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Abstract
Cell lytic peptides are a class of drugs that can be used to selectively kill invading organisms or
diseased cells. Several of these peptides have been identified as potential therapeutics. Herein, we
report a novel process for purifying recombinant melittin, a cell lytic peptide that inserts into the
membranes of cells causing cell lysis, from Escherichia coli. The process involves surfactant and
low pH to solubilize melittin fusion proteins from the insoluble fraction of bacterial lysates. We
are able to significantly improve purity of the final product and confirm the activity of the peptide.
The process yields recombinant melittin that is effective when used to treat U-87 MG glioma cells
and inhibits growth of the Gram-positive pathogenic bacterium Streptococcus pyogenes. We
demonstrate a method of repeated extraction of the insoluble protein fraction with mild detergent
at a low pH that is able to generate a yield of pure, soluble melittin of approximately 0.5 to 1 mg/L
of E. coli culture.
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Introduction
Melittin is a cell lytic peptide originally identified in honeybee venom.1 It has the potential
to act as an anti-bacterial,2 anti-tumor,3 and anti-inflammatory agent.4 This small peptide is
a versatile drug due to its surfactant-like mechanism of action.5 This amphipathic, cell-
penetrating peptide works by inserting itself into the cytoplasmic membrane of cells. At a
critical density, melittin multimers form pores in the membrane, collapsing the
electrochemical and ion gradients, and causing cell death.6 Until recently, melittin was either
isolated from honeybee venom extract or was synthesized using solid phase synthesis.

Expression of recombinant melittin has been recently reported in the literature.7, 8 In both of
these cases, recombinant melittin tagged with glutathione-S-transferase (GST) was purified
from the soluble fraction of Escherichia coli lysates by affinity chromatography. In our own
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studies with melittin containing the dual tag GST-6xHis and purified using nickel agarose,
we noticed that the majority of the protein in the soluble fraction, binding to nickel agarose
was a truncated product containing only GST-6xHis and not the GST-6xHis-melittin fusion
protein. We hypothesized that this was a result of fusion-protein degradation during the
process of expression in E. coli. Consequently, we sought to improve the purity and yield of
soluble melittin from E. coli extracts. In doing this, we developed an unusual process of
repeated extraction from the insoluble fraction with increasing concentrations of mild, non-
ionic detergents. The process enriched the GST-6xHis-melittin fusion protein relative to
GST-6xHis. We were able to further enhance this purification using acidic solubilization of
the GST degradation product. We were able to achieve a remarkably pure yield of
GST-6xHis-melittin without any further purification using this technique. Detergents were
removed with a final purification on nickel agarose to achieve a final protein yield of 5 to 10
mg/L of E. coli culture. This corresponds to a pure melittin yield of 0.5 to 1.0 mg/liter of E.
coli culture after removal of the GST tag.

Further, we confirm that recombinant melittin is similar to synthetic melittin in terms of cell
lysis using in two very different organisms: U-87 MG human cancer cells and S. pyogenes
bacteria. We show, in these studies, that recombinant melittin is effective at inhibiting
growth of both U-87 MG cells and pathogenic S. pyogenes bacteria. We propose that this
relatively high yield method of purifying functional melittin will make the potential drug
more accessible for study and formulation.

Methods
Cloning of melittin gene into expression vector

Melittin was cloned using standard cloning procedures. All restriction enzymes were
purchased from New England Biolabs, MA. The melittin peptide was designed as reported
(GIGAVLKVLTTGLPALISWIKRKRQ).1 The rDNA was codon optimized by the JCAT
codon optimization tool:9 AGC GGA TCC GGT ATC GGT GCT GTT CTG AAA GTT
CTG ACC ACC GGT CTG CCG GCT CTG ATC TCT TGG ATC AAA CGT AAA CGT
CAG TAG GAA TTC TCA CG. Restriction sites BamHI (double underlined) and EcoRI
(underlined) were engineered to the 5' and 3' ends respectively, and an amber stop codon
(TAG, italicized and underlined) was engineered at the 3' end. This double-stranded
fragment was synthesized by Integrated DNA technologies (Skokie, IL) and was cloned into
the pJB-HTS variant of the pGEX6p-1 expression vector (GE Healthcare Biosciences,
Pittsburgh, PA)10 generating pJB-HTS-melittin. Positive clones were screened by direct
sequencing (ACGT, Wheeling, IL). The layout of the expected protein is N-GST-6xHis-
thrombin cleavage site-melittin-C thus allowing dual purification with glutathione or nickel
columns (Figure 1A).

Expression and purification of Melittin
GST-6xHis-melittin containing plasmid (pJB-HTS-melittin) was transformed into competent
E. coli Rosetta 2 cells (Novagen, Darmstadt, Germany) in order to negate the truncating
effects of underrepresented codons within restriction sites on the pJB-HTS vector, upstream
of the melittin insertion (CTC, AGA, GGA) and to eliminate reduced expression effects of
the outer membrane protease T and Lon protease.12, 13 Cells from saturated, overnight
starter cultures were incubated at 37°C at 180 revolutions per minute (RPM) until the
desired cell density (A600 ~ 0.4) before addition of IPTG, 1 mM , 0.1 mM, or 0.01 mM, and
removal to the appropriate induction temperature, 37°C, 25°C, or 4°C. After induction for
varying times, 3 or 16 hours, cells were collected by centrifugation at 3600g and 4°C for 20
minutes and were resuspended in lysis buffer (50 mM NaHPO4, 300 mM NaCl, 10 mM
imidazole, buffered at pH=8.0). Lysozyme (1 mg, Sigma-Aldrich, St. Louis, MO, L7651)
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was added to the resuspended bacteria, and the suspension was subjected to 3 rounds of
freezing on dry ice and thawing in cold water. Samples were sonicated at 40% intensity
(Misonix sonicator, model XL2015, Newtown, CT) three times for 15 seconds each
followed by 15 seconds on ice, or until they were no longer viscous. The lysate (1 mL) was
aliquoted to microcentrifuge (eppendorf) tubes and centrifuged for 30 minutes at 11,300g at
4°C to pellet the insoluble fraction. The soluble fraction was removed and analyzed by SDS-
PAGE. The insoluble fraction was resuspended in 500 μL of detergent-containing buffer.

To determine the effect of different surfactants on the extraction from the insoluble fraction,
non-ionic detergents, sorbitin monooleate 80 (Span-80), polysorbate 80 (Tween-80), and
polysorbate 20 (Tween-20), in buffer at varying concentrations, 0.1%, 0.5%, 1.0%, and
2.0%, were used to extract the insoluble fraction. In the first experiment, a single pellet was
resuspended in the lowest concentration of the surfactant with each successive extraction of
that pellet using the next higher concentration of surfactant; this is referred to as sequential
extraction. In a second experiment to determine the efficiency of repeated extraction with a
given concentration of surfactant, the same concentration of surfactant was used to extract
an insoluble protein fraction several times.

To determine the influence of acid on the solubilization of the protein, two different pH
buffers were used. A pH of 2.3 is designated as “low pH” and a pH of 7.4 is designated as
“high pH.” Low pH groups were attained by either the addition of 70 mM TCEP•HCl
(+TCEP; Thermo Scientific, Hanover Park, IL) or 70 mM glycine (−TCEP) buffered at pH
2.3 to PBS. High pH groups were attained by adding 10 N sodium hydroxide to PBS with 70
mM TCEP•HCl until the pH was 7.4 or by using PBS alone.

For all experiments, the fractions were centrifuged at 11,300g at 4°C for ten minutes to
repellet the remaining insoluble material. GST-melittin containing fractions were further
purified by Nickel-NTA agarose (Qiagen, Germantown, MD) or agarose immobilized GSH
(GoldBio, St. Louis, MO) affinity according to the manufacturer's recommendations and
after raising the pH of the protein solution to approximately 7.5 with 1 M sodium hydroxide.
Protein was eluted from beads in appropriate elution buffer recommended by the
manufacturer but was also supplemented with 10% glycerol to increase protein stability
during storage at −80°C. Total protein was determined by the Bradford Assay (Thermo
Scientific, Hanover Park, IL)14 used according to the manufacturer recommendations and
measured with a Beckman model DU640 spectrophotometer (Brea, CA). Recombinant
melittin was purified as described, then digested with 2 units (U) of thrombin for 2 hours at
37°C. Protein molecular weights were confirmed with matrix-assisted laser desorption-
ionization-time of flight (MALDI-TOF) mass spectroscopy (Applied Biosystems, Grand
Island, NY).

The surfactant-containing insoluble fraction extracts were analyzed by SDS-PAGE. All
SDS-PAGE gels were between 12% and 15% acrylamide crosslinked at a 1:37.5 ratio with
N,N'-methylene bisacrylamide (Thermo Scientific, Hanover Park, IL ).15 Samples were
prepared in Laemmli buffer and boiled for one minute before loading. Gels were run in a
Biorad (Hercules, CA) mini-protean II apparatus between 100 and 200 V. After completion
of the run, gels were stained with Coomassie brilliant blue R-250 (Thermo Scientific,
Hanover Park, IL) according to manufacturer recommendations.

Tumor Cell Growth Inhibition
All proteins were incubated with thrombin at 37°C for two hours prior to cellular assays.
Malignant glioma cells, U-87 MG, (ATCC, Manassas, VA, 3,000 cells/cm2) were seeded in
a 96 well plate together with appropriate treatments in 100 μL DMEM and 10% FCS
(Sigma-Aldrich, St. Louis, MO). Treatments included a cell only control (untreated),
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thrombin (2 U), GST (10 μM), GST-6xHis-melittin (10 μM), GST-6xHis-melittin (10 μM)
simultaneously with thrombin (2 U), or synthetic melittin (10 μM; GenScript RP20415,
Sigma-Aldrich, St. Louis, MO). The cells with their respective treatments were incubated at
37°C in 5% CO2 overnight, approximately 16 hours. The MTS assay (Promega, Madison,
WI, CellTitre96) was performed according to the manufacturer recommendation and
incubated for two hours before reading absorbance at 495 nm on a Labsystems Multiskan
plus plate reader (Thermo Scientific, Hanover Park, IL).

Bacterial growth inhibition
Following digestion with thrombin as described above, GSH-agarose beads (GoldBio, St.
Louis, MO) were used to separate GST from recombinant melittin. Synthetic melittin and
GST-6xHis-melittin underwent a similar process without thrombin or being subjected to
GSH-agarose treatment. Overnight cultures of S. pyogenes (ATCC, Manassas, VA,
BAA-1633) cells were diluted in chemically defined medium16, 17 were diluted to
approximately 108 colony forming units (CFUs), corresponding to an absorbance at 600 nm
(A600) of 0.1, and 150 μL distributed into 96-well, optical-bottom plates (Greiner BioOne,
Frickenhausen, Germany) for treatment. GST-6xHis-melittin, recombinant melittin, or
synthetic melittin (10 μM) were then added and the plate was incubated at 37°C with
shaking using a Biotek Synergy 2 plate reader (Winooski, VT). Absorbance (A600)
measurements were obtained every ten minutes for 12 hours.

To measure growth of IPTG induced or non-induced E. coli, the bacteria was diluted to
approximately 108 colony forming units (CFUs) in LB medium, corresponding to an
absorbance at 600 nm (A600) of approximately 0.1, and 150 μL was distributed into 96-well,
optical-bottom plates (Greiner BioOne, Frickenhausen, Germany). Antibiotics and IPTG
were added to the appropriate groups, and the plate was incubated at 37°C with shaking
using a Biotek Synergy 2 plate reader (Winooski, VT). Absorbance (A600) measurements
were obtained every ten minutes for 12 hours. Growth curves were fit to the linear growth
equation18, 19 and compared by two-way ANOVA analysis.

Statistical Analysis
Purification conditions were examined one time, but subsequent density analysis on gels was
done in triplicate and blinded in order to reduce bias. U-87 MG and S. pyogenes growth
assays were repeated with three biological replicates. ANOVA followed by post-hoc Tukey
tests were used to determine significance at α ≤ 0.05.

Results & Discussion
Expression of recombinant GST-6xHis-melittin

The plasmid, pJB-HTS-melittin, was designed, cloned, and confirmed to express a fusion
protein of GST followed by a hexa-histidine tag, a thrombin cleavage site, and the melittin
fragment (Figure 1A). Two variations of induction time, three hours and sixteen hours, were
assessed for protein expression (Figure 1B). Total protein and GST-6xHis-melittin were
produced at a greater level during the sixteen-hour induction compared with the three-hour
induction. Therefore, all future expression studies used the sixteen-hour condition as the
induction time.

To determine if the protein band at approximately 25 kDa could be diminished by induction
under varying conditions, bacteria were induced at three temperatures, 37°C, 25°C, and 4°C
(4°C data not shown), and 2 IPTG induction concentrations, 0.1 mM and 0.01 mM IPTG, to
optimize the production of protein (Figure 1C). Thrombin cleavage reduced the size of a 29
kDa band to 25 kDa, which correspond to the calculated sizes of GST-6xHis-melittin and
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GST-6xHis (Figure 1D). The 0.1 mM IPTG induction at 25°C for 16 hours was the best of
the conditions tested based solely on ratio of GST-6xHis-melittin to GST-6xHis from SDS
gels; however, in all cases tested, greater than 90% of the dominantly expressed protein was
GST-6xHis and not the GST-6xHis-melittin fusion protein. In previous reports of
recombinant melittin expression7, 8 there is limited discussion of the presence of a mixture
of GST with the fusion protein, yield of active melittin, or confirmation of the lytic activity
of the melittin recovered. Based upon the clear identification that the predominantly
expressed protein, when analyzed by mass spectrometry, was confirmed to have the
predicted mass of GST-6xHis-melittin, we sought to improve the conditions for GST-6xHis-
melittin induction and purification.

Induction of GST-6xHis-melittin
The optimization steps for IPTG concentration, induction time, and temperature were all
executed using soluble GST-6xHis-melittin (denoted as a magenta and orange arrow in
figures) as a marker of efficiency. However, even at the most efficient condition, more than
90% of protein that was purified by nickel or GSH affinity chromatography did not contain
active melittin fusion (Figure 1B & 1C), i.e. the predominant protein produced was
GST-6xHis (denoted as a magenta arrow in figures). We hypothesized that the melittin fused
to the C-terminal of GST-6xHis was being degraded or simply cleaved from the fusion
protein. Melittin actively incorporates into membranes of cells as a multimeric protein,6 so
we hypothesized that enriched GST-6xHis-melittin may be in association with the inner
membrane of E. coli. We measured the rate of E. coli growth cultures with or without
addition of IPTG to assess whether GST-6xHis-melittin affected E. coli growth. IPTG
induction of other recombinant proteins in E. coli has been reported to have a minimal affect
the logarithmic phase growth rate,20, 21 which agrees with our observations. The produced
fusion proteins do cause statistically significant, but biologically insignificant, growth rate
inhibition of the E. coli (Figure 2). The fact that there is not significant growth inhibition
suggests that the GST-6xHis-melittin cannot form pores, i.e. there is no observable cell
death or the protein is not soluble as will be discussed later.

Detergent extraction from insoluble fraction
To extract what we believed to be a poorly soluble GST-6xHis-melittin protein, we
compared extraction with buffer to 3 non-ionic detergents representing different
hydrophilic-lipophilic balances (HLB): Span-80 (HLB 4.3), Tween-80 (HLB 15.0), and
Tween-20 (HLB 16.7) (Figure 3). We chose non-ionic detergents because of their non-
denaturing nature and capacity for removal by salt addition or by ion exchange
chromatography.22 Interestingly, increasing HLB values (increasing hydropilicity) correlates
with increased ability to purify melittin (Figure 3C). PBS was able to extract melittin upon
repeated extraction more effectively than sequential extraction with Span-80 (Figure 3A),
but not as well as sequential extraction with either Tween-20 or Tween-80 (Figure 3B). It is
remarkable how pure the GST-6xHis-melittin and GST-6xHis fractions became upon
sequential extraction with either Tween-20 or Tween-80 without any further affinity
purification. When 1% Tween-20 is used for sequential extraction (Figure 3B), there is clear
increase in relative protein extracted compared to the previous extraction as indicated by
greater density of the GST-6xHis-melittin and GST-6x bands relative to the same serial PBS
extraction (Figure 3C). Comparing the 1% Tween-20 extraction with other surfactants at the
same concentration (Figure 3A & Figure 3B), significantly more protein is also extracted
relative to the same serial PBS extraction. Based upon these experiments, it is clear that the
higher concentration of hydrophilic surfactant has the greatest ability to extract GST-6xHis-
melittin from the insoluble protein fraction.
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Repeated extraction with 1% Tween-20 was performed on the same insoluble pellet in order
to maximize yield (Figure 3D). Most of the extractable protein was removed after the first
of the repeated extractions. Nearly 50% of the GST-6xHis protein extracted from the
insoluble fraction contained a melittin fusion, while the other 50% did not. These conditions
resulted in the purification of soluble melittin of approximately 0.5 to 1 mg/L of E. coli
culture. In comparison, we were able to achieve a pure melittin yield of less than 0.1 mg/L
of E. coli from the soluble protein fraction, and less than 10% of what we purified from the
soluble fraction contained an active melittin fusion.

Acidic solubilization of GST-6xHis-Mel
The isoelectric point of GST is known to be between 5.8 and 6.8, depending upon the
specific sequence23 and was estimated to be 6.31 using a web-based calculation.24 The
isoelectric point of melittin is considerably higher25 with an estimated pI of 12.01 for the
recombinant, thrombin cleaved product. The predicted isoelectric point of a GST-6xHis-
melittin fusion by primary sequence prediction is 8.2. We hypothesized that detergent
extraction of the insoluble lysate at low pH would extract GST-6xHis-melittin by selectively
solubilizing the more charged molecule. Further, because GST is known to form aggregates
by disulfide bonding between four cysteine residues exposed on the surface,26 we sought to
reduce these disulfide bonds using reducing agents. Extraction in the presence (Figure 4A)
or absence (Figure 4B) of the reducing agent TCEP at low pH resulted in the selective
purification of GST-6xHis-melittin. Interestingly, at lower detergent concentrations and at
low pH, little to no GST-6xHis-melittin was extracted. As the detergent concentration
exceeded 0.5%, selective extraction of GST-6xHis-melittin was achieved regardless of
whether a reducing agent was present (Figure 4). Likewise, at high pH, the reducing agent
made little difference (Figure 4) allowing us to conclude that the selective solubilization of
GST-6xHis-melittin was not due to a simple process of reduction GST-inclusions.

The insoluble pellet from 500 mL of induced culture was extracted with low pH buffer
without detergent (Figure 4C, lane 1) then extracted twice with low pH buffer containing
1% Tween-20 (Figure 4C, lanes 2 & 3). To remove the detergent from the GST-6xHis-
melittin, the extract was purified by nickel affinity chromatography (Figure 4C, lanes 4 and
5). Unexpectedly, a re-enrichment of the GST-6xHis degradation product occurred through
this process. In fact, the purest GST-6xHis-melittin was found in the flow-through fraction
of this process (Figure 4C, lane 6). We digested GST-6xHis-melittin purified by metal
affinity chromatography with thrombin to further verify that the product was, in fact,
GST-6xHis-melittin (Figure 4C, lane 7). The loss of the 37 kDa band and increase in
intensity of the 29 kDa band suggested that the band was GST-6xHis-melittin.

GST has long been known to act as a homodimer.27 GST dimers occur only between
members of the same GST class.28 Even in fusion proteins, this quaternary structure is
maintained.29 Three possible combinations of dimers from GST-6xHis and GST-6xHis-
melittin are possible: two homodimers consisting of either GST-6xHis:GST-6xHis or
GST-6xHis-melittin:GST-6xHis-melittin, and one heterodimer consisting of
GST-6xHis:GST-6xHis-melittin. GST-6xHis:GST-6xHis homodimers were thought to be
diminished by acid solubilization; so only the homodimer of GST-6xHis-
melittin:GST-6xHis-melittin, and the heterodimer of GST-6xHis:GST-6xHis-melittin are
thought to remain. Melittin is a highly basic peptide and when engineered with a hexa-
histadine tag, the melittin peptide may change the electrostatic interactions of the hexa-
histadine sufficiently to disrupt formation of complexes between histidine and nickel. If this
is the case, homodimeric GST-6xHis-melittin:GST-6xHis-melittin may have reduced
affinity for nickel (Figure 4C, lane 6), while what is retained on the resin would consist of
heterodimeric GST-6xHis:GST-6xHis-melittin (Figure 4C, lanes 4 & 5). Though untested,
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this hypothesis would explain why only 50% enrichment of GST-6xHis-melittin is possible
by nickel chromatography.

Growth inhibition effect of recombinant melittin on U-87 MG and S. pyogenes
To verify the activity of nickel-purified, recombinant melittin, the effects of 10 μM
recombinant GST-6xHis-melittin and synthetic melittin were compared on U-87 MG cells
(Figure 5A). As controls, the effects of thrombin, and GST-6xHis were also considered in
this experiment. Under these conditions at least 85% survival was observed in the
GST-6xHis and thrombin treatment groups (Figure 5A). Cells treated with GST-6xHis-
melittin without thrombin retained 70% survival, whereas thrombin-treated GST-6xHis-
melittin let to 50% cellular survival. Under similar conditions and concentrations, synthetic
melittin allowed 15% survival of U-87 MG cells.

We further examined the potential of nickel-purified, recombinant melittin to inhibit growth
of the Gram-positive bacterium, S. pyogenes. GST-6xHis-melittin fusion protein (10 μM),
purified recombinant melittin (10 μM), or synthetic melittin (10 μM) were incubated with S.
pyogenes cells. Synthetic and recombinant melittin almost completely inhibited the growth
of S. pyogenes at 5 hours. GST-6xHis-melittin, however, exhibited minimal growth
inhibition, similar to no treatment (Figure 5B).

We believe that differences seen between synthetic and recombinant melittin were due to the
overestimation of recombinant protein concentration. Measurements were based on
concentration of GST-6xHis-melittin, and assumed that melittin in the 29 kDa band was
intact and that thrombin cleavage was 100% effective at releasing melittin from its fusion
partner. Neither of these assumptions was likely to be completely true.

Conclusion
In conclusion, we have shown an unusual process for the purification of a GST-6xHis-
melittin recombinant protein by repeated extraction of the insoluble protein fraction with
detergent. High levels of purification can be achieved simply by surfactant extraction at a
low pH. For this particular protein, hydrophilic surfactant, Tween-20, achieved superior
quantity and purity of protein extracted. We have shown that usable quantities (0.5 to 1 mg/
L) of melittin can be purified by this method, and that the resulting recombinant melittin is
functional compared synthetic melittin.
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Figure 1. Purification of GST-6xHis-melittin from soluble protein fraction
(A) Predicted structure of GST-6xHis-melittin fusion protein based upon template
matching.11 Approximate molecular weights are denoted below fragments as they would be
generated by thrombin cleavage following the sequence LVPR. (B) GST-6xHis-melittin
(orange and magenta arrow) was induced with 1 mM IPTG for 16 hours (lane 1) or 3 hours
(lane 2) and compared with 200 ng of bovine serum albumin (BSA; lane 3), and a protein
ladder for size (L). (C) GST-6xHis-melittin was also induced for 16 hours at 37°C (lanes 1
and 2) or 25°C (lanes 3 and 4) with 0.1 mM (lane 1 and 3) or 0.01 mM IPTG (lane 2 and 4).
(D) The induced GST-6xHis-melittin has two purified products of the expected sizes for the
fusion protein and GST-6xHis (orange arrow). Upon addition of 2U thrombin (+), the
GST-6xHis-melittin was cleaved and only the GST-6xHis band was observed. In each panel,
the orange and magenta arrow indicates GST-6xHis-melittin and the orange arrow indicates
GST-6xHis. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Figure 2. Doubling time (td) of E. coli and E. coli harboring GST-6xHis (GST) or GST-6xHis-
melittin (GST-mel) expression plasmid vectors
E. coli were grown under antibiotic selection to maintain expression vectors for GST-6xHis,
GST-6xHis-melittin, or no expression vector control and were grown in the presence and
absence of 0.1 mM IPTG. Doubling times were found to be dependent upon the plasmid and
IPTG treatment (2-way ANOVA, p-value < 0.05 for the interaction, [IPTG], and plasmid).
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Figure 3. Extraction of GST-6xHis-melittin from the insoluble protein fraction
Representative SDS-PAGE electrophoresis gels are shown to represent the protein recovered
from extraction from the insoluble protein fraction. (A) Protein recovered from repeated
extraction of the same insoluble fraction pellet with PBS (lanes 1-4 indicated the first
through fourth PBS extraction) or sequential extraction of the same insoluble fraction pellet
with 0.1% Span-80 followed by 0.5%, 1%, and finally 2% Span-80. (B) Protein recovered
sequential extraction of the insoluble fraction with 0.1% Tween-90 or Tween-20 followed
by 0.5%, 1%, and finally 2% Tween-80 or Tween-20. (C) Semi-quantitative density of
extracted GST-6xHis melittin using Tween-80 ( ), Tween-20 ( ), or Span-80 ( ) relative
to PBS extraction where the density of the protein band is divided by the density of the
protein band from the serial PBS extraction. Three technical replicates were examined and
the mean plus or minus (±) the standard deviation is presented. (D) Repeated extraction of
same insoluble pellet using 1% Tween-20 where each lane indicates the order of extraction.
The orange and magenta arrow indicates GST-6xHis-melittin and the orange arrow indicates
GST-6xHis. A molecular weight ladder (L) is also included in each gel. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Figure 4. Acidic solubilization of GST during detergent extraction
(A) Sequential extraction of the same insoluble fraction pellet in the presence of 70 mM
TCEP and 0% Tween-20 followed by 0.1%, 0.5%, and finally 1.0% Tween-20 in PBS (each
with 70 mM TCEP) adjusted to pH 2.3 (low pH) or 7.4 (high pH). (B) Sequential extraction
of the same insoluble fraction pellet in the presence 0% Tween-20 followed by 0.1%, 0.5%,
and finally 1.0% Tween-20 in PBS adjusted to pH 2.3 (low pH) or 7.4 (high pH) in the
absence of TCEP. (C) Extraction and nickel purification of GST-6xHis-melittin from 500
mL E. coli induction. The pellet was treated with acidic (pH of 2.3) buffer with no detergent
(lane 1) followed by a first (lane 2) and second (lane 3) extraction of the pellet with 1%
Tween-20 at a pH of 2.3 and eluted Ni-purified protein from the first (lane 4) and second
(lane 5) extractions, respectively. The flow through from this nickel purification is also
included (lane 6). Thrombin cleaved, nickel-purified protein from lane 4 (lane 7) shows a
marked decrease in GST-6xHis-melittin band. The orange and magenta arrow indicates
GST-6xHis-melittin and the orange arrow indicates GST-6xHis. A molecular weight ladder
(L) is also included in each gel. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure 5. Functional comparison of recombinant melittin to synthetic melittin
(A) Survival of U-87 MG cells 3 hours after no treatment (cells), treatment with 2U of
thrombin (thrombin), 20 μM synthetic melittin (mel), recombinant GST-6xHis-melittin
fusion (GST-mel), recombinant purified melittin (r-mel), or GST-6xHis (GST). (B) Growth,
as measured by the absorbance at 600 nm, of S. pyogenes cells (cells) five hours after
treatment with 10 μM recombinant melittin (r-mel), synthetic melittin (mel), or recombinant
GST-6xHis-melittin (GST-mel). In each, three biologic replicates were examined and the
mean plus or minus the standard deviation is presented. The symbols indicate significant
difference (p-value less than 0.05) from the cells without treatment (†), treatment with GST
(‡), or treatment with synthetic melittin (§).
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