was 

terminated by transferring the gel to fixing solution (10 % acetic acid, 10 % glycerol), and 

incubated for 10 min followed by one quick water wash of 30 seconds. For the Western analysis, 

the protein was transferred onto a PVDF membrane using a semi-dry electrophoretic transfer 

cell, applying a constant current of 120 mA for 1 h, and using a discontinuous buffer system 

(Bio-Rad). This procedure used Tris/CAPS buffer plus 15 % methanol (anode buffer) in one of 

the filter papers and PVDF membrane, and Tris/CAPS buffer plus 0.1 % SDS (cathode buffer) in 

the other filter paper and the gel. After the transfer was completed, the membrane was blocked 

with 2 % dry powdered milk and 0.05 % Tween in Tris-buffered saline (25 mM Tris pH 8.0, 125 

mM NaCl) at room temperature for 1 h. The membrane was incubated with mouse anti-GFP 

antibody (GenScript) at a 1:8000 dilution in the blocking solution for 2.5 hours at room 

temperature. The membrane was then washed in Tris-buffered saline with 0.05 % Tween. The 

membrane was similarly incubated with goat-anti-Mouse HRP conjugated secondary antibody at 

1:5000. Colorimetric detection was performed using the Immuno-Star HRP substrate kit (Bio-

Rad) containing the substrate 4-chloro-1-naphthol. All images for both immunoblots and silver-

stained gels were taken using a Bio-Spectrum Imaging System (UVP, LLC, Upland, CA).  The 

mass of the purified CapA-frGFP protein was verified to be 72,860 Da by MALDI-TOF mass 

spectroscopy using sinapinic acid (SA) as matrix (Applied Biosystems DE-STR MALDI-TOF, 

Mass Spectrometry service, Arizona State University). 
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Protein sample preparation. Protein samples for CD and DLS measurements were prepared from 

stock solutions by extensive dialysis against a large volume (1 - 2 L) of the appropriate buffer 

followed by centrifugation for 30 minutes at 18,000 x g and 4 ºC to remove any insoluble 

material. The CapA-frGFP protein concentration was determined spectrophotometrically at 280 

nm, using an extinction coefficient of 66,950 M-1 cm-1. The frGFP concentration was determined 

at 490 nm, using a molar extinction coefficient of 56,000 M-1 cm-1 as previously described (1). 

 

Circular Dichroism (CD). CD measurements were performed using a JASCO J-710 CD 

Spectropolarimeter (Tokyo, Japan) equipped with a thermostatic cell holder. Far UV CD 

measurements were done at 20 ºC between 260 nm and 205 nm at a protein concentration of 0.5 

mg·mL-1 for CapA-frGFP protein, and 0.15 mg·mL-1 for frGFP, using a 0.1 cm path length 

cuvette. Spectral parameters were as follows: scan speed, 50 nm·min-1; scanning increment, 0.5 

nm; spectral bandwidth, 1.0 nm; response, 4 s. For all measurements, each spectrum represented 

the average of 5 scans corrected for background solvent effects by subtraction of the appropriate 

blank and then normalized as mean residue molar ellipticity. For thermal denaturation 

measurements monitored by far UV CD, a fresh sample at a protein concentration of 0.5 mg·mL-

1 was placed into a 0.1 cm cuvette. The CD signal at 220 nm was then monitored between 4.5 ºC 

and 90 ºC with a rate of temperature change of 1 ºC·min-1 after equilibration of the measuring 

cell within the cell holder at 4 ºC for 10 min. The apparent midpoint temperature of the transition 

was obtained from the first derivative of the thermal melting curve after noise reduction via a 

Fast-Fourier transform algorithm using Origin 6.1 (Origin Lab Corporation, Northampton, MA, 

USA).  
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Secondary structure content based on CD data was determined using the CDPro software 

package (2). The methods CDSSTR (1-3), CONTIN/LL (4, 5), and SELCON3 (2, 6) were run 

using different protein reference sets. Two protein reference sets with 37 and 43 soluble proteins 

(SP37, and SP43), and two larger protein reference sets with 37 and 43 soluble proteins and also 

including 13 membrane proteins (SMP50, and SMP56) were used. To improve the reliability of 

predicted structural features, we considered the average of the solutions from the three methods, 

and from the four reference sets. 

 

Dynamic Light Scattering (DLS). DLS measurements were performed on a SpectroSize 300 

spectrometer instrument (Molecular Dimensions). The samples of the CapA-frGFP fusion 

protein were prepared at different concentrations between 1 mg·mL-1 and 20 mg·mL-1 in 20 mM 

HEPES pH 7.0, 0.3 M NaCl, and the corresponding detergent. Immediately before 

measurements, protein solutions were centrifuged for 30 minutes at 18,000 x g at 4 ºC, in order 

to remove any aggregates and dust from the sample. Instrument software from Molecular 

Dimensions was used in data collection and processing. All measurements were carried out 

averaging 10 accumulations of 30 sec each at 20 ºC.  

 

Bioinformatics analyses. The hydrophobicity of the amino acid sequence was computed by the 

Kyte and Doolittle approximation using tools from EXPASY server, with a window size of 12 

(7). Topology and transmembrane domain predictions were performed using TMPred (8), 

TMHMM v2.0 (9), TOPCONS (10), and MEMSAT3 & MEMSAT-SVM (11). Secondary 

structure predictions were performed using the programs GOR (12), NetSurfP v1.0 (13), 

PSIPRED (14), and PORTER (15). The two transmembrane helices predicted by these four 
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algorithms agreed to within 1-2 residues of standard deviation for the TM1 region, and 2-4 

residues for the TM2 region. Amino acid compositional analysis was performed using the 

composite profiler tool (http://www.cprofiler.org/index.html) and the SwissProt51 database as 

background database (16).  

 

Disorder analysis. The charge-hydrophobicity analysis was constructed using three sets of 

proteins: completely disordered proteins, completely ordered proteins, and ordered proteins that 

contain disordered residues. The set of completely disordered proteins was derived from a set 

provided by Vladimir Uversky (17). The set of completely ordered proteins was derived from 

proteins in the RCSB protein data bank (18). The set of ordered proteins with regions of disorder 

was derived from structures that contained a single chain and a unit cell with a primitive space 

group from the RCSB protein data bank. The mean net charge <R> and the mean hydrophobicity 

<H> were calculated using the PONDR server (http://pondr.com/). The border between 

intrinsically disordered and folded proteins is described by the formula:  

〈𝑅〉 = 2.785 〈𝐻〉 − 1.15 (1) 

       The intrinsic disorder analysis was evaluated using the PONDR VSL2 predictor (19, 20), 

PONDR-FIT (21), MetaDisorder (22), and MetaPrDOS (23).  

  

http://www.cprofiler.org/index.html
http://pondr.com/
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Figure S1. Predicted membrane topology of the CapA protein using the following programs: TMHMM, 

MENSAT, TMPRED, and TOPCONS.  (i = cytoplasmic, o = periplamic, M = transmembrane segment). 
Sequence    MKTMYWHRKF LSRYIIVFLS AFMIISLYIV EKNLVVETKG YTQKLKAAEL  
TMHMM    iiiiiiiiiM MMMMMMMMMM MMMMMMMMMM oooooooooo oooooooooo  
MENSAT  iiiiiiiiiM MMMMMMMMMM MMMMMMMMMM oooooooooo oooooooooo  
TMPRED    iiiiiiiiii iiiMMMMMMM MMMMMMMMMM MMMMoooooo oooooooooo  
TOPCONS    iiiiiiiiii iiiMMMMMMM MMMMMMMMMM MMMMoooooo oooooooooo  

 Sequence    TNDAFAFTQR FFMSNGYLCK TMGDVSCTGL IGLSMTEITT DSGDLYAKRS  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    SVNPNMAAIF VEWLSELNLK EGDTVAVQAT GSYPALDIAM LAAIKTLKLK  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    PLIIFSAGAS QFGANRPRFT WPDIYHNLVE KGVFDYDILG ITLGGSHDNG  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    YGMTPGAILK LNDAIKRNGY NVINIPYTDA TNTSITIRMK MYKEAAGDDN  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    KIKAYINVGG NMASIGLKQP QIKSSDIDNV NDNKKSKKSS TSSSDESVIK  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    LPSFPTGVTK SLPPEYKTVN SVAVDFLKEG IPVINVRDIN SSIIKKYGMV  
TMHMM    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
MENSAT  oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TMPRED    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
TOPCONS    oooooooooo oooooooooo oooooooooo oooooooooo oooooooooo  
  
Sequence    YNPSTVTPPG HGAVFAQKKY NTILAAILLV IDISLVVFMA IISRKYLISF  
TMHMM    oooooooooo oooooooooo oooMMMMMMM MMMMMMMMMM MMMMiiiiii  
MENSAT  oooooooooo oooooooooo ooMMMMMMMM MMMMMMMMMM MMMiiiiiii  
TMPRED    oooooooooo oooooooooo MMMMMMMMMM MMMMMMMMMM Miiiiiiiii  
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TOPCONS    oooooooooo oooooooooo oMMMMMMMMM MMMMMMMMMM MMiiiiiiii  
 

 

Figure S2. A) Western blot analysis using a 12% SDS-PAGE gel and anti-GFP antibody on whole 

induced cells, un-induced cells and cells without plasmid after growth at 20 ºC. B) Emission fluorescence 

of the whole induced cells, un-induced cells and cells without plasmid on an Advanced Bio-Spectrum 

Imaging System using an emission filter between 500 and 523 nm. 
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Figure S3. A) Western blot analysis of the detergent screening of CapA-frGFP using a 12% SDS-PAGE 

gel and anti-GFP antibody. Equal amounts of membrane preparations were solubilized with buffer 

containing 1% β-DDM (lane 1), 1% β-DM (lane 2), 1% CYMAL-6 (lane 3), 2% CYMAL-6 (lane 4), 1% 

CHAPS (lane 5), 2% CHAPS (lane 6), and 1% LDAO (lane 7). M: protein marker. B) Quantification of 

the detergent efficiency of each of the extractions in A) by using the GFP absorbance at 490 nm.  
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Figure S4. SDS-12% PAGE of the CapA-frGFP protein after purification in the presence of β-DM with 

Ni-IMAC. Silver staining (panel A) and Western blot (panel B). Protein was mostly eluted in fractions 4, 

5, and 6 using the following buffer: 50 mM sodium phosphate, pH 7.3, 0.3 M sodium chloride, 0.3 % β-

DM. Elution fractions were loaded on the gel (lanes 1 to 10). M: protein molecular weight marker. 
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Figure S5. Size distribution of the CapA-frGFP protein in the presence of CHAPS detergent at different 

protein concentrations: A) 5 mg·ml-1; B) 10 mg·ml-1; C) 20 mg·ml-1; D) 25 mg·ml-1; E) 30 mg·ml-1. All 

experiments were performed at 20 ºC in 20 mM HEPES, pH 7.0, 0.3 M sodium chloride, 1% CHAPS. 
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Figure S6. Far UV-CD spectrum of CapA-frGFP recorded at 20 ºC. The spectrum was measured in a cell 

with an optical path length of 0.01 cm. The spectrum was is the average of 5 scans. Buffer: 20 mM 

HEPES pH 7.0, 0.3 M NaCl, 0.05 % β-DDM. The concentration of the protein was 0.25 mg·ml-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20 

Figure S7. Effect of pH on conformational stability of CapA-frGFP. Far UV-CD experiments were 

performed at 20 ºC using calcium chloride at 0.1 M, 0.05 % β-DDM and pH values ranging from 3 to 9. 

The color code is: pH 3.0 (black line), pH 4.0 (red line), pH 5.0 (green line), pH 6.0 (blue line), pH 7.0 

(yellow line), pH 8.0 (cyan line), pH 9.0 (pink line). The protein concentration was 0.5 mg·ml-1. The inner 

panel shows the change in the ellipticity of CapA-frGFP at 220 nm as a function of the pH. 
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Figure S8. Circular dichroism experiments of the folding reporter GFP. Effects of detergents (A), ionic 

strength using sodium chloride (B), and pH (C) on secondary structure stability of the folding reporter 

GFP. All experiments were performed in the same conditions as CapA-frGFP. The protein concentration 

was 0.15 mg·ml-1. 
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Figure S9. Prediction of intrinsically disordered residues by PONDR-FIT in several of the PCP proteins 

described in Morona, 2000: Wzc from E. coli (GenBank accession number U38473), Wzz from E. coli 

(GenBank accession number O33953), SpsC from Sphingomonas S88 (GenBank accession number 

U51197), CpsC from Streptococcus pneumoniae (GenBank accession number AF094575), WzzB from 

Salmonella typhimurium LT2 (GenBank accession number Q04866), CapA from Staphylococcus aureus 

(GenBank accession number U10927), AmsA from Erwinia amylovora (GenBank accession number 

Q46631), ExoP from Sinorhizobium meliloti (GenBank accession number S37031).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


