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ABSTRACT: To promote and understand the structure–property relationship
for hemostasis, we modified melittin (MLT) using a four-arm poly(ethylene
glycol) (PEG) with N-hydroxysuccinimide ester. The PEGylation was character-
ized by FTIR, MALDI-MS, NMR, a bicinchoninic acid assay, circular dichroism,
hemolysis assay, and thromboelastography. Changes in the reaction conditions
affected the extent of the modification, the numbers of MLT conjugated to
PEG arms, and possible PEGylation sites. The reaction at pH 9.2 with a
high MLT/PEG ratio, resulted in the highest modification. Reactions in
dimethylsulfoxide (DMSO) resulted in more multi-arm coupled MLT, reaching
a maximum of four MLT per PEG. The helicity of the modified peptide, relative
to the native peptide, was essentially maintained in DMSO, but substantially
lost at pH 9.2. PEGylation reduced the hemolytic effects of MLT and
subsequently changed its coagulation profiles. The overall hemostatic effects
of MLT modified in DMSO indicate that this may be a convenient approach to
the PEGylation of biomolecules for biomedical applications.
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INTRODUCTION

Melittin (MLT) has a 26 amino-acid peptide, the sequence; NH2-
GIGAVLKVLTTGLPALISWIKRKRQQ-CONH2, is the main con-

stituent of bee venom, comprising about 50% of its dry weight [1].
An amphipathic molecule with a hydrophobic N-terminal region (1–20)
and a hydrophilic C-terminus (21–26), MLT has a random coil
conformation in dilute aqueous solutions [2]. MLT has two regions of
a-helix separated by a proline ‘hinge’ in aqueous solutions at high
concentrations or in hydrophobic environments, such as alcohols or lipid
bilayers [3]. The peptide can also self-associate to form a tetramer
depending on solvent type and solution condition [4]. The conformation
and aggregation of MLT in an aqueous solution depend on several factors
including the peptide concentration, ionic strength, pH, and the nature of
the ions in a solution [5]. In plasma, MLT appears to be a random coil [6].
MLT has many biological activities including; an antimicrobial agent

against Gram-positive and Gram-negative bacteria [7], an anti-inflam-
matory agent [8], a reagent for gene, and drug delivery [9] as well as for
the treatment of arthritic disorders [10] and cancers [11]. Its effects on
the cardiovascular system [12] and insulin secretion [13] have also been
demonstrated and attributed to the activation of phospholipase A2.
However, MLT is extremely cytotoxic and potentially immunogenic [14]
and thus not clinically used. To further understand the structural effects
on its biological properties and render it more biocompatible, different
methods have been used to modify MLT, including chemical crosslinking
[15], acylation [16], and conjugation to polymers [17] and lipids [18].MLT
analogs have been investigated for antibacterial and toxic activities [19],
to improve its antimicrobial activity [20] and designs to target specific
cells [21]. Most of the studies have been focused on the modification or
replacement of MLT residuals with small molecules to understand its
structure–function relationship.
Poly(ethylene glycol) (PEG) is widely used to conjugate drugs,

proteins, and peptides for potential biomedical applications. The PEG-
conjugated compounds are more soluble and have a longer half-life in
blood with reduced immunogenicity and toxicity [22,23]. PEG has also
been utilized to produce nano-objects and tissue regenerative matrices
in combination with helical peptides [24] and biological molecules [25].
Bioconjugation with multiple-arm PEG or ‘multi-PEGylation’ has been
mainly used for making hydrogels [26] and gene delivery [27,28]. New
PEGs with multiple functionalities at the end [29] and side groups [30]
have been studied as a high drug-loading carrier, overcoming the limited
payload of linear PEGs. MLT has only been modified with small
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molecules except for polyethylenimine [9] and poly(amidoamine) [17]
used for gene delivery.

MLT has been reported to accelerate blood coagulation, presumably
through the activation of coagulation factor X, and its binding to the
gamma-carboxyglutamic acid domain of factors IXa and X [31]. MLT
also acts on blood coagulation through its hemolytic effects on cellular
components of blood, particularly on erythrocytes and platelets [32,33].
It was hypothesized that the multi-PEGylation would permit optimum
interactions of MLT with blood components for hemostatic effects. The
amphipathic helical nature of MLT can be self-assembled to construct
supramolecular architectures through a combination with synthetic
polymers [34,35]. A self-assembling peptide has promoted complete
hemostasis immediately, when applied directly to a wound in the brain,
spinal cord, femoral artery, liver, or skin of hamsters [36].

To explore the application of MLT for promoting hemostasis, we
modified the peptide with a four-arm PEG N-hydroxysuccinimide (NHS)
ester under different conditions. The objective of this study is to under-
stand the effects of solution pH, solvent type, and reactant concentrations
on the PEGylation and resulting conformation of MLT.

MATERIALS AND METHODS

Materials

MLT, with490% purity, was purchased from Sigma-Aldrich Canada
(Mississauga, ON, Canada). Four-arm PEG-succinimidyl a-methylbu-
tanoate, with a molecular weight of 10,680Da, was obtained fromNektar
Therapeutics (Huntsville, AL, USA). BCATM Protein Assay Kit was purcha-
sed from Fisher Scientific Canada (Nepea, ON, Canada). All other reagents
were from various suppliers with the purity of ACS grade or higher.

PEGylation of MLT

PEG (1.2mg/mL) was dissolved in dimethylsulfoxide (DMSO) and
MLT (1.38mg/mL) was added. The solution was stirred at 150 rpm under
room temperature for 18 h and then diluted with 4�Milli-Q water and
dialyzed against Milli-Q water for 3 days, using a dialysis membrane with
amolecular weight cut-off (MWCO) of 6–8 kDa (Fisher Scientific Canada,
Nepea, ON, Canada). The final product was obtained through freeze-
drying of the solution after dialysis.

Prior to the PEGylation in DMSO, MLT was dialyzed with a MWCO
of 1200Da (Sigma-Aldrich Canada, Mississauga, ON, Canada) against
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pH 3 HCl for 20 h and lyophilized and designated as DMSO dial. pH 3.
The PEGylation was also carried out in dimethylformamide (DMF), and
in aqueous buffer solutions with a pH of 9.2, 4.5, and 2.5, respectively,
under the same conditions. In addition, the concentrations of MLT and
PEG in the reaction were both increased by four-fold while keeping their
ratio constant, designated as high concentration (HC). Alternatively, the
ratio was increased four-fold by increasing MLT only while keeping PEG
concentration unchanged; designated as high MLT/PEG ratio (HR).

Ftir Spectroscopy

Attenuated total reflectance (ATR) Fourier transform infrared spectra
of each sample in a powder form were obtained with a Thermo Nicolet IR
100 system using a Zn–Germanium ATR accessory (Thermo Electron
Corporation, PA, USA). Each sample was placed against the ATR element
and the spectra were collected in the range 800–4000 cm�1 using 64 scans
at a resolution of 4 cm�1.

Matrix-Assisted Laser Desorption/Ionization Time-of-flight

Mass Spectrometer

Mass spectra were acquired in a linear mode at positive polarity on
Applied Biosystems Voyager-DE STR matrix-assisted laser desorption/
ionization time-of-flight mass spectrometer (MALDI-TOF-MS) equipped
with a 337 nm laser. Acceleration voltage was set at 25 kV, grid voltage
at 90%, guide wire at 0.02%, delay time at 175 ns, and the mass range
was set between 2000 and 30,000Da. The mass spectra were externally
calibrated by the molecular weights of cytochrome C and myoglobin.
A saturated sinnapinic acid in 60% acetonitrile/1% acetic acid was used
as the matrix solution. Each sample was dissolved in water at a
concentration of 10 mg/mL. A 1 mL aliquot of sample solution was mixed
with 1 mL of 0.2mg/mL internal standard (oxidized insulin at m/z
3485Da) in water. Then, 1 mL of this mixture was combined with 1 mL
of the matrix solution; 1.5 mL of the obtained solution was spotted on a
sample plate. After the crystal was formed, the sample plate was
inserted into the mass spectrometer for analysis.
Individual peaks in the spectra were identified for each modified

MLT species together with the internal standard; their areas were used
to calculate relative PEGylation and percentage for each type of
conjugate containing 1–4 MLT molecules [37,38]. The relative
PEGylation was defined as the ratio of the total peak area of all
PEGylated MLT (PMLT) to that of the internal standard. The
percentage of each group of PMLT was calculated as the ratio of the
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peak area of the corresponding PEGylated species to the sum of the peak
areas generated by all the PMLT.

1H NMR Spectroscopy
1H NMR spectra were obtained on an Ultra500-unity500 spectro-

meter. D2O and H2O at a ratio of 10 : 90 were used as the NMR solvent.
Proton resonance assignments of each amino acid in MLT and the
ether unit in PEG were based on literature reports [39,40]. The ratio
between tryptophan protons (6.9–8.0 ppm) and ethylene oxide protons
(3.5–3.8 ppm) was calculated to estimate the number of MLT per PEG
molecule [39,41,42]. The weight percentage of PMLT in the conjugate
was then calculated based on the ratio and the molecular weights of
MLT and PEG.

Bicinchoninic Acid Assay

The bicinchoninic acid (BCA)TM protein assay kit was used to quantify
the amount of PMLT in the product. Each product was dissolved in
Milli-Q water (0.5mg/mL). The working reagent was a 50 : 1 ratio BCA
reagent A and reagent B. Each PMLT (40 mL) was mixed with 800 mL of
the working reagent and incubated at 608C for 30min. The reaction
solution was then read at 562nm on a UV-visible spectrophotometer
(Agilent Technologies Canada Inc., Mississauga, ON, Canada). PEG and
bovine serum albumin solutions in Milli-Q water were used as a negative
and positive control, respectively. A standard curve for MLT in Milli-Q
water was constructed. The weight percentage of PMLT in the product
was calculated as the amount of MLT measured by the BCA assay
divided by the total mass of the product.

Circular Dichroism Spectrometry

The circular dichroism (CD) spectra of the original MLT and PMLT in
methanol at a 200 mM equivalent peptide concentration were recorded
between 200 and 250nm on a JASCO 810 spectropolarimeter (Jasco
Inc., Easton, MD, USA).

Hemolysis

Red blood cells (RBC) were isolated by centrifuging the blood samples
from healthy volunteers for 10min at 6000 rpm and extracting the
supernatant. The RBC was washed three times with phosphate buffer
saline (PBS) pH 7.4, and suspended in PBS (final 5% v/v). Each solution
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was added to a RBC suspension to yield a final volume of 120 mL (2.5% v/v
final RBC concentration) and a MLT concentration of 40 mM. The
mixture was incubated at 378C for 1 h and centrifuged for 5min at
2500 rpm. The supernatant was extracted and diluted with PBS 10-fold.
The absorbance was measured under the UV-visible at 540nm. The same
technique was performed using PMLT instead of MLT. For the positive
control of 100% hemolysis, 1% v/v Triton X-100 was used to suspend
the RBC and for the negative control, RBC suspended in PBS. Both
positive and negative controls had a final RBC concentration of 2.5% v/v.
The percent hemolysis was calculated using the following equation:

%Hemolysis ¼ ðAsample � AnegÞ=ðApos � AnegÞ
� �

� 100%, ð1Þ

where Asample, Aneg, and Apos are the absorbance of the sample, negative,
and positive controls.

Thromboelastography

For each PMLT sample, the wt% of MLT was predetermined by the
BCA assay. Each sample solution was prepared in pH 7.4 Tris buffer to a
720 mM equivalent of MLT. With institutional approval and subject
consent, blood samples were taken from healthy volunteers via
venipuncture and collected into separate Vacutainers (Fisher Scientific,
Nepean, ON) containing 0.109M sodium citrate solution (citrate : blood
volume¼ 1 : 9) and gently inverted three times. Thromboelastographic
(TEG) measurements were carried out using a computerized TEG�

Hemostasis System 5000 (Haemoscope Corporation, Niles, IL, USA).
Specifically, after the system has passed the electronics testing and
quality control according to manufacturer’s protocol, a sample solution
(20 mL) was pipetted into TEG cups pre-warmed to 378C. An aliquot of
20 mL of 0.2M calcium chloride solution and 320 mL of blood were then
added into the TEG cups, respectively, giving 40 mM of MLT. The
measurement was started immediately and run until all interested
parameters were finalized. The Tris buffer of 20 mL was used instead of
the sample solution as a negative control. The blood–material interaction
was measured by the percent difference for each TEG parameter using
the follow equation:

%Difference from blank ¼ ðPs � P0Þ=P0½ � � 100%, ð2Þ

where Ps and P0 are the parameters measured with an agent-dosed
sample and a negative control from the same blood draw, respectively.
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Statistic Analysis

Data were presented as mean�standard deviation and compared
using a two-tailed t-test with 95% confidence to identify significantly
different groups.

RESULTS

PEGylation of MLT

The modification was confirmed and quantified; shown in Figure 1 are
the peptide amide peaks at 1650 and 1540 cm�1, the NHS ester and
ether peaks for PEG at 1809, 1781, 1739 (the ester peaks disappeared
after the reaction), and 1100 cm�1. Slight shifts in the amide I peak from
1646 to 1650 cm�1 was observed but no new peaks were observed as the
new amide bonds overlapped with the peptide.

The relative PEGylation and the numbers of arms coupled with MLT
were determined by mass spectroscopy. Typical MALDI-TOF MS
spectra in Figure 2 indicate the presence of a sharp and strong peak
of the insulin standard at m/z 3482 and a board peak of the PEG control
at m/z 10,368, in agreement with their molecular weights. In contrast,
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Figure 1. FTIR spectra of PEG NHS ester, MLT and their conjugates prepared in pH 9.2
buffer and DMSO. PEG NHS stands for original four-arm PEG-succinimidyl
a-methylbutanoate.
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the spectra for the PMLT conjugates corresponded to PEG plus 1–4
MLT molecules with peaks observed at m/z 13,367, 16,334, 19,391, and
21,673 for conjugates with 1, 2, 3, and 4 arms, respectively. The peaks
have a normal distribution with widths typical for polydisperse PEG
chains. A peak at 26,747, twice the molecular weight of MLT–PEG,
implied PEG–MLT–PEG crosslinking. Residuals with molecular weights
in the range of 5000–9000 were seen in the spectrum of PEG as well
(Figure 2(a)). MLT and hydrolyzed PEG peaks at 2847 and 10,391, for
their individual MS spectra, were not noticeable in the spectra of the
conjugates (Figure 2(b) and (c)).
The relative PEGylation under different conditions, quantified by

total area under the MLT–PEG conjugate peaks and internal
standard peak of the MS spectra are shown in Figure 3. Among the
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buffer (c), respectively. Oxidized insulin at m/z 3485Da was added as an internal standard.
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three solvents: aqueous pH 9.2, DMSO, and DMF, the PEGylation
appears to be in the same order as their polarities, with pH 9.2 being
highest and DMF being lowest (Figure 3(a)). In DMSO, the pre-
treatment of MLT, through membrane dialysis against pH 3 HCl,
resulted in different PEGylation from the untreated one. In aqueous
buffer solutions, the overall extent of modification decreased with
solution pH. The effects of MLT to PEG ratio and their concentrations
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Figure 3. Relative PEGylation under different conditions: (a) Effects of solvent, buffer
pH, and (b) MLT to PEG ratio and their concentrations. Error bars are standard
deviations (n¼3). The relative PEGylation was defined as the ratio of the total peak area
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in pH 9.2 aqueous buffer and DMSO on the production of PEG–MLT
adducts are shown in Figure 3(b). In both solvents, the degree of MLT
modification by the four-arm PEG increased with MLT: PEG ratio, but
to a lesser extent with their concentrations.
The relative abundance of each type of PMLT is shown in Figure 4.

The PEGylation in DMSO, using MLT dialyzed against pH 3 was 95%
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single-arm product, with less at pH 4.5 and 2.5 (Figure 4(a)). The reaction
in DMSO also yielded more two arms of PEG–MLT conjugates than
buffers and DMF. All 4-arm PEG–MLT only occurred in DMSO. The
distribution of each product was not markedly affected by the reactants
ratio or concentration in pH 9.2 (Figure 4(b)). In contrast, the multiple-
arm conjugates were increased under these conditions in DMSO.

The conjugation was confirmed by NMR spectra of the ethylene oxide
resonance for PEG at 3.7 ppm [41] and the aromatic tryptophan residue
of MLT at 6.9–8 ppm [43]. The quantitative analysis (Table 1) indicates
that an average of 0.4–1.5 out of four arms of PEG had been
functionalized with MLT. PEGylation in DMSO at the high ratio led
to the highest MLT loading, in contrast with the lowest loading, under
the condition designated as DMSO dial. pH 3. An absolute quantification
of PEGylation, using a simple BCA assay, is summarized in Figure 5,
which shows similar trend effects by PEGylation as seen in the MS and
NMR spectra. The BCA test indicates less difference in PEGylation
between pH 9.2 and DMSO than seen in the MS spectrum.

Structural Analysis of MLT Before and After Modification

Based on the CD spectra, the MLT and its PEG conjugates prepared
under different conditions have different secondary structures (Figure 6).
The two minima at 222 and 210nm are typical of a-helical conformations
while the single minimum at 210nm indicates random structures [5].
The ellipticity values at 222nm ranging from �15,924 to �591,114 deg
cm2/mol were used to calculate the helicities of MLT before and after the
conjugation [16]. It seems that the helix content decreased in the
following order of solvents used for PEGylation: DMSO4DMF4pH
4.54pH 9.2 phosphate buffer. The ratio and concentration of MLT and
PEG had minimal effects.

Table 1. 1H NMR quantification of MLT PEGylation.

PEGylation

conditions

Tryptophan/

CH2CH2O

PEGylated

MLT wt%

pH 9.2 0.88 19.7

pH 9.2 HCa 0.95 21.2

DMSO 0.76 17.5

DMSO HRa 1.45 28.8

DMSO pH 3 0.40 10.1

Note: aHC and HR stand for high MLT and PEG concentration and ratio,
respectively.
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Hemolysis

MLT released 99.5� 1.4% of the hemoglobin at 40 mM relative
to Triton X-100 (Figure 7). The MLT conjugates led to approximate
10–80% hemolysis depending on preparation conditions, with 10% in pH
9.2 and 80% by the DMSO-PEGylated. In contrast, PEG exhibited
minimal hemolysis. The extent in hemolysis can be ranked in the same
order as that of helicity retained after PEGylation (Figure 6).
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Figure 5. BCA quantification of MLT PEGylation under different concentrations
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Thromboelastography

TEG measures the in situ change in viscosity of blood as a function
of time under a low shear and globally measures blood clotting [44].
The measurement is graphically represented as a characteristic shape
profile over time (Figure 8), from which, different parameters can be
derived. The thromboelastographs for citrated whole human blood
with blank (Tris buffer), free MLT, PEG, and PMLT solutions
(Figure 8) elucidate four key TEG parameters: (1) time to detect-
able clot formation (R) (the amplitude ¼ 2mm in the TEG tracing);
(2) time from the measurement of R to the point where the tracing
amplitude reaches 20mm (K); (3) the slope of the tangent joining the
point of initial split intercepting the tracing, representing the rate of
clot formation (a); and (4) maximum amplitude depicting clot
strength (MA). The earliest onset of clot formation (R time) and
the weakest clot (maximal amplitude MA, Figure 8) were by MLT;
PEGylation shortened R time compared to the controls (PEG in Tris
buffer and Tris buffer).
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To account for the differences in the blood drawn from different
donors and/or at different times, the percent difference of the onset of
clot formation and maximal clot strength between the sample and the
blank from the same blood was calculated, respectively, and summarized
in Figure 9.

The negative changes in R and positive changes in MA indicate
an enhancement of clot formation and strength. The magnitude
suggests the extent of the effects. In general, PEGylation led to negative
effects on the clotting time and positive effects on the clot strength, to
different extents depending on its conditions. PEGylation in DMSO led
to a reduction in the clotting time comparable to MLT, but less
deterioration of the clot strength, improving the overall hemostatic
effects. The PEG control had no profound effects on blood coagulation.
The hemolysis and initial coagulation times and maximum clot
strengths are shown in Figure 10; both R and MA values decrease
with increasing hemolysis.
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DISCUSSION

There are only a few studies that used multiple-arm PEG to modify
peptides [41] and drugs [45], to prepare hydrogels [46,47] and improve drug
solubility [45]. There are fewer studies that optimized the PEGylation of
peptides for biological studies and characterized the impact of individual
modifications through each arm [48]. Our study used amulti-arm PEG to
increase the drug payload; thus allowing for the optimization of MLT
interactions with biological systems [27].
A molecule larger than four MLTs per PEG may be associated with

multiple PEGs conjugated to MLT despite the possible steric hindrance
(bulky structure) of PEG. There were no noticeable species with
molecular weights higher than 30,000 or 40,000. It is noteworthy that
the MS used could characterize bioconjugates with a molecular weights
higher than 60,000 [49].
An increase in PEGylation at higher pH is due to more amine

groups being deprotonated, which is in accordance with the literature on
the pH dependence of PEGylation [50–53]. Since the N-terminal glycine
amine generally has a lower pKa (�7–8) than the "-amine of the three
side lysines (9–10), at acidic pH 2.5 and 4.5, PEGylation at the
N-terminal should dominate, resulting in better selectivity for the
modification site but a lower degree of the modification. This is
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Figure 10. Correlation between hemolysis and blood coagulation (SD, n¼3).
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consistent with limited PEGylation in DMSO of MLT pre-dialyzed
against pH 3 HCl where peptide amino groups were mostly protonated.
Our results are also in agreement with the reports on the site-specific
PEGylation at the N-terminus by lowing reaction pH [54,55], on the
predominant N-terminal modification by poly(amidoamine) [17]
and acetylation of MLT in a solution with pH below the pKa value of
the N-terminal amino group [56]. At pH 9.2, it is likely that PEGylation
at the "-amino group on lysine prevailed since it is more reactive
than the a-amino group at the N-terminus, when both were not
protonated [57].

Self-association occurred in pH 9.2 at MLT concentrations above
3mM was accompanied by an increased a-helix content above 70%
[5,58]. The PEGylation was conducted at the same MLT/PEG molar
ratio, but at different MLT concentrations (0.49 and 2.62mM) in pH 9.2,
where MLT may possess dominantly a random coil and helical
conformations without aggregation, respectively, and have different
accessibilities and mobilities of amines for PEGylation [59]. The effects
of PEGylation on the helicity of MLT (Figure 6) may be ascribed to the
PEGylation sites involved and are in agreement with literature
describing site-dependent PEGylation effects on the secondary struc-
tures of helical peptides [60].

Both the PEGylation site and the number of MLT per PEG were
taken into account in determining the effects of modification on blood
interactions. An amphipathic a-helical structure is essential for the
hemolytic activity of MLT [4] and the importance for hemolytic
activities of the four amino acids containing primary amino groups
appear to follow the following order: lysine 7, N-terminal glycine, lysine
21 and lysine 23 [61–63]. The greater decrease in hemolytic activity by
MLT modified at a lower pH, where PEGylation was mostly at the
N-terminal, is similar to that was observed by acetylation of the
N-terminal residue of MLT [62]. The lower reduction in hemolysis by
the PEG conjugation made at a higher pH, where lysine modification
was dominant, is consistent with the effects reported for lysine residues
on MLT conformations and bioactivities [16,53].

The anticoagulant effects of MLT on whole blood have been ascribed to
its inactivation of phospholipids [64]. Our study showed a reduction in
coagulation time and clot strength, as indicated by the shorter R and
smaller MA, respectively. The hemolysates from erythrocytes and
platelets reduce coagulation time, while the destruction of platelets
causes a decrease in clot strength [33]. In addition, MLT may activate
coagulation factors [31], leading to the decreased R time and faster
clotting.
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CONCLUSIONS

The overall extent of MLT PEGylation, the number of the peptides
per PEG and the conformation of PMLT varied depending on the
reaction conditions. MLT PEGylation reduced peptide hemolytic effects,
based on hemolysis assay and TEG. The reduced hemolysis may be
related to the remaining helicity of the PMLT, which led to a reduction
in the coagulation time and maximum clot strength. Thus, the overall
hemostatic effects of MLT can be optimized by the PEGylation. Other
studies on the potential bioactivity of PMLT with respect to antibacter-
ial and drug delivery effects may be usefully explored for other
biomedical applications.
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