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ABSTRACT Two cDNA clones containing coding infor-
mation for cecropin B from the Cecropia moth (Hyalophora
cecropia) were identified by means of a synthetic probe. Se-
quencing of the two inserts showed that cecropin B is pro-
cessed from a 62-amino acid residue precursor molecule includ-
ing a 26-residue leader peptide and a COOH-terminal glycine
residue. The latter presumably donates the nitrogen of the am-
ide group present on the COOH-terminal leucine residue of
the mature cecropin B. The sequence deduced for the mature
cecropin B differed in the COOH-terminal region from the
tentative structure previously determined by carboxypeptidase
digestion. To settle the discrepancy, cecropin B was syntjee-
sized according to the cDNA sequence with an amidated
COOH-terminal leucine. Natural and synthetic cecropin B
were found to be indistinguishable with respect to electropho-
retic mobility and antibacterial activity against seven different
bacteria. The COOH-terminal tetrapeptides were isolated
from both natural and synthetic cecropin B and found to be
indistinguishable. The correct sequence for cecropin B is Lys-
Trp-Lys-Val-Phe-Lys-Lys-Ile-Glu-Lys-Met-Gly-Arg-
Asn-Ile-Arg-Asn-Gly-Ile-Val-Lys-Ala-Gly-Pro-Ala-
Ile-Ala-Val-Leu-Gly-Glu-Ala-Lys-Ala-Leu-NH2.

Humoral immunity can be induced in many insects by an
injection of live nonpathogenic bacteria. This phenomenon
has been analyzed at the molecular level by using diapausing
pupae of the Cecropia moth (Hyalophora cecropia) as a
model system (1, 2). After a short period of RNA synthesis
the insects respond to the bacteria by the production of a
potent antibacterial activity which is due to the composite
action of lysozyme and two new classes of bactericidal pro-
teins, the cecropins (3, 4) and the attacins (5-7). The cecro-
pins are small basic proteins with a comparatively long hy-
drophobic region. The three principal cecropins, A, B, and
D, were isolated from immune Cecropia hemolymph. Se-
quence work revealed a high degree of homology among
these three forms, which suggests that they have evolved
through gene duplications. Similar conclusions were reached
concerning the two main forms of attacin.
To understand the selective induction of the immune

genes, a gene cloning program has been initiated. cDNA
clones and sequences for the two main forms of attacin were
first obtained (7, 8). We now report the isolation and se-
quence of two cDNA clones together containing the com-
plete information for the precursor of cecropin B. The amino
acid sequence deduced for the mature form of cecropin B
differs at two residues in the COOH terminus from the tenta-
tive structure previously obtained from sequencing the pep-
tide (3). To settle the discrepancy we synthesized the peptide
predicted from the DNA sequence. A detailed comparison of

the natural and the synthetic materials indicates that the two
products are identical.

MATERIALS AND METHODS
Molecular Cloning. The methods used in the cloning work

were in general those given by Maniatis et al. (9). The con-
struction of the cDNA bank and other methods used were
recently described in detail (7, 8). The oligonucleotide probe
was kindly synthesized by Staffan Josephson (KabiGen,
Stockholm).

Solid-Phase Peptide Synthesis. p-Methylbenzhydrylamine
resin HCl was purchased from U.S. Biochemical (Cleveland,
OH). Reagents and solvents for peptide synthesis were as
previously described for the synthesis of cecropin A (10).
The synthesis was carried out in a Beckman 990 automatic
peptide synthesizer that had been modified for computer-as-
sisted operation. Complete details on this computer-con-
trolled synthesizer will be published elsewhere.

Purity Test and Bioassay of Cecropin B. Polyacrylamide gel
electrophoresis of native cecropins at pH 4 with overlaying
of Escherichia coli D31 and the antibacterial assay used for
obtaining the lethal concentrations were as described earlier
(5, 11).
Amino Acid Sequencing. The equipment used for automat-

ic Edman degradation, the procedures for cleavage with
Staphylococcus aureus V8 protease, amino acid analysis,
and the HPLC separation of peptides were recently given in
detail (6).

RESULTS

Our cDNA bank was screened for cecropin clones by using a
T T A

synthetic probe (5'-C-C-C-A-T-C-T-T-C-T-C-T -A-T-3') cor-
IG

responding to residues 8-12 of cecropin B (3), the only re-
gion of the peptide that can be translated to a limited number
of oligomers. This screening revealed three positive clones,
two of which were sequenced And found to correspond to
cecropin B. The cecropins were originally referred to as im-
mune proteins P9 and the clones were therefore named
pCP901 and pCP902, respectiyely (with C for Cecropia). The
third clone was not sequenced, but judging from the restric-
tion analysis it is most likely also a cecropin B clone.

Characterization and Sequence ofTwo cDNA Clones for Ce-
cropin B. Fig. 1 shows the restriction map obtained for
pCP901 and pCP902. Two enzymes, HincIl and Pvu I, were
used to cleave the clones into fragments suitable for se-
quencing, using the strategy indicated in the lower part of
Fig. 1. Other restriction sites were obtained by computer
analysis. The shorter clone (pCP901) is 173 bases, the longer
one (pCP902) is 242 bases, and they have 152 bases in com-
mon, including the entire coding region for the mature cecro-
pin B.
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35 at the COOH terminus. p-Methylbenzhydrylamine resin
was chosen as the solid support because of its comparable
stability but better cleavage yields relative to benzhydryla-
mine resin (14). The synthesis was performed in a computer-
controlled synthesizer using a standard dicyclohexylcarbo-
diimide double coupling protocol for all residues except Asn
at positions 17 and 14, which was coupled as its 1-hydroxy-
benzotriazole active ester. As before (10), a low level of ra-
dioactivity was introduced in the COOH-terminal region, in
this case by labeling of Leu-35 with 3H (0.25 mCi/mmol; 1 Ci
= 37 GBq). The structure of the completed peptide-resin is
as follows:,St

Boc-Lys(ClZ)-Trp(For)-Lys(CIZ)-Val-Phe-Lys(ClZ)-
FIG. 1. Restriction analysis of the inserts in clones pCP901 and

pCP902. The arrows in the lower part indicate the length and the
direction of the sequencing experiments. The restriction sites print-
ed in small letters were obtained by computer analysis. The boxes
linked to the Pst I sites represent the GC tails from the cloning pro-
cedure. The scale gives the number of nucleotides.

Fig. 2 gives the results obtained from the DNA sequencing
performed according to Maxam and Gilbert (12). There are
three points in the inferred protein structure that deserve
comments: (i) Clone pCP902 contains a precursor sequence
corresponding to 26 amino acid residues in the NH2 terminus
that is not present in the mature cecropin B. (ii) The mature
cecropin B sequence encoded by the cDNA clones is lacking
two amino acid residues present in the tentative structure
previously published, namely Ile-35 and Ser-37. (iii) The
COOH-terminal residue translated from the DNA sequence
is Gly. Since cecropin A has been shown to carry a COOH-
terminal residue blocked by an amide group (10) and since
amide groups can be derived from glycine residues (see Dis-
cussion), cecropin B is believed to end with an amidated Leu
at position 35. If so, the correct molecular weight for cecro-
pin B is 3835.
The wobble base frequencies obtained from the sequence

for the cecropin B precursor are as follows (in %): A, 29; T,
23; G, 27; C, 21. Thus, there is no evident preference for any
of the bases, a result different from that found for the two
attacins (7).

Solid-Phase Synthesis of Cecropin B. To confirm the cecro-
pin B sequence given in Fig. 2, solid-phase methods (13)
were used to synthesize this molecule with an amidated Leu-
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FIG. 2. Nucleotide sequence of the inserts in clones pCP901 and
pCP902. The structures of the leader peptide and the mature cecro-
pin B molecule are indicated by lines under the respective parts of
the amino acid sequence. The principal structure of the probe (with-
out alternative wobble bases) is indicated above the base sequence.

Lys(CIZ)-Ile-Glu(OBzl)-Lys(CIZ)-Met(O)-Gly-
Arg(Tos)-Asn-Ile-Arg(Tos)-Asn-Gly-Ile-Val-Lys(CIZ)
Ala-Gly-Pro-Ala-Ile-Ala-Val-Leu-Gly-Glu(OBzl)-Ala-

Lys(ClZ)-Ala-Leu-NH-CH(p-CH3-C6H5)-C6H4-resin,

in which ClZ is 2-chlorobenzyloxycarbonyl, For is formyl,
OBzl indicates a benzyl ester, Met(O) indicates methionine
sulfoxide, Tos is p-toluenesulfonyl, and the resin is copoly-
(styrene/1% divinylbenzene).
Complete deprotection and cleavage of cecropin B from

the resin was done by the recently developed low-high HF
procedure (15). The peptide was purified to homogeneity by
preparative reversed-phase liquid chromatography on C18-
silica (Fig. 3). The overall yield was 23% based on initial
Leu-35. Amino acid analysis after hydrolysis with either 6 M
HCI or 4 M methanesulfonic acid gave the molar ratios ex-
pected for theoretical cecropin B.

Identity of Natural and Synthetic Cecropin B. The electro-
phoretic mobilities of natural and synthetic cecropin B at pH
4 were compared (Fig. 4). Both samples showed similar
properties, although the synthetic material was slightly pur-
er.
The antibacterial activities of the two samples were also

examined against seven test bacteria (Table 1). The differ-
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FIG. 3. Chromatographic purification of synthetic cecropin B.
Crude peptide (24 mg) was dissolved in 2 ml of water and applied to
a column (2.2 x 13 cm) of C18-silica (10 gm, Waters Associates).
Elution was with a linear gradient of acetonitrile in 0.5% trifluoroa-
cetic acid in water at a flow rate of 2 ml/min. The mean peak was
collected and rerun under the same conditions, yielding 9.5 mg of
purified cecropin B. (Inset) Analytical HPLC of purified cecropin B
on a Vydac 218 TP column (5 ,um, 4.6 x 250 mm, The Separations
Group, Hesperia, CA). Elution was with a linear gradient of acetoni-
trile in 0.45% trifluoroacetic acid in water at a flow rate of 1.5
ml/min.
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FIG. 4. Acid polyacrylamide gel electrophoresis of the cecro-
pins. Samples were run towards the cathode in a 15% gel in a-ala-
nine acetate buffer, pH 4. Gel A was overlayed with live E. coli D31,
and gel B was stained for proteins with Coomassie brilliant blue. The
samples and the amounts applied were as follows: gel A, lane 1,
natural cecropin B (0.5 u.g); lane 2, synthetic cecropin B (0.5 /kg);
lane 3, a mixture of natural cecropin A (middle spot) and cecropins
B and D (0.5 pg of the B and D forms and 0.3 Ag of the A form). Gel
B, lane 1, natural cecropin B (12 Aig); lane 2, synthetic cecropin B (12
jsg), and lane 3, a mixture of cecropin A (middle spot) and cecropins
B and D (6 p~g of each). The difference in size between gels A and B
is due to swelling of the latter during the staining procedure.

ences found are all within the experimental errors of the as-
say method. The results were compared with corresponding
data for cecropin A (unpublished data). For six of the orga-
nisms, cecropin B was only slightly more potent than the A
form. However, against Staphylococcus capitis cecropin B
was about 3 times as active as cecropin A.
The differences between the cecropin B structure pro-

posed earlier (3) and the one deduced from the cDNA se-
quence (Fig. 2) are confined to residues 35-37. Since resi-
dues 31 and 9 are Glu, digestion with V8 protease was used
to liberate the COGH-terminal fragments from both natural
and synthetic cecropin B. Both reaction mixtures were frac-
tionated by HPLC on a uBondapak C18 column. The termi-
nal tetrapeptide was identified by amino acid analysis in the
case of the natural material (2 Ala, 1 Lys, and 1 Leu) and
radioactivity in the case of the synthetic substance. When
the two peptides were rerun under isocratic conditions, the
retention times were identical (510 ± 5 sec, Fig. 5).
The natural tetrapeptide was also analyzed by 252Cf plas-

ma desorption time-of-flight mass spectroscopy (16). In the
interval 120-800 daltons only one major peak was obtained,
with a mass of 423.6 ± 0.2 daltons. The calculated value for
Ala-Lys-Ala-Leu-NH2-Na' is 423.51 daltons. The result is
therefore consistent with an a-amidated COOH terminus in
cecropin B. Finally, the natural tetrapeptide was deamidated
and sequenced in the automatic Edman machine. The result
confirmed the structure Ala-Lys-Ala-Leu.

Table 1. Lethal concentration for synthetic and natural cecropin
B on different bacteria

Lethal conc., M

Synthetic Natural
Organism and strain cecropin B cecropin B

Escherichia coli D21 0.54 0.52
Acinetobacter calcoaceticus Acli 0.67 0.72
Bacillus megaterium Bm4l 0.75 0.95
Pseudomonas aeruginosa 0T97 1.4 1.6
Micrococcus luteus Mlii 1.3 1.5
Staphylococcus capitis 6 7

FIG. 5. Rechromatography of the COOH-terminal tetrapeptide
from synthetic (A) and natural (B) cecropin B. The column was Wa-
ters gBondapak C18 eluted with 1% acetonitrile in 0.1% trifluoroace-
tic acid at a flow rate of 1 ml/min. The broad peak in front of the
peptide is an impurity also appearing after an injection of water.

DISCUSSION
The sequencing of clones pCP901 and pCP902 yielded a 35-
residue structure for cecropin B (Fig. 2) that in the COOH-
terminal region differed from the 37-residue sequence previ-
ously proposed (3). Since the determination of the COOH-
terminal structure by carboxypeptidase could have been
disturbed by impurities in the cecropin B preparation we had
more confidence in the cDNA sequence. It was therefore
decided to synthesize the 35-residue structure with an ami-
dated COOH terminus. The natural and the synthetic cecro-

pin B were found to be indistinguishable with respect to elec-
trophoretic mobility (Fig. 4) and antibacterial activity against
seven different bacteria (Table 1). Moreover, the COOH-ter-
minal tetrapeptides isolated from natural and synthetic ce-
cropin B were also indistinguishable with respect to chro-
matographic behavior in HPLC (Fig. 5). Finally, the se-
quence of the tetrapeptide from the natural material was
found to be Ala-Lys-Ala-Leu, while the mass spectroscopic
analysis gave data consistent with an amidated Leu as the
COOH-terminal residue. We therefore conclude that the
COOH-terminal sequence previously reported is wrong and
that the correct structure for cecropin B is that given in Fig.
2.
The precursor form of cecropin B shown in Fig. 2 suggests

that the primary translation product is processed in two or

possibly three steps to give the mature cecropin B. The lead-
er peptide, which is 26 amino acid residues long, will have to
be removed by one or more proteolytic enzymes. One possi-
bility is that a membrane-bound signal peptidase recognizes
the bond between Ala-(-5) and Ala-(-4) (refs. 17 and 18 and
G. van Heijne, personal communication). If so, a dipeptidyl-
peptidase similar to the one activating melittin (19) could rec-
ognize the two dipeptide units in Ala-Pro-Glu-Pro that pre-
ceed the NH2 terminus of the mature cecropin B. An alterna-
tive mechanism with a signal peptidase that directly

Streptococcus pyogenes 5 5

Lethal concentration was computed from the inhibition zones
obtained with a dilution series of cecropin B placed in small wells in
thin agar plates seeded with the respective bacteria (5).
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recognizes a Pro-Lys bond may be less likely in view of pres-
ent data (17).

Melittin and several hormones have been found to have
amidated COOH-terminal residues (20, 21). In a number of
these cases DNA sequencing has demonstrated that the
COOH-terminal residue is followed by a Gly residue (21, 22)
and a corresponding in vitro amidation has been demonstrat-
ed (23, 24). It is therefore most likely that amide formation
from the terminal Gly residue is also a processing step in the
biosynthesis of cecropin B.
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