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A new potent
antibacterial
protein,
for which
we
propose
the name royalisin,
was found in royal jelly of
the honeybee
Apis mellifera
L. and purified
to homogeneity
for the first time by acid extraction,
gel filtration, and reverse-phase
high pressure
liquid
chromatography.
The primary
structure
of royalisin
was determined
to consist
of 61 residues,
with
three
intramolecular
disulfide
linkages,
having
a calculated
molecular
mass of 5523 Da. Royalisin
is an amphipathic protein,
with the C-terminal
half of the molecule
being rich in charged
amino acids; and it showed
extensive
sequence
homology
to two other antibacterial
proteins,
sapecin
from embryonic
Sarcophaga
peregrina
cells and phormicins
from Phormia
terranovae
larvae.
Royalisin
was found to have potent antibacterial activity
against Gram-positive
bacteria
at low concentrations,
but not against
Gram-negative
bacteria.
Royalisin
may be involved
in a defense system active
against bacterial
invasion
of the honeybee.

Various insects are known to produce humoral antibacterial
proteins in response to pathogens which participate
in the
host defense system against invading
microorganisms.
The
isolated antibacterial
proteins from certain moths and flies
are cecropins (l-5) and attacins (6-8) from Hyalophoru
cecropia pupae, sarcotoxins (9) from Sarcophuguperegrinu
larvae,
sapecin (10) from embryonic 5’. peregrinu cells, and diptericins
(11) and phormicins
(12) from Phormia
terrunouue
larvae.
Recently, apidaecins have been isolated from lymph fluid of
the honeybee Apis melliferu L. and are highly active against
Gram-negative
bacteria (13). On the other hand, the presence
of antibacterial
properties
in royal jelly secreted from the
pharyngeal
glands of the honeybee has been known for many
years. The inhibitory
activity of royal jelly against both Grampositive and Gram-negative
bacteria has been demonstrated
(14). Later studies (15-18) reported that royal jelly exhibited
antibiotic
activity against a variety of microorganisms
including some actinomycetes
and certain species of molds and
other fungi. It is evident that the antibacterial
spectrum of
royal jelly differs significantly
from that of apidaecins. With
respect to the active substances, the only antibiotic
component previously identified
in royal jelly was the fatty acid lo* The costs of publication
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hydroxy-A*-decenoic
acid (19). Our interest in further defining antibacterial
properties
of royal jelly led to a search for
other antibacterial
constituents.
This report describes for the first time a potent antibacterial
protein, named royalisin,
found in royal jelly. The complete
primary structure of royalisin was investigated
and found to
be distinct from that of all other known antibacterial
proteins
or peptides of insects or invertebrates
so far reported. The
antibacterial
activity
of purified
royalisin
was examined
against a number of bacterial species, and the results indicate
selective growth inhibition
against Gram-positive
bacteria
such as Luctobucillus,
Bifidobucterium,
and Leuconostoc
at
effective concentrations
below 1 pM.
MATERIALS

AND

METHODS’

RESULTS

Purification
of Roy&in-To
confirm earlier observations
of the antibacterial
effects of native royal jelly, its influence
on the growth of nine species of Gram-positive
bacteria and
seven species of Gram-negative
bacteria was examined. As
shown in Table 1, growth of the Gram-positive
bacteria was
strongly suppressed by addition
of royal jelly at concentrations of 10 pg/ml or less. Among royal jelly-sensitive
bacteria,
Luctobucillus
helueticus ss. jugurti was the most sensitive and
therefore
was chosen as the indicator
strain for use in our
search for the antibacterial
substance in royal jelly. In contrast, royal jelly only slightly inhibited
the growth of the
Gram-negative
bacteria tested, and this effect was observed
only at high concentrations
(10 pg/ml) of royal jelly.
The antibacterial
protein royalisin
was partially
purified
from royal jelly by acid extraction
followed by gel filtration
on Sephadex G-100. Fig. 1 shows the elution profile of the
antibacterial
activity of royalisin together with the A254 reading and the A6 9 5 reading which indicates protein concentration. The antibacterial
activity eluted as a single peak (fractions at 380-430 ml) together with some UV-absorbing
material and appeared in the low molecular
mass fractions.
Further
purification
of the partially
purified
protein
was
achieved by reverse-phase HPLC.’ As shown in Fig. 2, a single
well-defined
peak of potent antibacterial
activity was obtained
which eluted at 32% (v/v) CH&N.
The yield of royalisin was
0.3 mg/g of royal jelly. When the purity of the final preparation of royalisin
was checked by sodium dodecyl sulfatepolyacrylamide
gel electrophoresis
(Fig. 2), a single homoge1 Portions
of this paper (including
“Materials
and Methods,”
Figs.
l-6, and Tables 1 and 2) are presented
in miniprint
at the end of this
paper. Miniprint
is easily read with the aid of a standard
magnifying
glass. Full size photocopies
are included
in the microfilm
edition
of
the Journal
that is available
from Waverly
Press.
* The abbreviation
used is: HPLC,
high pressure
liquid chromatography.
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neous protein band was observed under reducing conditions
with an apparent molecular mass of 3500-4000 Da. A similar
molecular
mass estimate of 3900 Da was obtained
by gel
filtration
on a GCL-90 column (data not shown).
Primary
Sequence of Royalisin-To
determine
the amino
acid sequence of royalisin, the purified protein was subjected
to amino acid analysis using an automated gas-phase sequenator. From data obtained by amino acid sequencing, 45 of the
51 residues of royalisin
were identified.
Since cysteine is
known to present an obstacle to structural
determination
(ZO), alkylation
of the cysteine residues of royalisin with 4vinylpyridine
was performed.
Six residues of S-pyridylethylated cysteine in royalisin were found after amino acid analysis,
indicating
that all of the previously
unidentified
residues of
royalisin were cysteine. This result was independently
verified
by amino acid composition
analysis after acid hydrolysis and
by fast atom bombardment
mass spectroscopic analysis (data
not shown). Based on these results, the complete primary
sequence of royalisin was determined,
as given in Fig. 3. The
molecular mass of royalisin is 5523 Da as calculated from the
amino acid sequence.
Assignment of Disulfide Linkages in Royal&n-The
absence
of free sulfhydryl groups in royalisin was demonstrated
upon
its failure to react with 4,4’-dithiodipyridine.
Therefore,
all
cysteine residues present in royalisin
must be linked with
disulfide bridges. To elucidate the location of all disulfide
bridges in royalisin, sequence analysis of proteolytic
peptides
derived from purified royalisin was performed
as follows. As
shown in Fig. 4, lysyl endopeptidase
cleavage of royalisin
resulted in the formation
of five new peptide peaks (I-V).
The peptide of peak IV was found to have amino acids
corresponding
to positions l-9 and 27-33 and was assigned
the position of a disulfide bridge between residues 3 and 31.
The peptide of peak V was found to have amino acids corresponding to positions lo-26 and 34-40. This peptide, however,
contained 4 cysteine residues; and hence, it was further digested enzymatically
with thermolysin,
and the peptides generated were analyzed similarly. One peptide corresponding
to
positions
18-21 and 37-40 and another corresponding
to
positions
16-17 and 35-36 were isolated separately.
This
result indicated
the presence of disulfide
bridges between
residues 21 and 38 and residues 17 and 36, respectively. This
assignment of the positions of three disulfide bridges in royaiisin was further confirmed
by the results of protease V8
digestion (data not shown).
Hydrophilicity
and Homology of Royalisin-The
hydrophilicity index of royalisin as shown in Fig. 5 indicates that it is
an amphipathic
molecule. The N-terminal
half of the sequence (positions l-22) is relatively hydrophobic,
whereas the
C-terminal
half (positions 23-45) is mainly hydrophilic
and
contains an array of highly positively charged residues, particularly lysine at positions 26, 33, 39, 44, and 49. As shown
in Fig. 6, a computer search of the Genetyx Protein Sequence
Data Banks (Software Development
Co., Tokyo) revealed that
royalisin exhibits substantial
homology to two other antibacterial proteins, sapecin and phormicin,
but not to other known
antibacterial
proteins or peptides from insects or other invertebrates. In addition,
royalisin was found to show 52-62%
similarity
to several other membrane-bound
proteins including membrane antigen ~140, phospholipase
AZ, and a noncapsid protein of a murine virus.
Antibacterial
Activity of Royalisin-The
antibacterial
effects of royalisin
were tested against 18 species of Grampositive bacteria and seven species of Gram-negative
bacteria.
As summarized
in Table 2, royalisin had a narrower antibacterial spectrum than native royal jelly and strongly inhibited
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the growth of the Gram-positive
bacteria tested including
Clostridium,
Corynebacterium,
Leuconostoc,
Staphylococcus,
and Streptococcus at the effective concentration
of 1 pM. The
antibacterial
potency of royalisin at a concentration
of 1 pM
was comparable to that of native royal jelly at 10 pg/ml (Table
1). However, royalisin showed no antibacterial
activity against
the Gram-negative
bacteria tested including Escherichia
coli,
Bacteroides, Klebsiella, and Salmonella at the concentrations
used. The antibacterial
activity was relatively
heat-stable
since activity was retained after heating for 15 min at 100 “C.
The activity was completely lost, however, after cleavage with
either endoprotease
Arg-C or lysyl endopeptidase.
DISCUSSION

This paper describes for the first time the purification
and
complete primary
sequence of a new potent antibacterial
protein, royalisin, in royal jelly. It has been reported (19, 21)
that low pH and the presence of lo-hydroxy-A*-decenoic
acid
are factors partially
responsible
for the ability of royal jelly
to inhibit bacterial and fungal growth, but these observations
have been questioned
(22). So far, the major components
of
royal jelly responsible for its remarkable
antimicrobial
properties remain unidentified.
Therefore
in this study, attempts
were made to isolate the active substance. After acid extraction and further fractionation
of royal jelly, the antibacterial
properties observed were attributed
to the presence of a protein, royalisin.
No fatty acid was found in the final soluble
fractions eluted by HPLC. The new antibacterial
protein was
purified -2000-fold
as estimated from the potency of royalisin
(Tables 1 and 2). Royalisin was found to be composed of 51
residues, being a cationic protein with a net charge of +2 as
calculated
from the amino acid composition
(Fig. 3). The
structural
novelty of royalisin
is in its high cysteine content
(6 residues) and connection
by three intramolecular
disulfide
linkages, which may confer a compact globular
structure
exhibiting
high stability at low pH and high temperature
as
demonstrated
in the study. The observed difference between
the measured molecular mass of -4000 Da by sodium dodecyl
sulfate-polyacrylamide
gel electrophoresis
and the calculated
molecular mass of 5523 Da may be interpreted
as evidence of
a compact molecular
structure.
Based on the primary
sequence, royalisin is distinctly different from both the humoral
antibacterial
peptide apidaecin
(13) and the venom toxin
melittin of the honeybee (23). A computer search for homology
to other known antibacterial
proteins, however, revealed that
royalisin
has extensive sequence homology
to sapecin and
phormicin,
which are active against only Gram-positive
bacteria (Fig. 6). Sapecin has a primary structure almost identical
to that of phormicins,
differing
only by a single amino acid
substitution
of glycine for alanine at position 34. It was found
that 24 of the 51 residues of royalisin are identical to sapecin
and phormicin,
including the sequence of all cysteine residues
which have been highly conserved during evolution.
No significant
similarities
were found between royalisin
and any
other antibacterial
peptides such as defensins from guinea pig
neutrophils
(24-26), bactenecin from bovine neutrophils
(27),
magainins from clawed frog Xenopus skin (28), and tachyplesin and polyphemusin
from the horseshoe crab (29,30).
In this study, the specificity of royalisin was found to be
limited to activity against various Gram-positive
bacteria.
Lactobacillus, Bifidobacterium,
Corynebacterium,
Leuconostoc,
Streptococcus, and Staphylococcus were extremely sensitive to
royalisin, and its minimum
inhibitory
concentration
for certain bacteria in this study was -1 pM, which is comparable
with the effective concentrations
of various antibiotics.
Al-
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though royalisin
is structurally
and functionally
related to
sapecin and phormicin,
royalisin showed a somewhat different
antibacterial
specificity.
Sapecin is especially inhibitory
to
Staphylococcus,
Micrococcus,
and Corynebacterium
(lo),
whereas phormicin
is active mainly against Micrococcus and
Bacillus (12). In contrast to royalisin, native royal jelly exhibited some inhibitory
effects against Gram-negative
bacteria
also. This difference could be explained by the presence of
other factors such as lo-hydroxy-A’-decenoic
acid in native
royal jelly which were completely
lost during fractionation.
Because of its antibacterial
potency, royalisin looks attractive
for future applications
as an antibacterial
compound, especially for the preservation
of food.
Nothing is known about the mechanism of the antibacterial
action of royalisin. Comparison
of computer hydropathy
profiles indicated
that the known antibacterial
proteins
each
display an amphipathic
sequence. In the case of royalisin, the
N-terminal
half of the molecule is predominantly
hydrophobic, whereas the C-terminal
half is strongly basic and hydrophilic. An analogous profile was also found in various other
antibacterial
peptides such as sapecin, phormicin,
tachyplesin, and polyphemusin,
all of which have essential disulfide
bonds and are active against Gram-positive
bacteria. In contrast, melittin,
which has a similar polarity
profile but no
disulfide bonds, exhibits potent lytic activity against Gramnegative bacteria such as E. coli (23). Thus, judging from the
primary structure and antibacterial
specificity, it seems that
a general feature of the proteins active against Gram-positive
bacteria is a high content of cysteine residues and a compact
structure owing to intramolecular
disulfide cross-linking.
This
notion is supported by the fact that two microbicidal
peptides,
MCPl and MCPZ, from macrophages and leukocytes (31,32)
also have three disulfide bonds in each molecule and exhibit
selective inhibition
against Gram-positive
bacteria. Another
structural
requirement
for cytotoxic
properties
appears to
reside in a cluster of charged residues located in the Cterminal
sequence of royalisin. A computer homology search
showed that the hydrophilic
C-terminal
region of royalisin at
positions 25-40 has significant
homology to regions within
cecropins and sarcotoxins,
although
these peptides have a
basic N terminus, whereas it is the C terminus in royalisin
that is basic. It has been reported (9, 33) that the sequences
of colicin E1 and sarcotoxin have a similar lysine-rich
region
located in the N-terminal
half of the molecule that is essential
for the disruption
of the membrane potential of E. coli. It is
possible that royalisin acts by a similar mechanism. Although
it appears that the biological activity is likely to be related to
its ability to interact with the membrane, we have been unable
to detect the release of lactate dehydrogenase
or visible evidence of bacterial membrane lysis by phase-contrast
electron
microscopy after royalisin treatment
(data not shown).
The biological role of royalisin in royal jelly is still uncertain. Royalisin may participate
in host defense by protecting
the gut of the honeybee against invasion of various bacteria
and may help in preservation
of royal jelly. In addition,
royalisin may have a hormonal function. It has been reported
(34) that royal jelly contains insulin-like
polypeptides;
and
recently, it has been demonstrated
(35) that purified extracts
from royal jelly displace porcine insulin from rat liver insulin
receptors in vitro. This is consistent with a report (36) that
intravenous
injection of royal jelly causes a transient
fall of
blood pressure in rats. In preliminary
experiments3
using a
radioligand
assay, we have found that purified royalisin binds
to the rat liver insulin receptor, with an inhibition
constant
of 45%. This observation
suggests that royalisin
may have
3 K. Kobayashi, unpublished

data.
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structural
and functional
similarity
to the insulin-like
polypeptides in royal jelly. Furthermore,
royalisin seems to have
some structural similarity
to a mammalian
epidermal growth
factor which also consists of 53 residues with three intramolecular disulfide linkages. The functions of royalisin in royal
jelly as a growth factor need to be further examined, especially
with regard to its possible role in promoting
growth and
differentiation
in the honeybee. The origin of royalisin is not
known; but at present, it is assumed to be derived from the
honeybee. This is also under investigation.
are grateful to Y. Ueda for performing the
search and for calculating the hydrophilicity
profile of
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