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: Alpha-momorcharin (a-MC), a type | ribosome-inactivating protein (RIP) isolated from Momordica

. charantia seeds, has been extensively studied for its antitumor, antiviral and antifungal activities.
However, as an exogenous protein, problems associated with short half-life and strong immunogenicity
have limited its clinical application. Poly (ethylene glycol) (PEG), as a polyether compound, is a well
established and efficient modifier to develop it as a potential agent. Nevertheless, conventional
PEGylation is not site-controlled and the conjugates are often not homogenous due to the generation

. of multi-PEGylated derivatives. To obtain a homogenous mono-PEGylated a.-MC, the PEGylation

© was carried out by coupling a 20 kDa mPEG-butyraldehyde (mPEG-ALD) with o-MC. The product was

. separated and purified by MacroCap SP chromatography. Results from SDS-PAGE and MALDI-TOF MS

. revealed that the PEGylated o.-MC consisted of one molecule mPEG and a-MC. Edman degradation
confirmed that the N-terminal residue of a-MC was successfully coupled with mPEG-ALD. The mono-
PEGylated a-MC possessed an extremely similar secondary structure to native o.-MC through spectral
analyses. In addition, it also showed low immunogenicity by double immunodiffusion and preserved
moderate antitumor activity to three kinds of tumor cell lines in vitro. Finally, trypsin resistance was
also considerably improved.

Ribosome-inactivating proteins (RIPs), widely distributed in higher plant tissues, can inactivate eukaryotic ribo-
somes and therefore specifically and irreversibly inhibit protein synthesis by N-glycosidase activity which catalyti-
cally cleaves the N-glycoside bond at position A**** of the rat liver 285 rRNA!~. As an N-glycosidase (EC 3.2.2.22)
family of plant toxins, RIPs are mainly divided into three groups’. Type I RIPs contains a single polypeptide
chain that has a molecular weight of 26-31kDa and characteristically shows an alkaline pI from 8.0 to 10.0. For
: example, both trichosanthin (TCS) and pokeweed antiviral protein (PAP) belong to this group of RIPs. Type II
- presented a dimeric structure consists of two chains which were linked by a disulfide bond. The A chain similar to
. type I RIPs functions an N-glycosidase activity, whereas the B chain has a lectin property which is critical for the
. binding between protein and target cells®. Currently, some researchers have classified RIPs in maize and barley
as type III or named typical RIPs, which needs an activation process from inactive precursors (ProRIPs) to active
RIPs’.
: Alpha-momorcharin (a«-MC), a single-chain type I RIPs, has been isolated from the seeds of bitter melon
. Momordica charantia L. (MC). It is a glycoprotein and has been confirmed to own several medicinal properties
including antitumor, antidiabetic, antimicrobial, antiviral, as well as immune-modulatory both in vitro and in
vivo'®12 1t consists of about 250 amino acid residues and 1.6% neutral sugar. The relative content of secondary
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Figure 1. The schematic diagram of chemical synthesis of mono-PEGylated a-MC.

structure is 35.8% of a-helix, 29.9% of 3-sheet, 14.7% of 3-turn and 19.6% of random coil. The N-terminal
sequence was N-Asp-Val-Ser-Phe-Arg"’. More importantly, its strong antitumor and antiviral activity has been
attracted a considerable attention which makes it be a potential drug agent'*. However, like other exogenous
proteins, a-MC unfortunately possesses several adverse effects, such as short half-life, strong immunogenic-
ity, toxicity and systemic anaphylaxis'®. To overcome these problems, various approaches like site mutagene-
sis and chemical modification have been employed'®"”. Among them, PEGylation has been found to be one of
the effective strategies'®. Polyethylene glycol (PEG), as a synthetic water-soluble macromolecule, can be cova-
lently attached to therapeutic proteins and owned several benefits'*-*!. In our earlier studies for the non-specific
PEGylation with the amino groups on the side chain of lysines and N-terminus, the modified a-MC had accept-
able bioactivity including longer half-life time in the bloodstream and decreased immunogenicity in vivo and
in vitro'*?2-2%, Although this method is convenient for the formation of the PEGylated conjugates, it often leads
to the non-homogenous mixture consisted of other PEGylated byproducts. In order to solve this problem,
site-controlled mono-PEGylation of proteins has entered into our view?. Currently, many exogenous proteins
owned biological activities have been conjugated with various PEG to make them as potential agents for clini-
cal use. For example, Streptokinase (SK) being of bacterial origin owned drawbacks including high antigenicity
and relatively short circulating half-life. By using site-specific PEGylation, researchers can obtain longer lasting
thrombolytics, which are consistent with clinical requirements?. Bovine pancreatic ribonuclease A (RNase) was
modified at various extent at the lysine residues by mono-methoxypoly (ethylene glycol) (MPEG). The result
showed the half-life was increased of 40-50 folds with respect to the native form?’. As for ribosome-inactivating
proteins, the type 1 RIP Trichosanthin (TCS) has been studied more in these years. It has been approved effec-
tive in the clinical treatment of AIDS and tumor, but its strong immunogenicity and short plasma half-life have
limited the clinical administration. By using site-directed PEGylation, the PEGylated TCS showed a decrease
in immunogenicity, non-specific toxicity, and increase in plasma half-life!”?**. Herein, we report a case study
in which chemical synthesis, isolation, identification and in vitro bioactivity of mono-PEGylated a-MC were
involved. To our knowledge, this was the first study concerning the mono-PEGylation of Alpha-momorcharin as
a potential therapeutic agent.

Results and Discussion

Preparation of the PEGylated a.-MC. The PEGylation of proteins depended significantly on the reactive
conditions including pH, temperature, the ratio of protein to PEG and reaction time. To obtain mono-PEGylated
protein, the conditions should be strictly controlled. In our study, the proposed synthesis scheme (Fig. 1) can
obtain an ideal mono-PEGylated protein. The conjugation reactants contained 5.0 mg/mL of oa-MC and 20 kDa
mPEG-ALD with the mass ratio of PEG-ALD to protein at 1:3, 1:2 and 1:1. The reactants were mixed in pH 4.0,
0.1 M citrate phosphate buffer containing 20 mM sodium cyanoborohydride (NaBH;CN) under vibration at 100
r/min at room temperature for 2 h. The reaction was ended by adding 2 M of glycine to a final concentration of
100 mM. The optimal ratio of PEG to protein can be obtained by subsequent SDS-PAGE analysis. A MacroCap
SP chromatography was utilized to isolate and purify PEGylated o-MC from the resultant samples containing
byproducts which consisted of unmodified protein and unreacted PEG. Once reaction mixture was loaded to
the column and residual PEG was removed by elution of pH 6.3, 0.05 M phosphate buffer (buffer A), fractions
bounded to media can be eluted by a gradient of 350 mL buffer A: 350 mL buffer A containing 100 mM NaCl. The
chromatographic profile was shown in Fig. 2 (Supplementary Fig. S1) and the result of SDS-PAGE in Fig. 3 indi-
cated that the two peaks appeared in order of precedence. The first peak was evidenced to be PEGylated a-MC
and the latter one was unreacted a-MC corresponding with a concentration of 20-30 mM and 40-60 mM NaCl,
respectively.

A better understanding of the above result may ascribe to the effects of PEGylation on the physicochemi-
cal properties of proteins, such as isoelectric point, surface charge density, and distribution, as well as relative
hydrophobicity and interactions between PEGylated proteins and surfaces which reduced the interaction between
PEGylated protein and media. Additionally, pI of native a-MC and PEGylated one was detected to be 9.04 and
8.68 by IEF-PAGE (data not given here) and this also provided a convincing explanation for the above description.

The homogeneity of PEGylated a-MC was assessed by SDS-PAGE and the result showed a high purity (>95%)
without residual PEG appeared at lane 2, 4, 6 in Fig. 3. According to the electrophoresis band distribution of the
SDS-PAGE, the purified PEGylated protein possessed about 50% of yield. Meanwhile, it was also shown that the
modification rate increased with the increase of the amount of PEG at lane 1, 3, 5. When PEG amount was more
than three times of protein, a di-PEGylated form appeared. Therefore, the purified PEGylated protein from a mass
ratio of PEG:protein as 1:3 is used in this study.

SCIENTIFICREPORTS|  (2018)8:17729 | DOI:10.1038/s41598-018-35969-1 2



www.nature.com/scientificreports/

E 1 1 1 1 1 1 1 1 1 70.0

c 1000 Unreacted a-MC -7 E
(=3 a-MC-PEG—> -

@ \ - Q
N 800- - o
] PEG—> g
[} (2]
2 600 omc— P o
© < -
2 o-MC-PEG 35.05
© 400 s
2 E
o 3
s =3
& 04 0 T

0 50 100 150 200 250 300 350 400 450 500

Elution volume (Ve)/mL

Figure 2. Chromatographic profile of products from a-MC reacted with 20 kDa mPEG-ALD at a mass ratio of
PEG: protein as 1.0:3.0 on MacroCAP SP matrix. The column was eluted by 700 mL, pH 6.3, 50 mM NaH,PO,-
Na,HPO, buffer with a salt gradient from 0 to 100 mM NaCl. Insert panel indicated the analysis of reaction
mixture on SDS-PAGE stained byKI-I solution, from top to bottomwere PEGylated o-MC, residual PEG and
unreactive a-MC. The inserted graph was Supplementary Fig. SI.

Figure 3. Analytic results of unreacted a-MC and mPEGylated oa-MC isolated by MacroCap SP
chromatography on SDS-PAGE under reducing or non-reducing conditions. (A) represented that the
proteinswere stained by coomassie brilliant blue R-250; (B) represented that the PEGylated protein and free
PEG were stained byKI-I solution. Lane 1,3,5 indicated the PEGylated mixture at a mass ratio of PEG:protein at
1:3.0,1:1.0 and 1:2.0, respectively; Lane 2,4,6 indicated the purified mPEGylated a-MC corresponding to lane
1,3,5; Lane 7 indicated unmodified a-MC.
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Figure 4. Determination of the accurate molecular weights of native a-MC and the mono-PEGylated o-MC by
MALDI-TOF MS. (A) presented the analytical result of a-MC and (B) presented the analytical result of mono-
PEGylated a-MC.

MALDI-TOF Mass spectrometry and Edman degradation analysis. In order to verify whether
mPEG-ALD was specifically combined with the N-terminus of a-MC, a combination of MALDI-TOF MS and
Edman Degradation techniques was used. Through the detection of MALDI-TOF MS, the accurate molecular
weight of the mPEGylated a-MC was measured to be 49715.11 Da (Fig. 4B) which suggested that a single 20 kDa
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Figure 5. Chromatographic profile of N-terminal amino acid from «-MC and PEGylated a-MC on polyamide
film. Lane 1 presented PTH-Asp as standard; Lane 2 presented the PTH-amino acid from «-MC; Lane 3
presented the PTH-amino acid from PEGylated a-MC; Lane 4 presented the PTH-amino acid from PEGylated
a-MC with doubling the amount of sample.
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Figure 6. Spectrum analyses of native a-MC and mono-PEGylated a-MC. (A) represented circular dichroism
(CD); (B) represented ultraviolet spectrum (UV); (C) represented infrared spectroscopy (IR) and (D)
represented intrinsic emission fluorescence.

mPEG-ALD was conjugated to the native a-MC of 28585.183 Da (Fig. 4A). Moreover, chromatographic profile
of the PTH-amino acid from a-MC, PTH-amino acid from mPEGylated o-MC and PTH-Asp as standard on
polyamide film was shown in Fig. 5. It revealed that the amino acid released from o-MC (Lane 2) was proved
to be Asp with the same Rf value as PTH-Asp as standard. But N-terminus from PEGylated a-MC could not be
released as the PITC would not work if the N-terminal amino acid was chemically modified or concealed within
the body of the protein (Lane 3). Meanwhile, when the amount of sample was increased to twice, a weak staining
spot could be detected in Lane 4 and the reason may due to the possible random modification (positional iso-
mer) to other sites toward a-MC. These data indicated that a 20 kDa mPEG-ALD was indeed conjugated to the
N-terminus of a-MC by site-specific PEGylation.

Spectrum analyses. To detect the conformational changes of a-MC in the PEGylation, circular dichro-
ism, UV, IR and FL spectra were analyzed, and the results were presented in Fig. 6. The CD profile (Fig. 6A) of
mono-PEGylated a-MC was comparable with that of the native form observed at 205 to 225 nm, indicating helix
structure. It was shown that the PEGylation preserved this RIP’s secondary structure. Fluorescence spectra were
measured to analyze the differences between the tertiary structure of a-MC and that of mono-PEGylated o-MC.
The results were shown in Fig. 6D. The maximum emission wavelength of a-MC was 365 nm, and a blue shift
was detected for mono-PEGylated a-MC (360 nm), indicating compact packing of the protein structure and the
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Figure 7. The anti-tumor effects and phase contrast microscope photos of cytotoxicity assay of native a-MC or
mono-PEGylated on the proliferation of Hela, MDA-MB-231 and A549 cells for 72 h. (A-C) Indicated the dose-
dependent inhibition of the proliferation of Hela, MDA-MB-231 and A549 cells by native and mono-PEGylated
a-MC at different concentrations. Value represented the mean = SD of three independent experiments. *P < 0.5
compare with a-MC. (D) Indicated phase contrast microscope photos of cytotoxicity assay (200x);(a) reflected
the normal control of Hela, MDA-MB-231 and A549 cells; (b) reflected Hela, MDA-MB-231 and A549 cells
treated with 0.5 mg/mL of a-MG; (c) reflected Hela, MDA-MB-231 and A549 cells treated with 0.5 mg/mL of
mono-PEGylated a-MC.

reason could be attributed to the interaction between PEG and protein. The UV and IR spectra of native a-MC
and mono-PEGylated o-MC were approximately similar under detected wavelength (Fig. 6B,C) which showed
that the PEGylation does not change the structure of native a-MC.

Biological activity in vitro. Enzymatic activity was carried out by a coupled-enzymes method established
in our laboratory. The result indicated that mono-PEGylated protein persisted about 80% activity for catalyzing
NADT as a substrate to release adenine compared to its counterpart.

Antitumor effects of native a-MC and mono-PEGylated a-MC were detected by MTT assay. Both exhibited a
dose-dependent growth inhibition to Hela, MDA-MB-231 and A549 cell lines at a certain time of 72 h. As Fig. 7
showed, a certain extent of antitumor activity was preserved after PEGylation against these three cell lines with
different concentration of native a-MC and mono-PEGylated a-MC. For Hela, MDA-MB-231 and A549 cells,
the mono-PEGylate activity was decreased relatively about 91%, 83% and 52% at concentration of 0.02 mg/mL,
0.1 mg/mL and 0.5 mg/mL, respectively. However, cell growth inhibition of them to Hela cells demonstrated a
significant decrease, indicating that both a-MC and mono-PEGylated a-MC owned stronger inhibition against
human cervix adenocarcinoma cells than against other two cells detected here. Meanwhile, in contrast to the
native a-MC, mono-PEGylated a-MC also remained at least 50% of antitumor activity against these three tumor
cells at a concentration of 0.5 mg/mL for 72h. All of these results were similar to our previous studies which
used 20kDa (mPEG),-Lys-NHS or 10 kDa mPEG-SC as the modifiers**~2**°. However, the homogeneity of
mono-PEGylated-ALD a-MC was much higher than (mPEG),-Lys-NHS a-MC. The reason for this is that we
can obtain N-terminally PEGylated a-MC according to the difference in pKa values between o-MC group at
N-terminus and epsilon amino group of lysine. Generally, the pK of the alpha-amino group is 1-2 pH units lower
than the epsilon-amino group of lysine residues. By PEGylating the molecule at pH 7 or below, high selectivity
for the N-terminus frequently can be attained®-3. It can also be speculated that the structure and molecular
weight of PEG have little influence on the antitumor activity of a-MC. Considering other factors, it is also pos-
sible that the two types of modifiers did not act on the active center or catalytic group of a-MC, thus the degree
of antitumor activity reduction was similar. The result of this part implied us that choosing a PEG molecule with
appropriate functional group plays a significant role in PEGylation.

Analysis of PEGylated a.-MC resistance to trypsin proteolysis. «-MC, as an exogenous plant pro-
tein, could be degraded in the bloodstream from various serum proteases. Theoretically, the protein stability
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Figure 8. The comparison of resistance to trypsin proteolysis between PEGylated and native o-MC. The
proteins were incubated with trypsin for indicated times. Each data value represented means + SD (n=3).

Figure 9. Double immunodiffusion results with a-MC and mono-PEGylated o-MC antisera. (A) Result with
«a-MC antisera at 24 h. Ab1, presented anti-a-MGC; 0, presented saline as control; 1-3, presented a-MC (0.5,
0.25, 0.125mg/mL); 4-6, presented MAP30 (0.5, 0.25, 0.125mg/mL). (B) Result with PEGylated-co-MC antisera
at 24h. Abl, presented anti-PEGylated-o-MC; 0, presented saline as control; 1-3, presented PEGylated-a-MC
(0.5, 0.25, 0.125 mg/mL); 4-6, presented MAP30 (0.5, 0.25, 0.125 mg/mL). Note: arrows pointed the precipitins
formed in this test.

could be significantly increased by PEGylation. In this section, the comparison of the potent resistance between
PEGylated and native a-MC by measuring trypsin resistance in vitro was evaluated. The concentration of proteins
to trypsin was 2.5:1 and incubated for various time periods. As shown in Fig. 8, the PEGylated o-MC was more
resistant to trypsin proteolysis than native a-MC. The activities of them were gradually decreased with the pro-
longation of the incubation time. After 10h of treatment with trypsin, nearly 60% of PEGylated a-MC in contrast
to 30% of the native was remained, indicating that the PEGylation of o-MC significantly increased its resistance
to proteolysis. Additionally, the half-life of PEGylated a-MC was indicated about 16 h while that of a-MC was
about 5h. This may due to the modification-added 20 kDa mPEG-ALD, which can protect the proteolytic sites.
Such protection could help this kind of RIPs, a-MC, enter the body and target sites without being hydrolyzed by
proteolytic enzymes.

Double (Ouchterlony) Immunodiffusion. The representative of the double immunodiffusion result,
Fig. 9 showed Balb/c mice antisera (central well) double immunodiffusion precipitins formed with a-MC,
MAP30 (another type 1 RIP purified in our lab) and mono-PEGylated a-MC. Three precipitin lines were
observed (Fig. 9A) for a-MC antisera when outer cells were added with 0.5, 0.25 and 0.125 mg/mL of a-MC.
Similarly, three precipitin lines were observed (Fig. 9B) for PEGylated a-MC antisera when outer cells were added
with 0.5, 0.25 and 0.125 mg/mL of PEGylated a-MC. Notable there is no cross-reactivity between another type
1 RIP named MAP30 with a-MC and PEGylated a-MC antisera. We can conclude that a-MC and MAP30 are
different kinds of type 1 RIPs and there is no cross-reactivity. Furthermore, o-MC has a strong precipitin identity
with a-MC antisera, while PEGylated a-MC formed with a weaker precipitin. The reason for this may due to
the steric hindrance induced by PEG modifier which overlapped the antigen determinant, thus decreasing the
immunogenicity.

The attachment of PEG to protein described in this manuscript can be obtained with a single large PEG
(mPEG-butyr ALD-20kDa) at a single site (N-terminal amino group). Generally, PEG-conjugated biomole-
cules exhibited different physicochemical properties including conformational changes, sterical interference,
hydrophobicity, and pI. Binding affinities to the receptor binding domains could be often affected by these phys-
icochemical changes, resulting in reduced biological activities in cell-based assays. There is usually a direct rela-
tionship between the attached PEG molecular weights and the in vivo activity. Meanwhile, an inverse relationship
consisted in between the PEG molecules and the in vitro activity*. To sum up, choosing an appropriate PEG
molecule plays a key role in future research.
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Conclusion

In this report, we proposed that mono-PEGylated a-MC can be successfully produced by 20 kDa mPEG-ALD
conjugation with o-MC in a weakly acidic pH environment. Although the final product contained some
other PEGylated byproducts, we can control the whole purification process and obtain high homogenous
mono-PEGylated a-MC by using our purification process described in this manuscript. Through the detections
of SDS-PAGE, Edman degradation and MALDI-TOF MS, it was confirmed that N-terminus of a-MC was cou-
pled with PEG molecules by covalent manner. The PEGylate can retain original secondary structure by using
CD, UV, IR and FL detection, and acceptable antitumor activities against Hela, MDA-MB-231 and A549 cells.
Additionally, it also exhibited lower immunogenicity than native a-MC. To sum up, though the site-specific
PEGylation of a-MC may offer a possible way for its clinical application as a potential therapeutic agent, we
should meet challenges including the reduction of immunogenicity to a great extent, the retention of sufficient
biological activity, prolonging the half-life time and development of other types of mono-PEGylated a-MC to
make it a useful drug in future. The work described in this manuscript is just the beginning for a-MC to be used
clinically. Mono-PEGylation can reduce immunogenicity and retain a certain extent of biological activity, but
there still contained lots of problems and lots of work need to be done for further decreasing the immunogenicity
and extending the half-life period.

Methods

Materials. The mPEG-butyr ALD-20kDa was purchased from Kaizheng Biotech Development Co. Ltd.
(Beijing, China). Fresh bitter melon seeds were obtained from the Institute of Agricultural Science and Technique
of Sichuan Province, China. Phenyl isothiocyanate (PITC), adenosine deaminase (ADA), xanthine oxidase
(XOD), peroxidase (POD), Aspartic acid(Asp) and sodium cyanoborohydride (NaBH;CN) were purchased
from Sigma-Aldrich (St Louis, MO). SP-Sepharose FF, Superdex 75, MacroCap™ SP, LMW calibration kit
(Phosphorylase b 97.00 kDa; Albumin 66.00kDa; Ovalbumin 45.00 kDa; Carbonic anhydrase 30.00 kDa; Trypsin
inhibitor 20.10 kDa; a-lactabumin 14.4kDa), ampholyte, pI Calibration Kits (Amyloglucosidase 3.5, Soybean
trypsin inhibitor 4.55, 3-Lactoglobulin A 5.2, Carbonic anhydrase B bovine 5.85, Carbonic anhydrase B human
6.55, Myoglobin horse 7.35, Lentil lectin-acidic band 8.15, Lentil lectin-middle band 8.45, Lentil lectin-basic
band 8.65 and Trypsinogen 9.3) were purchased from GE Healthcare Bio-Sciences AB (Uppsala, SE). Dulbecco’s
Modified Eagle’s Medium (DMEM), MTT and fetal bovine serum were from Gibco BRL (Grand Island, NE).
The human lung adenocarcinoma A549 cell line (ATCC CCL-185™), the human cervix adenocarcinoma Hela
cell line (ATCC CCL-2™) and the human breast adenocarcinoma MDA-MB-231 cell line (ATCC HTB-26™)
were obtained from American Type Culture Collection (Manassas, VA). Balb/c mice were purchased from the
Laboratory Animal Center of Sichuan University (Chengdu, China). All other chemical reagents were standard
commercial products of analytical grade.

SDS-PAGE and IEF-PAGE. SDS-PAGE was manipulated according to the procedure of Laemmli*® on a
Mini Protean II apparatus (Bio-Rad, USA). The protein bands were stained by using coomassie brilliant blue
R-250 and the PEGylated a-MMC and free PEG were stained with iodine-potassium iodide solution. To estimate
the pI of the PEGylated o-MMC, native form and protein markers were determined in thin layer gel slabs with
5.0% polyacrylamide gel and 2.0% ampholyte. Focuses on a Model II Mini Cell was completed under 100 v for
15min, 200v for 15min and 450 v for 60 min. The focused bands were stained by coomassie brilliant blue R-250.
The pH gradient curve was obtained by plot of relative migration distance versus pH. According to the relative
migration distance of the proteins of interest, the pI value can be found from the pH gradient curve.

Determination of Protein Concentration. Protein content was according to the method of Lowry et al.*
or ultraviolent absorbance at 280 nm using human serum albumin (HSA) as standard.

Isolation and Purification of a-MC.  Preparation was carried out according to our previously method
with slightly modification®’. Briefly, all steps in the procedure for preparation of a-MC were carried out at 2-4°C
unless specifically stated. The typical process consists of five steps which yielded homogeneous protein. Firstly,
100 g of fresh and mature bitter melon seeds were decorticated and pulverized with high-speed grinder. The
powder was mixed with 500 mL of aceton with —70°C under stirring and then aceton containing liposoluble sub-
stance was removed by centrifugation. The residual aceton in powder was removed by vacuum drying way. The
fat-free powder was extracted by adding pH 6.3 0.05 M phosphate buffer (buffer A) containing 0.15M NaCl under
gently stirring overnight. The supernatant was pooled by centrifugation at 15,000 g. Secondly, the supernatant was
adjusted to pH 3.6 by adding 0.1 M HCl and then centrifuged. Supernatant was fractionated by 30~60% ammo-
nium sulphate saturation. Thirdly, the crude sample with salt-free by dialysis was loaded to cation-exchange chro-
matography on SP-Sepharose. Fraction bounded on matrix was collected by elution with buffer A with 0.15M
NaCl. Fourthly, fraction from cation matrix was applied to molecular sieve chromatography on Superdex 75.
Finally, fraction with 30kDa from above step was chromatographed on MacroCap-SP colomn and then a-MC
was collected by elution with buffer A containing 55 mM NaCl. The purified a-MC was sterilized through 0.22 pm
membrane and stored at 4 °C for subsequent experiments.

Synthesis of mono-PEGylated «-MC. The synthesis of mono-PEGylation depended significantly on
the reactive conditions including pH, temperature, the ratio of protein to PEG and reaction time. According to
previous preparation methods®****, we used 5.0 mg/mL of a-MC with 20 kDa mPEG-ALD at a mass ratio of
PEG-ALD to protein as 1:3, 1:2 and 1:1 in pH 4.0, 0.1 M citrate phosphate buffer containing a catalyst, 20 mM
sodium cyanoborohydride (NaBH;CN) under vibration at 100 r/min at room temperature for 2 h. The reaction
was terminated by adding 2 M of glycine to a final concentration of 100 mM. The modification rate was calculated
by SDS-PAGE with Quality One software (Bio-Rad Laboratories) by the following formula:
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__ the mass of residual o — MC in the reaction system

PEGylation rate (%) = [1 ] x 100%

the initial mass of o — MC in the reaction system

The reactive mixture diluted by adding buffer A was applied onto MacroCap SP chromatographic column at
a flow rate of 1.0 mL/min and the column was washed by pH 6.3 0.05 M phosphate buffer (buffer A) to eliminate
byproducts. The fractions bounded on matrix were eluted by a linear gradient elution from 0 to 100mM NaCl in
buffer A. This part of protein was detected by SDS-PAGE and iodine-potassium iodine analyses*.

Determination of the accurate molecular weight of native a-MC and its mono-PEGylated con-
jugate. Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS)
on an Autoflex III (Bruker Corporation, USA) was used?’. The samples were prepared by mixing with 0.5pL of
aliquot and the matrix solution was 0.5 g/L of a-Cyano-4-hydroxycinnamic acid (a«-CCA) in 50% of water/ace-
tonitrile with 0.1% trifluoroacetic acid (TFA). The test was performed by using the positive ion detection mode
and the accelerating voltage was 20 000 V as well as a delayed extraction time was 200 ns.

Identification of N-terminal PEGylation. PTH-Asp, PTH-amino acids of a-MC and PEGylated o-MC
were prepared according to Fruton et al.*!. Briefly, 0.5 mL(4 mg/mL in H,0) Asp reacted with 0.5mL pyridine
and 0.4 mL 10% phenyl isothiocyanate (PITC) at 50 °C for 30 min.7 mg of lyophilized native a-MC and 12 mg of
lyophilized mPEGylated a-MC with the same mole ratio were respectively incubated with 0.8 mL of 50% pyridine
and 0.2mL of 10% PITC at 50 °C for 30 min. Samples of further treatments including acid hydrolysis and solvent
extraction were stored in ethanol. The same number of samples were loaded onto a polyamide film (7 cm x 7 cm)
as a solid phase using PTH-Asp as standard. The chromatography was developed with a mobile phase, n-heptane:
pyridine at 7:3 (v/v). When the ascending solvent front neared the top margin, the film was removed and dried.
The dried film was soaked in 0.5% starch solution for five minutes and dried again. Finally, PTH- amino acid
spots were colored by KI-NaNj as staining reagent.

Spectrum analyses. The lyophilized a-MC and mPEGylated a-MC were respectively dissolved in ultrapure
H,O to a concentration of 0.2 mg/mL for immediate use. CD Spectra of them were detected by using a Model
Chirascan Plus spectrometer (Applied Photophysics Ltd., UK) in the wavelength range from 190 nm to 260 nm at
20°C. The quartz cuvette path length was 1 mm and each value were repeated three times. The software package
was used for data collection and analysis. In UV analysis, sample solution was scanned by using a Model UV3600
UV/VIS/NIR Spectrophotometer (Hitachi, Japan) in the wavelength range from 200 nm to 300 nm. Each spec-
trum was repeated three times and the average spectrum was plotted. Intrinsic emission fluorescence spectra
of a-MC and mPEGylated o-MC were analyzed by using an F-7000 fluorescence spectrophotometer (Hitachi,
Japan). The lyophilized target samples were dissolved in ddH,O to 1.0 X 10~ mol/L. Spectra were collected on a
1 cm path-length cuvette with an excitation slit width of 5nm and an emission slit width of 2.5nm. The excita-
tion wavelength was set at 280 nm for the specific excitation of tryptophan residues, and emission spectra were
recorded from 300 to 800 nm at a constant slit of 1 nm. Each spectrum was done in triplicate and the average
spectrum was plotted. For the infrared spectroscopy analysis, about 1 mg of Iyophilized a-MC and mPEGylated
a-MC was mixed and ground with KBr and then placed under vacuum. The pellets were transferred to IR cells
in a nitrogen purged dry box. Target proteins in KBr pellet were scanned from 4000 to 800 nm through Fourier
Transform Infrared Spectroscopy (FTIR, Model Nicolet 6700, Thermo Electron Corporation). Each spectrum
was scanned three times and the average spectrum was plotted.

Activity assay for mono-PEGylated o-MC. The depurine activity was measured by a coupling enzyme
method which was composed of a combination of adenosine deaminase, xanthine oxidase, peroxidase and cofac-
tor. The adenine quantity that PEGylated a-MC or native a-MC catalyzed NAD™ to release was determined. The
basic experimental procedure was that 0.5 mL of native a-MC or modified form was reacted with 0.5mL, 40 mM
NAD™" in pH 3.0, 0.2 M HAc-NaAc buffer at 55 °C for 30 min. Then the reaction was terminated by treating at
100°C for 3 min. The reactive mixture was centrifugated at 12000 g for 2 min. 0.5 mL of supernatant was incubated
with 2 mL coupled-enzymes color developing solution at 37 °C for 30 min. Absorbance at 555 nm was determined
by UV-VIS spectrophotometry. Blank tubes was native a-MC or modified which were heated at 100 °C for 3 min.
Other operation process was the same as sample.

Anti-tumor Activity was performed according to Yao et al. Three different tumor cell lines which are sensitive
to a-MC, including human cervix adenocarcinoma Hela cell line, human lung adenocarcinoma A549 cell line
and human breast adenocarcinoma MDA-MB-231 cell line were maintained in DMEM culture medium and
supplemented with 10.0% fetal bovine serum containing 100 U/mL penicillin and 50 U/mL streptomycin in a
5.0% CO, incubator at 37.0°C (Thermo Forma 3110, USA). MTT assay was used to detect the inhibitory effect
of a-MC and mPEGylated a-MC. Cell concentration was adjusted to 2.0 x 10* cells/mL and then plated onto the
96-cell plate with a concentration of 100 pL/well. After 12 h initial cultivation, 100 uL of diluted stock solutions of
native a-MC and mPEG-a-MC were added at final concentrations of 0.02, 0.1 and 0.5 mg/mL for 72 h (4 replicas
per concentration). Cells without adding proteins were used as control. Finally, 20 uL of MTT (5 mg/mL) was
added to each cell and placed them to incubate for another 4h at 37 °C. After adding 100 pL of DMSO and gentle
stirring for 10 min, the cells were placed to the plate reader (Model 680, Bio-Rad, USA). The optical density (OD)
was measured at a wavelength of 490 nm. The inhibitory effects of a-MC and mPEG- a-MC were analyzed and
compared with the control. The cell growth inhibition (%) was calculated with the following formula:
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OD490control - OD490$ample
oD,

Growth Inhibition (%) = X 100

90control

Proteolytic stability analysis. 1.5mL PEGylated a-MC of 2.5mg/mL in pH 7.4 0.1 M phosphate buffer
was incubated with 1.5mL trypsin (1.0 mg/mL) at 37°C and 0.1 mL sample was took out reaction solution at
different incubation time. After Each sample diluted appropriately by using pH 3.0, 0.2 M HAc-NaAc buffer,
enzymatic activity was determined by a coupling enzyme method described in this paper. Meanwhile the native
a-MC was taken as compared with mPEG-«a-MC. The profile of residual activity versus reaction time was plotted
to investigate the anti-trypsin hydrolytic ability of PEGylated protein.

Preparation of antiserum and Double (Ouchterlony) Immunodiffusion.  The method used here was
first described by Ouchterlony in 1948, It is a classic and simple technique that evaluates antibodies in animal
or human sera***%, Herein, balb/c mice with both gender (female), 18-21 g, were purchased from the Laboratory
Animal Center of Sichuan University (Chengdu China). All mice were housed in a room maintained on an 8:00
a.m. to 8:00 p.m. light cycle at ambient temperature of 23 & 2 °C with 50-70% humidity. Food and water were
provided ad libitum throughout the experiments. Food was withheld 8 h before the experiments. The mice were
randomized into 3 groups, with 7 mice in each. 0.25 mg/mL a-MC and mPEGylated a-MC with 0.2mL in 2 of the
3 groups, 0.2 mL of normal saline in NS control group were subcutaneous administered every 6 days for 4 times.
In twenty-third days, mice were killed and the blood was collected and then incubated at 37 °C for 1h following
with centrifugation at 2500 g for 5 min. The prepared antisera were stored at —4 °C. The collected antiserum was
added to the central well of the agarose gel plate with 15 pL/well, respectively. 15pL of diluted antigen, a-MC,
mPEGylated o-MC and MAP30 was added to the outer wells, respectively. Plates were incubated at 37 °C for
24 h and the formation of precipitation lines were observed. All the methods of this section were carried out in
accordance with the Guideline for Animal Experimentation of Sichuan University (Chengdu, China) and all
experimental protocols were approved by the Good Laboratory Practice Regulations for Nonclinical Laboratory
Studies issued by Chinese Food and Drug Administration. All the animal care and handling were approved by the
Institutional Animal Care and Use Committee of Sichuan University.

Statistical Analysis. The in vitro experiments were performed three times for each individual experiment
and all the data were expressed as mean & SD and subjected to statistical analysis by t-test using SPSS statistical
software (SPSS, Inc, Chicago, IL). The difference was considered to be statistically significant when P < 0.05.

References
1. Stirpe, E Ribosome-inactivating proteins: From toxins to useful proteins. Toxicon 67, 12-16 (2013).
2. Wang, S. et al. Molecular cloning and functional analysis of a recombinant ribosome-inactivating protein (alpha-momorcharin)
from Momordica charantia. Appl. Microbiol. Biotechnol. 96, 939-950 (2012).
3. Ren, J. et al. The N-glycosidase mechanism of ribosome-inactivating proteins implied by crystal structures of a-momorcharin.
Structure 2,7-16 (1994).
4. Shi, W. W. et al. Structures and Ribosomal Interaction of Ribosome-Inactivating Proteins. Molecules 21, E1588 (2016).
5. Fabbrini, M. S. et al. Plant ribosome-inactivating proteins: Progesses, challenges and biotechnological applications (and a few
digressions). Toxins (Basel). 9, E134 (2017).
6. Pizzo, E. & Di Maro, A. A new age for biomedical applications of Ribosome Inactivating Proteins (RIPs): From bioconjugate to
nanoconstructs. J. Biomed. Sci. 23, 1-8 (2016).
7. Zeng, M. et al. Anti-tumor activities and apoptotic mechanism of ribosome-inactivating proteins. Chin. J. Cancer 34, 1-10 (2015).
8. Magnusson, S. & Berg, T. Endocytosis of ricin by rat liver cells in vivo and in vitro is mainly mediated by mannose receptors on
sinusoidal endothelial cells. Biochem. J. 291, 749-755 (1993).
9. Hey, T. D. et al. Maize ribosome-inactivating protein (b-32). Homologs in related species, effects on maize ribosomes, and
modulation of activity by pro-peptide deletions. Plant Physiol. 107, 1323-1332 (1995).
10. Puri, M. et al. Ribosome inactivating proteins (RIPs) from Momordica charantia for anti viral therapy. Curr. Mol. Med. 9, 1080-1094
(2009).
11. Wang, S. et al. Momordica charantia: a popular health-promoting vegetable with multifunctionality. Food Funct. 8, 1749-1762
(2017).
12. Zhu, F. et al. Alpha-momorcharin, a RIP produced by bitter melon, enhances defense response in tobacco plants against diverse
plant viruses and shows antifungal activity in vitro. Planta 237, 77-88 (2013).
13. Li, M. et al. Anti-tumor activity and immunological modification of ribosome-inactivating protein (RIP) from Momordica charantia
by covalent attachment of polyethylene glycol. Acta Biochim. Biophys. Sin. (Shanghai). 41, 792-799 (2009).
14. Pan, W. L. et al. Preferential cytotoxicity of the type i ribosome inactivating protein alpha-momorcharin on human nasopharyngeal
carcinoma cells under normoxia and hypoxia. Biochem. Pharmacol. 89, 329-339 (2014).
15. Meng, Y. et al. Alpha-momorcharin possessing high immunogenicity, immunotoxicity and hepatotoxicity in SD rats. J.
Ethnopharmacol. 139, 590-598 (2012).
16. Roberts, M. J. et al. Chemistry for peptide and protein PEGylation. Adv. Drug Deliv. Rev. 64, 116-127 (2012).
17. He, X. H. et al. Site-directed polyethylene glycol modification of trichosanthin: effects on its biological activities, pharmacokinetics,
and antigenicity. Life Sci. 64, 1163-1175 (1999).
18. Zalipsky, S. Chemistry of polyethylene glycol conjugates with biologically active molecules. Adv. Drug Deliv. Rev. 16, 157-182
(1995).
19. Veronese, F. M. & Pasult, G. PEGylation, successful approach to drug delivery. Drug Discov. Today. 10, 14511458 (2015).
20. Greenwald, R. B. et al. Effective drug delivery by PEGylation drug conjugates. Adv.Drug Deliv. Rev. 55, 217-250 (2003).
21. Pasut, G. & Veronese, F. M. State of the art in PEGylation: the great versatility achieved after forty years of research. J. Control Release.
161, 461-472 (2012).
22. Bian, X. et al. PEGylation of alpha-momorcharin: Synthesis and characterization of novel anti-tumor conjugates with therapeutic
potential. Biotechnol. Lett. 32, 883-890 (2010).
23. Zheng, J. C. et al. PEGylation is effective in reducing immunogenicity, immunotoxicity, and hepatotoxicity of a-momorcharin in
vivo. Immunopharmacol. Immunotoxicol. 34, 866-873 (2012).

SCIENTIFIC REPORTS |

(2018) 8:17729 | DOI:10.1038/541598-018-35969-1 9



www.nature.com/scientificreports/

24. Meng, Y. et al. Preparation of an antitumor and antivirus agent: Chemical modification of a-MMC and MAP30 from Momordica
Charantia L. with covalent conjugation of polyethyelene glycol. Int. J. Nanomedicine 7, 3133-3142 (2012).

25. Dozier, J. K. & Distefano, M. D. Site-specific pegylation of therapeutic proteins. Int. J. Mol. Sci. 16, 25831-25864 (2015).

26. Sawhney, P. et al. Site-Specific Thiol-mediated PEGylation of Streptokinase Leads to Improved Properties with Clinical Potential.
Curr. Pharm. Des. 22, 5868-5878 (2016).

27. Schiavon, O. et al. Surface modification of enzymes for therapeutic use: monomethoxypoly (ethylene glycol) derivatization of
ribonuclease. Farmaco. 46, 967-978 (1991).

28. An, Q. et al. Effect of site-directed PEGylation of trichosanthin on its biological activity, immunogenicity, and pharmacokinetics.
Biomol. Eng. 24, 643-649 (2007).

29. Wang, J. H. et al. Site-directed PEGylation of trichosanthin retained its anti-HIV activity with reduced potency in vitro. Biochm.
Biophys. Res. Commun. 317, 965-971 (2004).

30. Sun, Y. et al. Mono-PEGylation of Alpha-MMC and MAP30 from Momordica charantia L.: Production, Identification and Anti-
Tumor Activity. Molecules 21, E1457 (2016).

31. James, E. S. et al. Making site-specific PEGylation work. Purification and analysis of PEGylated protein pharmaceuticals presents
many challenges. BioPharm. International. 18, 30-41 (2005).

32. Harris, J. M. et al. Synthesis and characterization of poly (ethylene glycol) derivatives. J. Poly. Sci: Polymer Chem. Ed. 22, 341-352
(1984).

33. Kinstler, O. et al. Characterization and stability of N-terminally PEGylated rhG-CSE. Pharm. Res. 13, 996 (1996).

34. Fung, W.J. et al. Strategies for the preparation and characterization of polyethylene glycol(PEG) conjugated pharmaceutical proteins.
Polym. Prepr. 38, 565-566 (1997).

35. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680-685 (1970).

36. Lowry, O. H. et al. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265-275 (1951).

37. Meng, Y. et al. A novel method for simultaneous production of two ribosome-inactivating proteins, a-MMC and MAP30, from
Momordica charantia L. PLoS One 9, 3-9 (2014).

38. Kang, J. S. & Lee, K. C. In vivo pharmacokinetics and pharmacodynamics of poisitional isomers of mono-PEGylated recombinant
human granulocyte colony stimulating factor in rats. Biol. Pharm. Bull. 36, 1146-1151 (2013).

39. Zhang, C. et al. Site-specific PEGylation of therapeutic proteins via optimization of both accessible reactive amino acid residues and
PEG derivatives. BioDrugs. 26, 209-215 (2012).

40. Kurfurst, M. M. Detection and molecular weight determination of polyethylene glycol-modified hirudin by staining after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Anal. Biochem. 200, 244-248 (1992).

41. Fruton, J. S. An episode in the history of protein chemistry: Pehr Edman’s method for the sequential degradation of peptides. Int. J.
Pept. Protein Res. 39, 189-194 (1992).

42. Hornbeck, P. Double-immunodiffusion assay for detecting specific antibodies (Ouchterlony). Curr. Protoc. Immunol. 116,
2.3.1-2.3.4(2017).

43. Goetz, D. W. et al. Cross-reactivity among edible nuts: double immunodiffusion, cross immunoelectrophoresis, and human specific
IgE serologic surveys. Ann. Allergy Asthma.Immunol. 95, 45-52 (2005).

44. Schwietz, L. A. et al. Cross-reactivity among conifer pollens. Ann. Allergy Asthma. Immunol. 84, 87-93 (2000).

Acknowledgements

This work was partly supported by Natural Science Foundation of China (Grant No. 31600269), Sichuan Province
Health Department (Grant No. 16PJ101) and Sichuan Provincial Department of Education (Grant No.17ZA013).
The General Program of Chengdu Medical College (CYZ16-13). The Research Fund of Development and
Regeneration Key Laboratory of Sichuan Province (SYS16-009). We also thanked the fund of China Scholarship
Council for the visiting scholar program at the Department of Chemical and Biological Engineering, University
at Buffalo, the State University of New York, Buffalo, United States.

Author Contributions

Y.M., WK.S. and Y.EM. conceived the experiments and wrote the original manuscript; Y.M., WK.S., ] H.S. and
H.W.Z. revised the manuscript; Y.M., L.L.L. and G.R.L. performed the experiments on the purification and
characterization of mono-PEGylated a-MC; X.Z. performed the experiments on the antitumor potential and in
vivo experiments. Y.M. revised the manuscript and supervise the in vivo experiments.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35969-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018)8:17729 | DOI:10.1038/s41598-018-35969-1 10


http://dx.doi.org/10.1038/s41598-018-35969-1
http://creativecommons.org/licenses/by/4.0/

	Chemosynthesis and characterization of site-specific N-terminally PEGylated Alpha-momorcharin as apotential agent

	Results and Discussion

	Preparation of the PEGylated α-MC. 
	MALDI-TOF Mass spectrometry and Edman degradation analysis. 
	Spectrum analyses. 
	Biological activity in vitro. 
	Analysis of PEGylated α-MC resistance to trypsin proteolysis. 
	Double (Ouchterlony) Immunodiffusion. 

	Conclusion

	Methods

	Materials. 
	SDS-PAGE and IEF-PAGE. 
	Determination of Protein Concentration. 
	Isolation and Purification of α-MC. 
	Synthesis of mono-PEGylated α-MC. 
	Determination of the accurate molecular weight of native α-MC and its mono-PEGylated conjugate. 
	Identification of N-terminal PEGylation. 
	Spectrum analyses. 
	Activity assay for mono-PEGylated α-MC. 
	Proteolytic stability analysis. 
	Preparation of antiserum and Double (Ouchterlony) Immunodiffusion. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 The schematic diagram of chemical synthesis of mono-PEGylated α-MC.
	Figure 2 Chromatographic profile of products from α-MC reacted with 20 kDa mPEG-ALD at a mass ratio of PEG: protein as 1.
	Figure 3 Analytic results of unreacted α-MC and mPEGylated α-MC isolated by MacroCap SP chromatography on SDS-PAGE under reducing or non-reducing conditions.
	Figure 4 Determination of the accurate molecular weights of native α-MC and the mono-PEGylated α-MC by MALDI-TOF MS.
	Figure 5 Chromatographic profile of N-terminal amino acid from α-MC and PEGylated α-MC on polyamide film.
	Figure 6 Spectrum analyses of native α-MC and mono-PEGylated α-MC.
	Figure 7 The anti-tumor effects and phase contrast microscope photos of cytotoxicity assay of native α-MC or mono-PEGylated on the proliferation of Hela, MDA-MB-231 and A549 cells for 72 h.
	Figure 8 The comparison of resistance to trypsin proteolysis between PEGylated and native α-MC.
	Figure 9 Double immunodiffusion results with α-MC and mono-PEGylated α-MC antisera.




