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ABSTRACT: Honey is a natural product produced by honeybees,
which has been used not only as food but also as a medicine by humans
for thousands of years. In this study, 60 kDa protein was purified from
Pakistani Sidr honey named as SHP-60 (Sidr Honey Protein-60), and its
antioxidant potential and the effect of Bevacizumab with purified protein
on in vitro angiogenesis using human umbilical vein endothelial cells
(HUVEC) were investigated. We further validated the molecular
protein−protein (SHP-60 with Bevacizumab) interactions through in
silico analysis. It showed very promising antioxidant activity by reducing
2,2-diphenyl-1-picrylhydrazyl free radicals with a maximum of 83%
inhibition at 50 μM and an IC50 of 26.45 μM statistically significant
(**p < 0.01). Angiogenesis is considered a hallmark of cancer, and
without it, the tumor cannot grow or metastasize. Bevacizumab, SHP-
60, and both in combination were used to treat HUVEC, and the MTT assay was used to assess cell viability. To demonstrate in
vitro angiogenesis, HUVEC was grown on Geltrex, and the formation of endotubes was examined using a tube formation assay.
HUVEC viability was dose-dependently decreased by Bevacizumab, SHP-60, and both together. Bevacizumab and SHP-60 both
inhibited angiogenesis in vitro, and their combination displayed levels of inhibition even higher than those of Bevacizumab alone. We
investigated the protein−protein molecular docking interactions and molecular dynamics simulation analysis of MRJP3 (major royal
jelly protein 3) similar to SHP-60 in molecular weight with both the heavy chain (HC) and light chain (LC) of Bevacizumab. We
found significant interactions between the LC and MRJP3, indicating that ASN468, GLN470, and ASN473 of MRJP3 interact with
SER156, SER159, and GLU161 of LC of Bevacizumab. The integration of experimental data and computational techniques is
believed to improve the reliability of the findings and aid in future drug design.

1. INTRODUCTION
Cancer is considered as a leading cause of death all over the
world, and its treatment is still a major challenge in the field of
medicine. Cancer development has both genetics and environ-
mental factors involved and cancer prevention and risk has
always been linked with diet and lifestyle modifications.1 More
recently, there has been a growing interest to investigate, at the
molecular level, the role of natural products as chemo-
therapeutic and chemoprotective agents and examining their
potential in targeting the hall marks of cancer including
angiogenesis.2 Honey has been shown to be a source of
bioactive compounds and many medicinal properties of honey
have been documented by modern research, which includes,
anticancer, antibacterial, antidiabetic, antioxidant, antilipidem-
ic, antiviral, and antigiardial bioactivities3−5 The honey defense
system has not only been reported against pathogens but also
shows promising results against nematodes. The protozoan
Giardia lamblia is the most common human parasite and
causes diarrhea and malabsorption. Purified Ziziphus honey

proteins were found to be very active against G. lamblia, with
IC50 ≤ 25 mg/mL6

The inhibition of tumor angiogenesis can have therapeutic
implications as pathological angiogenesis occurs in chronic
inflammatory diseases and tumors.7 In pathological conditions,
it not only provides nutrients and oxygen, which are essential
for tumor growth, but also helps tumor cells enter the general
circulation.8 Endothelial cells produce the glycoprotein known
as vascular endothelial growth factor (VEGF), which is one of
the most important signaling molecules in charge of controlling
angiogenesis. Cellular response is initiated when VEGF binds
to its receptors.9 Among all members, VEGF-A is mostly
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expressed in human cancers (colon, breast, head, lung, and
neck), and it actively participates in tumor angiogenesis.
Therefore, the inhibition of tumor angiogenesis by cancer
treatment is currently an area of research that requires
investigations at the molecular level and considered an ideal
cancer combating strategy.10 Bevacizumab is a monoclonal
antibody (149 kDa) that is specific for VEGF. It binds with a
high affinity to VEGF-A isoforms and inhibits angiogenesis by
blocking VEGF-A from interacting with its receptors (VEGFR-
1 and VEGFR-2). It is primarily used to treat colorectal cancer,
renal cell carcinoma, and glioblastoma and has FDA (US Food
and Drug Administration) approval. It is also used off-label to
treat diabetic retinopathy, age-related macular degeneration,
and iris neovascularization.11

A human umbilical vein endothelial cell (HUVEC) line is
frequently used for in vitro investigations of endothelial cell
(EC) function and in vitro angiogenesis.12 The in vitro assays
used for angiogenesis can investigate the effects on ECs
migration, proliferation, apoptosis, and tube formation.

In the past two decades, many proteins from different honey
samples have been reported to be biologically active
components.13,14 The overall protein content in honey is
only 0.1 to 0.5%, and that is why we knew very less proteome
content.15,16 In this study, we focused on the least known

proteome content of Sidr honey from Pakistan and purified 60
kDa protein named SHP-60 (Sidr Honey Protein-60). This
honey was collected from the Karak district of KPK (Khyber
Pakhtunkhwa), Pakistan. This is the first time the proteins
from this species of honey have been explored. SHP-60 protein
was purified using different techniques and then subjected to
antioxidant and tumor angiogenesis investigations. Using
HUVEC as an in vitro model, we examined the effects of
bevacizumab and SHP-60 alone and in combination on tumor
angiogenesis.

In this context, the current study’s goal was to evaluate the
antioxidant potential and tumor angiogenesis activity of
purified SHP-60 from Sidr honey. To further evaluate the
possible interaction of Bevacizumab with the SHP-60 which
made tumor angiogenesis very promising, we performed in
silico studies. For this purpose, we searched the honey proteins
which are close to our SHP-60 in molecular weight by using
UniProtKb reference protein database (https://www.uniprot.
org/).17 The major proteins found in honey are known as royal
jelly (RJ) proteins, which includes almost nine members with
molecular weights ranging from 49 to 87 kDa. These RJ
proteins are also known as apalbumins (apa). The apalbumin1
(apa1), apalbumin2 (apa2), and apalbumin3 (apa3) account
for major RJ protein content, with identical amino acid

Figure 1. (a) Fractionation profile of Sidr honey crude proteins on Sephacryl S-200 (2.6 cm × 60 cm) column by FPLC. The chromatogram
showed four peaks as P1, P2, P3, and P4. (b) Electrophoretic profile by Tris/Tricine SDS−PAGE (12%) of Sider honey crude proteins precipitates
as C, and gel filtration chromatography fractions (45, 50, 55, 60, 120, 125, 130, and 135). Std, is standard molecular weight marker. (c) The
graphical presentation of DPPH radicals scavenging activity of SHP-60 at different concentrations (μM). The level of significance is **P < 0.01. (d)
The hyperbolic presentation of DPPH radicals scavenging activity of purified SHP-60 at different concentrations (μM).
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sequences of almost 72%. These apa 1−3 proteins are very well
documented as anticancer in vitro.18,19 With this knowledge,
we searched honey proteins similar in molecular weight to
SHP-60 on UniProtKb, whose sequence is available. On
different computational parameters we selected MRJP3,20 and
use this protein sequence as homology of SHP-60, to
investigated the possible protein−protein interaction. Through
in silico investigation, this protein−protein (MRJP3 with
Bevacizumab) interaction’s molecular binding pattern (syner-
gistic effects) can be explored for regulating the angiogenesis
challenge. Hence, the rationale of the study was to isolate and
purify proteins from Pakistani Sidr honey and study its effect
on inhibition of in vitro angiogenesis and in silico analysis to
explore the protein-based interactions that can have any
significant therapeutic implications. To the best of our
knowledge, this is the first study that has purified protein
from Pakistani Sidr honey and investigated its role on the
inhibition of in vitro angiogenesis using HUVEC as a model.

2. RESULTS AND DISCUSSION
2.1. Purification of SPH-60 from Sidr Honey. The crude

proteins from Sidr honey were extracted and then precipitated
with 85% ammonium sulfate. The proteins were separated
according to their molecular weight by FPLC using a gel
filtration column. The gel filtration column Hi-prep 26/60
Sephacryl S-200, was equilibrated with buffer A. The elution
profile (Figure 1a) indicated that proteins were segregated
according to their molecular weights, and indicated four peaks
as P1, P2, P3, and P4. The sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) profile of
crude as well as separated proteins by FPLC were achieved by
10% Tris/Tricine gel (Figure 2b), which clearly indicated that
fraction numbers 50, and 55 have a single band of 60 kDa
protein (SHP-60).

In previous studies, several proteins and peptides from
different honeys have been isolated and evaluated as a
bioactive entity. The protein having an approximate molecular
weight of 261 was purified from the jungle honey (JH) of
Nigeria and was found to have potent antitumor activity.21 A
5.8 kDa component from Manuka honey was found to be
involved in the stimulation of TNF-α via TLR4 (toll-like
receptor 4).22 The royal jelly protein of 55 kDa (apalbumin-1)
was collected from honey and was found to be involved in the
release of TNF-α from the macrophages of mouse.19 Major
royal jelly protein 1 (MRJP1), having a molecular weight of 55
kDa, was found to be active in wound healing of human
keratinocytes by elevating the levels of cytokines (TGF-β,

TNF- α, and IL-1β), and matrix metalloproteinase-9 (MMP-
9).23 Apisimin is a 5.6 kDa honeybee-derived protein from
honey of New Zealand, which is known to be involved in TNF-
α release from blood monocytes.24 The kanuka honey (New
Zealand) was found to be a stimulant for the release of TNF- α
from U937, and THP-1 monocytic cell lines; this activity is
associated with the type II arabinogalactan proteins (AGPs)
with molecular weight >30 kDa.25 All of these data showed the
variation in the protein profile of different honey samples
throughout the world. Every honey is unique by its proteins,
and peptides components which depends on several factors
(species of bees, geographical area, season, and environmental
influences).2,26 The fractions having purified 60 kDa protein
(Figure 1b) were pooled together, freeze-dried, and then
subjected to antioxidant potential and invitro angiogenesis.
2.2. 2,2-Diphenyl-1-Picrylhydrazyl Radicals Scaveng-

ing Activity. The results of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals scavenging activity for Sidr honey purified
protein SHP-60 are shown in Figure 1c,d. The results clearly
indicated that SHP-60 exhibited promising antioxidant activity
against DPPH. The calculated IC50 value was 26.45 μM which
was statistically significant (**P < 0.01) (Figure 1c). The
antioxidant activity of SHP-60 has been increased with
increasing concentration (Figure 1c), and then, after
maximum, it slowly drops down in a hyperbolic relationship
(Figure 1d). The maximum activity was observed 83% at 50
μM concentration, and when protein concentration was
increased further, the antioxidant activity was not increased
rather it relatively slow down. At higher concentration SHP-60
may create saturation for antioxidant reaction which indirectly
increased the phenomena of mass transfer limitation.27 Every
honey is different because of species of bees, geographical area,
season, and environmental factors, which make every honey
unique in its components.26,28 In one study, different Algerian
crude honeys were tested for antioxidant properties, and it was
concluded that these honeys were found to be active
antioxidants with average 39.7% DPPH radical scavenging
ability at concentration 120 mg/mL.29 In another study,
Acacia, Gelam, and Tualang honey proteins were subjected for
antioxidant activity by using DPPH, and these honey proteins
were found to be active antioxidants. In the honey protein
concentrations found to be very low typically 0.1 to 0.5%.27 In
our study, we used Sidr honey and purified 60 kDa (SHP-60)
by FPLC, which was subjected to antioxidant activity. It
showed that SHP-60 exhibited promising antioxidant activity.
The minimum percentage inhibition of scavenging activity of
SHP-60 for DPPH was observed to be 19.48%, at 8.33 μM,
whereas the maximum percent inhibition was observed to be
83% at 50 μM concentration. The calculated IC50 value was
26.45 μM which was statistically significant (**P < 0.01). The
IC50 value was calculated from the plotted graphs of scavenging
activity against various concentrations of pure SHP-60. After
maximum inhibition activity of SHP-60, when further
increased in concentration, there was a decline observed in
the inhibition of DPPH radicals hyperbolically (Figure 1d).
2.3. HUVEC Culture. HUVEC was thawed from −80 °C

and plated in cell culture flasks. The next day, as observed
under phase contrast microscopy, the cells were seen as
attached to the base of T-75 flask within 24 h and started
forming clusters. The cells achieved 80% confluence and
displayed characteristic cobblestone morphology after 5−7
days using a phase contrast microscope (Figure 2).

Figure 2. Morphology of the HUVEC. (a) The appearance of cells
after 24 h of isolation. (b) Initially, there were few cells and then they
started to proliferate and achieved 80% confluency by day 7. Image
taken at 10× magnification (n = 3).
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2.4. Characterization of HUVEC by Flowcytometry.
The results of flowcytometry indicated that HUVEC were
positive for CD31 and CD105 and negative for CD8
antibodies (Figure 3). Endothelial cells have shown to express
specific markers and their characterization at either mRNA or
protein level was required so that it is confirmed that we are
testing our downstream experiments on endothelial cells
(HUVEC) which has already been shown to be a model of
in vitro angiogenesis.30−32 As shown previously, CD 31 is

considered as an important marker for endothelial cells, and its
protein expression in these HUVEC was shown by
flowcytometry analysis. As shown in Figure 3, a very high
percentage of cells showed expression of CD31 and CD105 in
these HUVEC and showed no expression of CD 8 which was
used as a negative marker as HUVEC do not express this
marker. The results of flowcytometry validated that we are
working with the cells that have been characterized using

Figure 3. HUVEC characterization by flowcytometry. The flowcytometry analysis showed that HUVEC were positive for (a) CD31, (b) CD105,
and negative for (c) CD8. The unstained control is illustrated in green, and the test sample is illustrated in gray (n = 3).

Figure 4. HUVEC viability. The figure shows the effect of (a) SHP-60, (b) Bevacizumab, and (c) the combination of both on HUVEC viability
using the MTT assay. Each bar represents the mean ± SD of three independent experiments. *p < 0.05 as compared to control (n = 3).

Figure 5. HUVEC tube formation. Figure (a) shows the effect of SHP-60, Bevacizumab, and their combination on HUVEC tube formation as
compared to the control. Image taken at 10× magnification under the phase contrast microscope. Figure (b) shows the analysis of HUVEC tube
formation. Each bar represents the mean ± SD of three independent experiments. *p < 0.05 as compared to control (n = 3).
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protein expression analysis and have been confirmed as
HUVEC.
2.5. Effect of Bevacizumab, SPH-60, and Its Combi-

nation on HUVEC Viability. HUVEC viability for
Bevacizumab was 90% at 100 ng/mL, 80.3% at 200 ng/mL,
and 68.2% at 400 ng/mL, respectively. Likewise, when treated
with SHP-60, HUVEC viability was 93% at 1.6 μM
concentration, 85.1% at 3.2 μM concentration, and 75.3% at
6.4 μM concentration, respectively. HUVEC viability at 100
ng/mL Bevacizumab, and 1.6 μM SHP-60 was 81.2%, at 200
ng/mL Bevacizumab, and 3.2 μM SHP-60 was 62.5%, at 400
ng/mL Bevacizumab, and 6.4 μM SHP-60 was 38.2%,
respectively. Hence, HUVEC viability (p < 0.001) was
shown to be dose-dependently reduced (Figure 4). Thus, a
concentration of 100 ng/mL Bevacizumab, 1.6 μM SHP-60,
and their combination, which exhibited mild inhibition, and
this information was used for subsequent experimental work.
The cell viability analysis was carried out using MTT assay
which is routinely used for this analysis for the HUVEC cell
line and other cells33−35

2.6. Effect of Bevacizumab, SPH-60, and Its Combi-
nation on HUVEC Tube Formation. Sidr honey from the
Karak is unique, as it has only two high-molecular-weight
proteins. The crude proteins of Sidr honey clearly showed two
proteins 60, and 50 kDa (Figure 1b), from which 60 kDa was
purified by gel filtration chromatography easily (Figure 1a).
This purified SHP-60 was then subjected to investigating its
effect on invitro angiogenesis alone as well as in combination
with Bevacizumab. As shown in the results (Figure 5),
Bevacizumab and SHP-60 combination has been shown to
have a synergistic effect in inhibiting in vitro angiogenesis
which is quantified by the inhibition of Endo tube formation.
HUVEC tube formation induction and inhibition is considered
to be one of the most important functional assays that
determines the inhibition or induction of in vitro angio-
genesis36−38

The total tube length was decreased by 32.2% (p < 0.001)
when treated with bevacizumab. Similarly, the total tube length
was decreased by 19% (p < 0.001) when treated with SHP-60.
The total tube length was considerably decreased by 63.5% (p

< 0.001) when treated with their combination in comparison
with control (Figure 5). These results suggest that
bevacizumab and SPH-60 are both effective in inhibiting
HUVEC tube formation, and their combination showed more
pronounced inhibition. Our findings also showed that at lower
concentrations, Bevacizumab (100 ng/mL), SHP-60 (1.6 μM),
and their combination had a minimal impact on HUVEC
viability and were found to be safe. Our results shows that
purified SHP-60 has a prominent effect in inhibiting
angiogenesis, which is in accordance with the work as reported
by Aryappalli et al. which used crude Manuka honey on
angiogenesis using HUVEC as an in vitro model.39,40 Our
results have showed that there is significant inhibition of
HUVEC tube formation when treated with SHP-60 and
Bevacizumab alone and in combination, which suggests that
they will have a synergistic effect on the inhibition of
angiogenesis when used in combination.
2.7. Preparation of MRJP3 Protein, Bevacizumab’s

Light Chain and High Chain 3D Models. With the aid of
the mentioned keywords, we found the top-five MRJP
proteins, fromApis mellifera. It includes MRJP1 (UniProt
accession ID: O18330), MRJP2 (UniProt accession ID:
O77061), MRJP3 (UniProt accession ID: Q17060), MRJP4
(UniProt accession ID: Q17061), and MRJP5 (UniProt
accession ID: O97432). Based on the molecular mass
corresponding with the identified electrophoretogram of
SHP-60, we selected MRJP3 as our best corresponding protein
3D model for further in silico analysis. The protein was further
analyzed; we found 61,661.79 Da molecular weight, with
theoretical pI 6.47. The highest amino acid residue present in
this sequence was ASN, which was 87 in count, and the lowest
count was 5 for TRP. Total number of atoms present were
8461 with a molecular formula of C2639H4126N812O866S18. The
3D model taken from AlphaFold database (https://alphafold.
ebi.ac.uk/search/text/Q17060) has an overall quality score of
93.30%. The verify3D analysis showed that 81.99% of the
residues have averaged 3D-1D score ≥0.1.

The light chain (LC) and heavy chain (HC) of Bevacizumab
were also modeled with the aid of SWISS model Web server.
The LC of Bevacizumab showed template similarity with PDB

Figure 6. Protein−peptide based molecular residue 3D and 2D interactions of MRJP3 with LC of Bevacizumab.
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ID 6BFT (A) “structure of Bevacizumab Fab mutant in
complex with VEGF”, having a sequence similarity of 99.07%.
The HC of Bevacizumab showed template similarity with PDB
ID 1HZH (B) “crystal structure of the intact human Igg B12
with broad and potent activity against primary Hiv-1 isolates: a
template for HIV vaccine design” having a top-ranked
sequence similarity of 86.75% compared to the other template
based predicted models of the above sequence.
2.8. Protein−Peptide Docking Predictions and Mo-

lecular Dynamics Simulations Analysis. The top-ranked
model obtained through LZerD docking for investigating the
possible bindings of MRJP3 with LC of Bevacizumab was
selected on the basis of least GOAP (a knowledge-based
potential considering pairwise atoms distance and orientations
between atom pairs), DIFIRI (a knowledge-based potential
considering pairwise atoms distance), and ITscore (a knowl-
edge-based potential considering pairwise atoms distance)
scores, i.e., −94,010.53, −59,165.20, and −29,445.14,
respectively (Figure 6). Similarly, the top-ranked model
obtained through LZerD docking for investigating the possible
bindings of MRJP3 with HC of Bevacizumab was selected
based on least GOAP, DIFIRI, and ITscore scores, i.e.,
−122,452.66, −77,106.86, and −39,041.32, respectively.

Using molecular dynamics (MD), the optimal chemical
protein−protein interactions between MRJP3 and bevacizu-
mab’s LC and HC were simulated for 100 ns (100 000 ps).
Desmond’s simulated trajectories were analyzed. Using MD
trajectory analysis, the values of the RMSD (root-mean-square
deviation) and RMSF (root-mean-square fluctuation) were
determined. Figure 7 shows the time-dependent changes in
RMSD values for the C-alpha atoms in protein−peptide
interactions between MRJP3 with LC of Bevacizumab. The
RMSD plot demonstrated that the complex protein with

protein−peptide interactions between MRJP3 with LC of
Bevacizumab stabilized throughout the provided interval as
compared to its interaction with HC of Bevacizumab. The
RMSD remains within the range of ∼3.2−6.5 Å throughout
the duration of the simulation. The protein−peptide
interactions between MRJP3 with LC of Bevacizumab complex
got stabilized after 5 ns with reference to RMSD values (Figure
7). Throughout the simulation, the LC peptide’s (protein−
peptide interactions between MRJP3 with LC of Bevacizumab)
RMSD of the protein−peptide interactions between MRJP3
with LC of Bevacizumab was more stable with protein, i.e.,
ranged between ∼2.5 and 5 Å (100,000 ps) (Figure 7). In this
regard, we investigated the molecular interactions of residues
between MRJP3 and LC, in which ASN468, GLN470, and
ASN473 of MRJP3 showed interaction with SER156, SER159,
and GLU161 of LC of Bevacizumab (Figure 7).

Figure 7 shows the RMSF values of the protein−peptide
interactions between MRJP3 with the LC of the Bevacizumab
complex. We know that residues with greater peaks are found
in the N- and C-terminal zones, or in the areas 420 to 544,
based on the MD trajectories. The low RMSF values of the
binding site residues of MRJP3 demonstrated the stability of
protein−protein interactions between the LC of the
Bevacizumab complex and MRJP3 (Figure 7).

The protein−protein interactions have great functional, and
structural diversity.41 To strengthen our findings, we used an in
silico approach to validate the protein−protein (SHP-60 with
Bevacizumab) molecular interactions, that is, the binding
pattern (synergistic effects), to establish the role of SHP-60
with Bevacizumab in managing the challenge of angiogenesis.
Protein−protein docking is a computational technique used to
predict the three-dimensional structure of a complex formed
between both protein molecules and involves simulating the

Figure 7. MD simulation analysis of MRJP3 with LC of Bevacizumab. (A,B) MD simulation analysis at 100 ns and 100 000 ps (red color, LC of
Bevacizumab; blue color�MRJP3), (C) RMSF plot (red color, LC of Bevacizumab; blue color�MRJP3), and (D) number of hydrogen formation
during 100,000 ps MD simulation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09736
ACS Omega 2024, 9, 17143−17153

17148

https://pubs.acs.org/doi/10.1021/acsomega.3c09736?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09736?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09736?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09736?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interactions between the protein and peptide to predict the
most energetically favorable or biologically relevant binding
mode.42 Therefore, in the present study, the role of the LC of
Bevacizumab in the interaction with MRJP3 (similar in
molecular weight to SHP-60) can be predicted as a significant
mechanism that could be effective in understanding tumor
angiogenesis. This can provide insights into the structural basis
of protein−protein interactions and help in understanding the
molecular mechanisms underlying various cellular processes.

Protein−protein docking can help in the functional
annotation of proteins by predicting their potential binding
patterns.42 MD simulations are computational techniques that
model the physical movements of atoms and molecules over
time which provide a dynamic view of the interactions between
a protein and a peptide or protein.43,44 MD simulations of
protein−peptide docking offer several advantages, including
the ability to capture dynamic events, study conformational
changes, and provide insights into the thermodynamics of
binding. We found significant results during the interactions of
the LC of Bevacizumab with MRJP3 (such as SHP-60); hence,
it could be postulated that the LC of Bevacizumab offered a
more suitable binding pattern with MRJP3, resulting in more
significant findings in the conjugation of Bevacizumab with
SHP-60 in vitro. We believe that integration of experimental
data and computational techniques can enhance the reliability
of the findings and can be used for future drug design purpose.

3. CONCLUSIONS
Tumor angiogenesis is essentially important for the pro-
gression of cancer and its metastasis, and natural products
derived from both plants and animals showing antiangiogenic
properties provide an attractive therapeutic approach to
combat tumor growth and progression. In the present study,
we purified a 60 kDa protein from Sidr honey of the Karak
district of KPK (Khyber Pakhtunkhwa) for the first time. We
investigated its antioxidant potential, and using HUVEC as an
in vitro model of angiogenesis, we showed that Bevacizumab
and SHP-60 combination has a significant synergistic effect in
inhibiting tumor angiogenesis compared to Bevacizumab
alone. These promising results led us to investigate and
determine the possible interaction of Bevacizumab with SHP-
60, for which we performed in silico analysis. To do this, we
used several computational tools to look for potential honey
protein sequences that were like SHP-60 available on the
Protein Data Bank (PDB), and we selected MRJP3. The LC of
Bevacizumab was found to have greater molecular interactions
with MRJP3 rather than its HC. Based on this, we have
concluded that SHP-60 was attached with Bevacizumab LC in
such a way that it significantly inhibits angiogenesis in vitro.
These findings suggested that the combination of Bevacizumab
and SHP-60 might be an effective therapeutic approach, and
further studies in the future can investigate in detail their role
in the treatment of malignancies.

4. MATERIALS AND METHODS
4.1. Study’s Approval. The study was conducted after

approval from the Institutional Review Board (IRB-1673/
DUHS/Approval/2020/92 and 2098/DUHS/Approval/2021)
of Dow University of Health Sciences. Bevacizumab (Avastin)
was purchased commercially. All the experimental research
work was carried out at Dow Research Institute of

Biotechnology and Biomedical Sciences (DRIBBS), Dow
University of Health Sciences.
4.2. Honey Sample Collection. In this study, natural and

unprocessed Sidr honey (extracted from the nectar of Lote tree
or Ziziphus, commonly called Beri in Urdu) was collected from
the Karak district of KPK province of Pakistan. Sidr honey was
purchased commercially. The stock solution was serially
diluted in the culture medium to get a final concentration of
Bevacizumab (100, 200, and 400 ng/mL) and SHP-60 (1.6,
3.2, and 6.4 μM).
4.3. Proteins Extraction from Honey. The honey sample

was left overnight at 4 °C after being diluted five times with
buffer A (20 mM Tris/HCl and 150 mM NaCl, pH 8.0). Next
day, the sample was centrifuged at 8000 rpm to remove
particulates like pollens. The collected supernatant was used
for the 85% ammonium sulfate precipitation. The sample was
centrifuged at 8000 rpm. After discarding the supernatant, the
pellet was dissolved in buffer A.45 The concentration of
proteins was measured by Nano Drop Lite Spectrophotometer
(Thermo Scientific, USA).
4.4. Gel Filtration Chromatography. The extracted

crude honey proteins were subjected to gel filtration
chromatography (GFC) on fast protein liquid chromatography
(FPLC) utilizing an AKTA pure system (GE Healthcare,
Uppsala, Sweden). The gel filtration column Hi-prep 26/60
Sephacryl S-200 column (GE-Healthcare, Uppsala, Sweden)
was used. The system was equilibrated with buffer A as the
mobile phase. The extracted crude honey proteins dissolved in
buffer A were filtered by a 0.22 μm filter (Thermo Scientific,
USA) and were applied on to the column with an eluted flow
rate of 1 mL/min. The fractions were collected as 2 mL/tube.
4.5. Sodium Dodecyl Sulfate−Polyacrylamide Gel

Electrophoresis. Tris/Tricine 12% SDS−PAGE was used
to visualize the honey crude proteins and the fractions that
were purified using FPLC46 (Bio-Rad, Mini-PROTEAN Tetra
System, USA). For 1 h, the electrophoresis was run at 180 V.
Coomassie G-250 (Bio-Rad) was used to stain the gels, and
deionized water was used to remove the stain.
4.6. DPPH Radicals Scavenging Activity. DPPH radicals

scavenging activity of purified protein from Sidr honey SHP-60
was determined as previously described with few changes.47,48

The purified SHP-60 from Sidr honey by using FPLC was
collected and dialyzed against water using 3.5 kDa MWCO
(molecular weight cut off) dialysis tubing and lyophilized. The
lyophilized purified SHP-60 was dissolved in deionized water
(at different concentrations of μM). The freshly prepared
DPPH in ethanol (0.1 mM) was used for the experiment. In
the 96-well plate, SHP-60 solutions of different concentrations
(100 μL) and DPPH (100 μL) were combined, and the
mixture was incubated for 30 min at room temperature in the
dark. Using a microplate reader (Varioskan LUX, Thermo
Scientific), and the absorbance was measured at 517 nm
against ethanolic DPPH solution as a blank. All samples were
used in triplicate. To compute the percent DPPH scavenging
activity, the following formula was used

= [ ] ×A A A

DPPH radicals scavenging activity(%)

( )/ 100b s b

where Ab and As stand for the sample’s and blank’s respective
absorbances.
4.7. HUVEC Cell Culture. The HUVEC cells were

resuspended in 10 mL of EBM-2 (Lonza, Walkersville, MD)
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supplemented with 10% FBS (Sigma-Aldrich). The T-75 tissue
culture flask was used for plating the cells which were then
incubated at 37 °C and 5% CO2. To monitor the cobblestone
morphology of the HUVEC, the cells were frequently viewed
by using a phase contrast microscope. The culture medium was
replaced every other day, until the cells achieved a confluent
state. TrypLE Express (Life Technologies) was used to pass
the cells.
4.8. Flowcytometry of HUVEC. Molecular character-

ization of HUVEC was performed through flowcytometry (BD
FACS Celesta). Approximately 1 × 106 cells were taken and
resuspended in Dulbecco’s phosphate buffer saline (DPBS)
(Life Technologies). The cells were incubated for 30 min with
fluorochrome labeled antibodies CD31, CD105, and CD8
(BD, Pharmingen) against cell surface antigens. CD31 and
CD105 were taken as positive and CD8 as negative marker.
The data were analyzed using FACS Diva Software 8.0, with
unstained cells serving as the control.
4.9. MTT Assay. The viability of HUVEC was evaluated by

using the MTT assay (methylthiazolyldiphenyl tetrazolium
bromide) (Sigma-Aldrich). HUVEC (15,000 cells/well) were
grown in 96-well plate and then incubated for 24 h. The media
were changed with fresh culture media supplemented with 5%
FBS after 24 h and then treated with different strengths of
Bevacizumab (100, 200, and 400 ng/mL), SHP-60 (1.6, 3.2,
and 6.4 μM), and the combination of both for 72 h. SHP-60
and bevacizumab-free cells served as the control group. After
the desired time, MTT solution (5 mg/mL) was added, and
the absorbance at 560 nm was measured with a spectropho-
tometer.
4.10. Tube Formation Assay. The tube formation assay

was used for examining the formation of endotubes for invitro
angiogenesis. The 96-well plates were coated with 50 μL/well
Geltrex (basement membrane extracted from mouse sarcoma)
(Life Technologies) and incubated for 1 h at 37 °C. Once the
Geltrex has solidified, HUVEC (20,000 cells/well) were added
and then treated with Bevacizumab (100 ng/mL), SHP-60 (1.6
μM) and their combination. Cells without Bevacizumab and
SHP-60 were used as a control. After 8−10 h, the endotubes
development was examined under a phase contrast micro-
scope. The images were captured at a 10× magnification, and
the data were processed using ImageJ software 1.52.
4.11. Statistical Analysis. Every process was carried out in

triplicates. The SPSS software 16.0 was used to enter the data.
The data were shown as mean ± SD. The control and
treatment groups were compared using an ANOVA and
Tukey’s post hoc test. P value < 0.05 was set as the significant
cutoff.
4.12. Selection of SHP-60 Gene/Protein Sequences,

3D Models, and Its Structural Validation. With reference
to our obtained electrophoresis findings, we selected the
possible gene sequences of SHP-60 from the UniProtKb
reference protein database17 (https://www.uniprot.org/). The
search criteria for selection of gene/protein sequences were the
use of “Major Royal Jelly Protein (MRJP)” and the organism’s
name “A. mellifera” as keywords. We used canonical protein
sequence for the MRJP3 protein. Following is the complete
header information on MRJP3 protein sequence, indicating its
UniProt accession ID. >sp|Q17060|MRJP3_APIME Major
royal jelly protein 3 OS = A. mellifera OX = 7460 GN = MRJP3
PE = 1 SV = 1. We selected the SHP protein with a molecular
weight corresponding to that of our purified protein from
Pakistani Sidr honey.

The next strategy was to prioritize complete 3D protein
homology with a thorough structural coverage of amino acid
residues after a protein sequence had been chosen.
Consequently, using the UniProt database (https://alphafold.
ebi.ac.uk),49 the 3D model of the canonical protein-coding
gene sequence (MRJP3: major royal jelly protein 3) was
obtained from the AlphaFold Protein Structure Database. The
lack of a comprehensive 3D protein model in the Protein Data
Bank (PDB)50 led to the adoption of this strategy. Prior to this,
we used the PDB database to do protein BLAST (Basic Local
Alignment Search Tool) research.51

We selected a 3D model with full coverage (amino acid
length of 544) from the canonical sequence of major royal jelly
protein 3 (MRJP3) since the sequence query coverage was less
than 70%. Following the selection of a 3D protein model, the
protein structure was seen and molecular properties were
interactively investigated using UCSF Chimera.52 The PDB
structure of MRJP3 was optimized for energy minimization
using DeepView/Switzerland-PdbViewer.53 Using an ERRAT
quality factor, Ramachandran plot, Prosa-web (https://prosa.
services.came.sbg.ac.at/prosa.php), and the residual properties
of the generated model, the PROCHECK stereochemical
assessment was used to validate the model. Using the
Ramachandran plot, the dihedral angles φ against ψ of
potential amino acid conformations in the protein structure
were also examined. The likely structural errors and z-scores
were ascertained using the structure validation server (SAVES;
https://saves.mbi.ucla.edu/). Probable residue characteristics,
side chain parameters, chi−chi plot analysis, G-factor, and
planar group analysis were all determined using the SAVES
(Structure Validation Server: https://saves.mbi.ucla.edu/) web
server.54

4.13. Retrieval of Bevacizumab Peptide Sequences
and Its Homology Modeling. As a monoclonal antibody,
the drug with the generic name “Bevacizumab”, which targets
vascular endothelial growth factor and is used to treat several
cancer types in conjunction with antineoplastic medicines,
comprised light as well as heavy chain protein sequences.55

Therefore, we separately downloaded both sequences from the
DrugBank database (https://go.drugbank.com/) with acces-
sion number “DB00112”.56 The SWISS-Model tool was used
to predict the homology models of both the HC and LC of
bevacizumab57 using a template-based model selection
strategy. The PDB structures of both models were selected
based on their higher sequence similarity with alignment and
coverage compared to the PDB repository-based template.
4.14. Protein−Protein Docking Prediction and MD

Simulations Analysis. The local 3D Zernike descriptor-
based protein docking (LZerD) algorithm was used to
compute the protein−protein (MRJP3-LC and HC of
Bevacizumab) molecular docking interactions.42 With PDB
input files, LZerD uses two protein structures for docking
prediction. This method combines geometric hashing with a
soft protein surface representation utilizing 3D Zernike
descriptors (based on a mathematical moment expansion of
the shape function) to produce docked models of submitted
input proteins. LZerD algorithm can quickly search the space
of binding poses while tolerating side-chain and subunit
flexibility. After that, docking models were clustered with a
predefined clustering cutoff of 4.0 Å, surface reduction of 1 ×
10−4. Ultimately, the obtained output was of the rank models
based on their rank sum from the DFIRE, GOAP, and ITScore
scoring functions. The top model was consistently ranked,
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ensuring similar distance and angle features to the
experimentally determined protein structures. Finally, struc-
tural refinement was not applied to the models to ensure that
the structures remained consistent.

Desmond, a software application from Schrödinger LLC,
was used to run 100 ns (100,000 ps) of MD simulations. For
this, rigid binding assessments of the chosen peptide
interactions with the target protein were calculated by using
protein−peptide docking in MD simulations. Using Newton’s
classical equation of motion, MD simulations were performed
to forecast the protein−peptide binding status in the
physiological environment.56,58

The chosen protein−peptide interactions were optimized
and reduced using Maestro’s Protein Preparation Wizard.
There were no steric conflicts, poor contacts, or distorted
geometries. The systems were constructed using the System
Builder tool, and TIP3P (Intermolecular Interaction Potential
3 Points Transferable), an orthorhombic box with the
OPLS_2005 force field, was utilized as the solvent model.
Throughout the simulation period, 300 K temperature and 1
atm pressure were utilized to imitate physiological circum-
stances, while counterions were added to neutralize the models
and 0.15 M sodium chloride was added. Trajectories were
saved every 100 ps (ps) for inspection, and the stability of
protein−peptide interactions was determined by measuring the
RMSD over time.56,58
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