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Abstract—In this study, the proteins contained in royal jelly (RJ) derived from Chinese and European honeybees have been
analyzed in detail and compared. Remarkable differences were found in the heterogeneity of major royal jelly proteins
(MRJPs), MRJP2 and MRJP3, in terms of molecular weight and isoelectric points between the two species of RJ. MRJP2
and MRJP3 produced by Chinese honeybee are less polymorphic than those produced by European honeybee. This study

is a contribution to the description of the royal jelly proteome.
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Honeybees are social insects, living in colonies con-
stituted of different castes: queens, workers, and drones
[1]. Though queens and workers develop from the same
fertilized eggs, after eclosion, changes occur in behavior,
physiology, and morphology. This honeybee polyphenism
is mostly due to larval diet rather than genetic predisposi-
tion [2-8]. Larvae designated to be queens are fed royal
jelly (RJ) their entire lives, while all other larvae are dis-
connected from royal jelly and are provided a mixture of
honey and pollen three days after hatching. It is believed
that exclusively feeding a honeybee larva with RJ deter-
mines a queen, affecting its cell differentiation and prolif-
eration, and contributes to a queen’s longevity and enor-
mous reproductive ability [3, 4].

Royal jelly is synthesized in the glandular cephalic
system (hypopharyngeal and mandibular glands) of nurse
bees [9-11]. The composition varies with the age and race
of nurse bees as well as the seasonal and regional condi-
tions that surrounds them. Fresh RJ is a white-yellow col-
loid with a pH between 3.6-4.2 and is mainly composed of
water (60-70%), proteins (12-15%), carbohydrates (10-
16%), lipids (3-6%), and traces of salts, vitamins, and free
amino acids [12, 13].

Abbreviations: MRJPs) major royal jelly proteins; RJ) royal jelly.
# These authors contributed equally to this work.
* To whom correspondence should be addressed.

The biological function of some components present
in RJ has been previously described. Jelleines are an
antimicrobial family of peptides against yeasts and Gram-
positive or gram-negative bacteria [14]. Royalisin, a
5.5 kD peptide, was found to have antibacterial and anti-
fungal activities [15].

The important protein components of RJ are those
that belong to a homological protein family named major
royal jelly proteins (MRJPs). In this family, five species of
proteins (MRJP1-5) with molecular weights 49-87 kD
have been identified by cDNA cloning, sequencing,
SDS-PAGE, two-dimensional gel electrophoresis, and
N-terminal sequence analysis [16-18]. MRJP3 and
MRJPS5 display size polymorphism with molecular weight
owing to extensive repetitive regions in the C-terminal
region and various sugar chains attached to the protein.
The biological function of MRJPs is recognized as nutri-
tion provider for large amounts of essential amino acids.
Also, MRJP1 is likely to promote liver regeneration and
may have a cytoprotective action on hepatocytes [19-21].
MRIJP3 exhibits potent anti-inflammatory effects in vitro
and in vivo.

Royal jelly collected from European honeybees (Apis
mellifera) has been extensively used as dietary or cosmet-
ic supplements due to the belief that it exerts on human
beings similar effects as it does on honeybees. A number
of investigative efforts have been made on the protein
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composition of RJ found in European honeybees.
Chinese honeybees (Apis cerana), on the other hand,
while having been widely bred in China for their resist-
ance to bee mites and acclimatization, have had few sub-
stantial biochemical analyses done on their RJ. The only
available relevant data is about the genome profile of
Chinese honeybees [22-24]. Thus, the aim of this present
study was to obtain a proteome profile of RJ taken from
Chinese honeybees and to compare the proteins identi-
fied with those already described RJ in European honey-
bees.

MATERIALS AND METHODS

Chemicals. IPG strips, IPG buffer, Pharmalyte,
acrylamide, and Coomassie Brilliant Blue R-250 were
purchased from Amersham Biosciences (USA). Trypsin
was purchased from Promega (USA). Molecular weight
marker proteins and all other chemicals were from Sigma
(USA).

Biological samples. Fresh RJ from A. mellifera and A.
cerana were collected from cells containing 72 h queen-
designated larvae and quickly stored at —80°C, avoiding
heat and oxidation.

SDS-PAGE. RJ (100 mg) was suspended in 1 ml of
buffer (50 mM sodium phosphate, pH 7.5, 10 mM NacCl,
2 mM EDTA). After centrifugation at 15,000g for 30 min
at 4°C, the supernatant was recovered. Protein concentra-
tion was determined according to the Bradford method
using bovine serum albumin as a reference [25]. Soluble
RJ fractions were separated by SDS-PAGE on a 10%
polyacrylamide gel and stained with Coomassie Brilliant
Blue R-250.

Separation by chromatography. RJ was dissolved in
20 mM Tris-HCI buffer, pH 7.5, 1 mM EDTA; the sam-
ple was loaded onto a Q column (Mono Q™5/50 GL)
and then eluted with a linear gradient of 0-1 M KCI.

Two-dimensional gel electrophoresis. RJ (100 mg)
was suspended in 1 ml of isoelectric focusing (IEF) sam-
ple solution (8 M urea, 2% Chaps, 2% IPG buffer, 1.4 mg
PMSE, 20 mg DTT). After centrifugation at 15,000g for
30 min at 4°C, the supernatant was collected. Protein
concentration was determined using the Bradford
method. Supernatant (125 pl) in rehydration buffer con-
tained 8 M urea, 2% Chaps, 0.5% IPG buffer, 0.8%
Pharmalyte, and a trace of bromophenol blue. The mix-
ture was loaded on a 7 cm Immobiline Drystrip, pH 3-10.
IEF was carried out at 200 V for 2 h, 500 V for 1 h, 1000 V
for 30 min, 2000 V for 30 min, and finally 5000 V for 2 h
on an Ettan IPGphor apparatus (Amersham Biosciences).
Prior to SDS-PAGE, the IPG strip was first equilibrated
in 1% DTT, 50 mM Tris-HCI, pH 8.8, 6 M urea, 30%
glycerol, 2% SDS, 0.002% bromophenol blue for 10 min
and then followed with equilibration in 2.5% iodoac-
etamide, 50 mM Tris-HCI, pH 8.8, 6 M urea, 30% glyc-
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erol, 2% SDS, 0.002% bromophenol blue for 10 min.
SDS-PAGE was performed at 10 mA/gel for about 3 h
using 10% T, 2.7% C polyacrylamide gel. The gel was
stained with Coomassie Brilliant Blue G-250, scanned
with a Magicsan, and the images were analyzed with
ImageMaster 2D Platinum 6.0.

Tryptic digestion of 2-DE spots. Spots of interest
were cut from the gel and destained twice for 30 min using
50 pl of 50% acetonitrile with 50 mM NH,HCO;, dried
for 30 min with acetonitrile, and incubated with 50 pl
10 mM DTT (in 100 mM NH,HCO,) at 56°C for 45 min.
The gel pieces were washed with 50 pul 55 mM iodoac-
etamide in 100 mM NH,HCO; for 30 min at room tem-
perature, washed two times with 50 pl of 100 mM
NHHCO; for 20 min, followed by dehydration with ace-
tonitrile and finally completely dried in a Speed-Vac.

Trypsin solution (10 pl, final concentration 12.5 ng/
ml) was pipetted onto the dried gel pieces and incubated
at 4°C for 1 h. Excess trypsin solution was discarded and
10 ul of 50 mM NH,HCO; was added. Then the sample
was incubated at 37°C overnight. To extract the peptide
fragments from the tryptic digest, 50 ul of 50% acetoni-
trile (containing 2.5% TFA) was added and incubated at
30°C for 1 h. Thereafter, 50 pl of 15% TFA was added and
incubated at 40°C for 1 h. After each step, the super-
natants were pooled together and dried using the Speed-
Vac system.

Mass spectrometry. The sample was dissolved in
TFA (0.5%, 2 ul) and mixed with a saturated matrix solu-
tion (50 mM a-cyano-4-hydroxycinnamic acid, 60%
acetonitrile, 0.1% TFA). The mixture was pipetted onto
the MALDI slide sampler and air-dried. The peptide
spectra were recorded in the reflector mode and external
calibration was performed with a peptide calibration stan-
dard. Mass spectra of peptide mixtures were obtained
using a Reflex III MALDI-TOF MS (Bruker Daltonics,
Germany).

Database research. Peptide mass fingerprinting of
the proteins of interest was performed using MASCOT
software. Maximum tolerance for masses was adjusted to
be 100 ppm and one missed cleavage for tryptic peptides
was allowed. SWISS-PORT and NCBIrn databases were
used for proteomic research. M, and p/ values of each
analyzed spot were obtained from the 2D-PAGE gel.

RESULTS

Fractionation of European honeybee and Chinese
honeybee royal jellies by SDS-PAGE and chromatography.
Electrophoretic analysis of European honeybee RIJ
showed five protein bands (Fig. 1), which is identical to
the results reported by Shmitzova et al. [17]. Chinese
honeybee RJ showed three protein bands, two bands of
which are similar in molecular weight to those of
European honeybee RJ, and one of which has a higher
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Fig. 1. Soluble RJ proteins from European honeybee (a) and
Chinese honeybee (b) were separated by SDS-PAGE on a 10%
acrylamide gel and stained with Coomassie Brilliant R-250.
M.W., molecular weight standards.

molecular weight than any bands seen in European
honeybee RIJ.

We further analyzed European honeybee RJ and
Chinese honeybee RJ by using ion-exchange chromatog-
raphy. The chromatographic profiles (Fig. 2) show that
there are only three protein peaks present in European
honeybee RJ, while four protein peaks are found in
Chinese honeybee RJ.

Protein analysis of European honeybee RJ and
Chinese honeybee RJ by two-dimensional gel elec-
trophoresis. Figures 3 and 4 show one representative of
European honeybee RJ and Chinese honeybee RIJ,
respectively. Interestingly, the two-dimensional gel elec-
trophoresis patterns between the two honeybee species
were substantially different. Particularly marked differ-
ences were observed in the p/ area that ranged from 6 to 9
and had molecular weight range between 60 to 80 kD on
the gels. Two-dimensional gel electrophoresis of
European honeybee RIJ provided identical results to
reports [10, 27]; moreover, profiling of the European
honeybee RJ proteome has been performed well [27].
Therefore, we decided to identify Chinese honeybee RJ
proteins by mass spectrum.

Protein identification. Figure 4 shows the analyzed
spots of RJ proteins from Chinese honeybee. All the iden-
tified proteins belong to the Chinese honeybee genome.
The results of the spot identification are reported in the
table. MRIJP1, 2, 3, and 4 were identified, whereas
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MRIJP5 was not found in Chinese honeybee RJ. Spots R1
and 2 have been identified to be MRJP1 with MW 51,966
and 51,417, indicating these spots as those identified by
c¢DNA sequencing. Two variants of MRJP1 were identi-
fied in Chinese honeybee RJ by cDNA sequencing, while
only one isoform was characterized in European honey-
bee RJ [10, 27]. Spot R3, with p/ about 7.7, higher than
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Fig. 2. Chromatographic profiles of RJ proteins from European
honeybee (a) and Chinese honeybee (b) from FPLC using a Q
column (Mono Q™5/50 GL) eluted with a linear gradient of 0-
1 M KCl in Tris-HCI buffer.
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Fig. 3. Two-dimensional electrophoresis analysis of European
honeybee RJ proteins that were stained with Coomassie Brilliant
Blue G250.
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Fig. 4. Spots of two-dimensional electrophoresis-resolved
Chinese honeybee RJ proteins that were subjected to tryptic
digestion before MS analysis.
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in spots R1, 2, was also identified as MRJP1. It was sup-
posed to be deduced from the C-terminal of MRIJPI
according to the matched sequence.

MALDI-TOF analysis revealed that spots 4-7 are all
MRJP2. The molecular weight of MRJP2 from Chinese
honeybee RIJ was similar to that of European honeybee
RJ, but the p/ value was higher than that from European
honeybee RJ [28]. Twelve isoforms of MRJP2 were iden-
tified in European honeybee RJ [27]. Spots 8-12 with
molecular weights from 65,919 to 68,074 and p/ ranging
from 8.8 to 9.5 were assigned to be MRJP3. The molecu-
lar weights and p/ values of MRJP3 from Chinese honey-
bee RJ were identical to indications from cDNA sequenc-
ing, and were higher than that of European honeybee RJ
[24, 29, 30]. Sano et al. have identified 24 MRJP3 variants
in European honeybee RJ, and some spots were C-termi-
nal region degradation isoforms. MRJP2 and MRJP3
derived from Chinese honeybee RJ showed less hetero-
geneity than those identified in European honeybee RJ.

MRIJP4 has not been identified by the proteomic
approach and was inferred from the European honeybee
genome. Interestingly, spots R13 and 14 present in this
experiment were revealed to be MRJP4. In particular, the
average molecular weight of MRJP4 identified by our
experiment was higher than that predicted from the

Identification of proteins of Chinese honeybee RJ

Spot number pl Mass (daltons) Protein identified Accession
R1 5.78 51 966 MRJP1 Gi 40557703
R2 5.51 51417 MRJP1 Gi 40557703
R3 7.76 51417 MRIPI Gi 40557703
R4 8.03 50 941 MRIJP2 Gi 46358503
R5 8.40 50173 MRIJP2 Gi 46358503
R6 8.70 49 668 MRIJP2 Gi 46358503
R7 8.90 50 047 MRIJP2 Gi 46358503
R8 9.54 66 200 MRJP3 Gi 56422037
R9 9.30 65919 MRIJP3 Gi 56422037
R10 9.20 65919 MRIJP3 Gi 56422037
R11 9.03 66 060 MRJP3 Gi 56422037
R12 8.84 68 074 MRJP3 Gi 56422037
R13 6.46 64 124 MRJP4 Gi 42601244
R14 6.30 64 261 MRJP4 Gi 42601244
RI15 7.19 94716 not identified
R16 7.03 94 279 not identified
R17 6.87 92972 not identified
R18 6.74 93 406 not identified
R19 not identified
R21 not identified
R22 not identified
R23 5.45 46 625 MRJP7 Gi 57546160
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cDNA sequence of Indian honeybees. The difference
may originate from the difference in species, potential N-
glycosylation sites, or different degrees of glycosylation.

Spot R23 was identified as MRJP7, which was
reported in the molecular cloning of mrjp from Chinese
honeybee [24]. Spots numbered from 15 to 22 were not
identified by MALDI-TOF analysis because of the defi-
ciency in protein quantity. They were possibly some oxi-
dases or MRJPS5 corresponding to two-dimensional gel
electrophoresis result of European honeybee RI.
However, in the EST Ilibrary established from the
hypopharyngeal gland of Chinese nurse bees, MRJP5 was
not found either [27].

DISCUSSION

In summary, European honeybee RJ and Chinese
honeybee RJ were analyzed by two-dimensional gel elec-
trophoresis. When the identified Chinese honeybee RJ
proteins were compare to those previously identified in
European honeybee RJ, we observed considerable het-
erogeneity within each protein of the MRIJP family.
However, some proteins—MRJP2 and MRJP3—exhibit-
ed less heterogeneity than those from European honeybee
RJ in terms of molecular size as well as p/ values. In
agreement with our findings, MRJP3 protein derived
from Africanized honeybee RJ was less polymorphic in
size than that from European honeybee RJ. These results
prompt us to speculate that the DNA sequence of the
MRIJP coding region may also be less polymeric in
Chinese honeybees compared with that of European
honeybees. These results further imply that the differ-
ences between the RJ proteins produced by Chinese and
European honeybees may be ascribed to genetic differ-
ences in addition to posttranslational modifications.
Further studies are necessary to confirm these possibili-
ties.
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