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All higher organisms can in some way defend
or protect themselves against their natural flora
of bacteria. This applies also to insects which
have highly effective immune systems, both cel-
lular and humoral. Many insects respond to an
injection of live, non-pathogenic bacteria with
the production of a potent cell-free antibac-
terial activity (for a review see Boman & Hult-
mark, 1987). This phenomenon can be analysed
at the molecular level using as a model system
the Cecropia moth, Hyalophora cecropia. When
a diapausing pupa is immunized it turns on pre-
dominantly the genes for immunity while the
rest of the animal remains in a dormant state.
Immunized pupae of Cecropia are therefore a
system for biological enrichment of the RNA
and the proteins which are synthezied from the
genes for immunity. We have taken advantage
of this fact both in the purification of 15 dif-
ferent immune proteins and in the isolation of
immune RNA, later to be used for the prepara-
tion of a cDNA bank. After a short period of
RNA synthesis the insects respond to live bac-
teria by the production of a potent antibacterial
activity which is due to the synthesis of 15-20
immune proteins. To this group of proteins
belong a lysozyme and two novel classes of an-
tibacterial proteins, the attacins and the cecro-
pins. The attacins contain 188 amino acid re-
sidues (M; around 20,000) and there are two
main forms, basic and acidic or neutral. The
antibacterial spectra of the attacins are narrow.
The cecropins are smaller and the three principal
cecropins, A, B, and D, contain 35-37 amino
acid residues (M, around 4,000). The A and B
forms are potent broad spectrum antibacterial
agents.

During the years 1980-1985 parallel se-
quence work was carried out on the protein and
on the DNA levels. This programme has produc-
ed the complete amino acid sequences for five
cecropins, one lysozyme and one attacin. We
first obtained ¢cDNA sequences corresponding
to one lysozyme, one cecropin (the B from)
and the two major forms of attacin. More re-
cently we have isolated cDNA clones for the
two other cecropins and genomic clones for ce-
cropin B. The present paper is a summary of

this structural work supplemented with data
concerning the antibacterial activities for natural
and synthetic cecropins.

LYSOZYME

The first antibacterial factor to be identified
in insect haemolymph was lysozyme and it was
also the first factor to be purified (Powning &
Davidson, 1973). It has been claimed that
lysozyme is the main antibacterial factor re-
sponsible for immunity of vaccinated insects
but this is not correct because insects can elimi-
nate many lysozyme resistant bacteria. The
Cecropia lysozyme was isolated in connection
with our purification of cecropins A and B
(Hultmark et al., 1980) and some years later
the full amino acid sequence was worked out
for the protein (Engstrom et al., 1985). A
cDNA clone was also isolated for lysozyme and
Fig. 1 shows its nucleotide sequence together
with the deduced amino acid sequence (Eng-
strom ¢t al., 1985). The enzyme is composed

of 120 amino acids, has a size of 13.8 kD and

25 50
TGC CCT TCGC TGG CAG TTC GCT TTG CAT TGC GAT GCG AAA CGT TTC ACG AGA TGC GGG TTA
Cys Arg Ser Trp Gln Phe Ala Leu His Cys Asp Ala Lys Arg Phe Thr Arg Cys Gly Leu

=10 Leader peptide - |

p Lysozyme

75 100
GTG CAG GAG CTT AGG AGA CGA GGC TTC GAT GAA ACT TTG ATG AGT AAC TGG GTC TGC CTT
Val Gln Glu Leu Arg Arg Arg Gly Phe Asp Glu Thr Leu Met Ser Asn Trp Val Cys Leu
10 20

125 150 175
GTC GAG AAC GAA AGC GGA CGG TTT ACC GAT AAA ATC GGT AAA GTT AAC AAG AAC GGA TCT
Val Glu Asn Glu Ser Gly Arg Phe Thr Asp Lys Ile Gly Lys Val Asan Lys Asn Gly Ser
30 40

200 |—— Probe —' 225

CGA GAC TAC GGC CTC TTC CAG ATC AAT GAC AAA TAC TGG TGC AGT AAG GGA TCC ACT CCT

Arg Asp Tyr Gly Leu Phe Gin Ile Asn Asp Lys Tyr Trp Cys Ser Lys Gly Ser Thr Pro
50 60

250 275 300

GGA AAG GAT TGC AAC GTG ACT TGT AAT CAG CTA CTG ACT GAC GAC ATT AGC GTG GCA GCT

Gly Lys Asp Cys Asn Val Thr Cys Asn Gln Leu Leu Thr Asp Asp Ile Ser Val Alz Ala
70 80

325 350
ACG TGC GCG AAG AAG ATT TAC AAA CGC CAC AAG TTT GAC GCT TGG TAC GGA TGG AAA AAT
Thr Cys Ala Lys Lys Ile Tyr Lys Arg His Lys Phe Asp Ala Trp Tyr Gly Trp Lys Asn
90 100

375 uoo
CAC TGT CAA CAT GGA CTG CCA GAT ATT AGC GAC TGT TAG AGCACGACTTATTATAGCCTTC
Hia Cys Gln His Gly Leu Pro Asp Ile Ser Asp Cys Stop
110 120

Fig. 1. Nucleotide and deduced amino acid sequences
of the Cecropia lysozyme. Part of the leader peptide is
indicated by a line under the respective sequence. The
principal structure of the oligonucleotide probe (with-
out the alternative wobble bases) is indicated by a line
above the respective sequence. The active site of enzy-
me, residues Glu-32 and Asp-50, are underlined.
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shows great similarity with vertebrate lysozymes
of the chicken type. The amino acid residues
responsible for the catalytic activity, for the S-
S bridges and for the binding of substrate are
essentially conserved. When the sequence trans-
lated from the cDNA clone was compared to
the amino acid sequence of the protein there
was an almost complete agreement. However,
at two positions, 15 and 66, there were differ-
ences which most likely are due to alleli¢c varia-
tions in the Cecropia population (Engstrom et
al., 1985).

Lysozyme is bactericidal to only some Gram
positive bacteria like Bacillus megaterium, Ba-
cillus subtilis and Micrococcus luteus. How-
ever, cecropins A and B also act on two of these
bacteria and B. subtilis is so far the only bac-
terium that is fairly sensitive to lysozyme and
rather resistant to cecropins. Thus, the main
function of the lysozyme may not be to kill
sesitive bacteria but to remove the murein sac-
culus which is left after the action of cecropins
and attacins.

TWO MAIN FORMS OF ATTACIN

The attacins were first isolated by molecular
sieving as an antibacterial fraction with molecu-
lar weight considerably larger than the cecropins
(Hultmark et al., 1983). Subsequent studies re-
vealed as many as six different components
(A-F) which could be fractionated according to
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isoelectric point. To our surprise they all turned
out to react with antisera prepared against our
immune protein PS5 isolated several years earlier
(Pye & Boman, 1977). At that time we had not
been able to find any antibacterial activity of
P5, a discrepancy that was explained by the
later finding that attacins only act on growing
bacteria (Hultmark et al., 1983).

An Ouchterlony immuno-diffusion plate re-
vealed first that all six attacins shared one an-
tigenic determinant, while another one was
common only to attacins E and F, the two
acidic forms. The N-terminal sequences for five
of the attacins indicated that the three basic
forms all have similar sequences while the two
acidic forms are identical but slightly different
from the basic (Hultmark et al., 1983). These
data strongly suggested the existence of only
two different genes, one for the basic and one
for the neutral or acidic form. This was bomn
out by the isolation and sequencing of two
cDNA clones, pCP517 and pCP521 (Kockun et
al., 1984). Fig. 2 shows that the two main at-
tacins are very similar with as much as 79%
homology at the amino acid level. On the DNA
level the homology is 76% for the coding region
in contrast to only 36% in the region beyond
the stop signal.

Engstrom et al. (1984a) worked out the full
amino acid sequence for attacin F. There is a
complete agreement between these protein data

TABLE

Lethal Concentrations (MM) of Cecropins on four test bacteria

Bacterium and strain

Compound Origin

E. coli P. aeruginosa B. megaterium M. luteus
D21 OT97 Bmll MI11
Cecropin A natural 0.34 3.1 .60 1.6
Cecropin A synthetic 0.36 2.4 0.81 1.8
Cecropin B natural 0.52 1.6 0.95 1.5
Cecropin B synthetic 0.66 1.4 0.75 1.3
Cecropin D natural 3.6 >108 26 37
Cecropin D synthetic 3.1 66 31 12

Thin agar plates were seeded with the respective test bacteria. Small wells were
punched in the plates and loaded with a dilution series of each sample. After over-
night incubation at 309C the inhibition zones were recorded and lethal concentra-
tions calculated as described by Hultmark et al (1983). Since large zones give low
values for lethal concentration, low figures in the table are in general more accu-
rate than high values. The experimental errors in the method come chiefly from
the determination of the concentration of the cecropin, from pipetting errors and
from the quality of the plastic plate. Using high quality plates and the same series
of diluted samples the error is often less than 20% for a high activity sample. In
case of cecropin D acting on M. luteus the zones were very diffuse and difficult to
record. Here we believe the error may be a factor of 2-3.



pCP517

——» Basic Attacin

GTC TTG GTT GGC GTC AAC AGC CGG TAC GTG CTC GTT GAA GAG CCT GGT TAC TAT GAC AAA CAG TAC GAG GAA
VAL LEU Vék GLY VAL ASN SER ARG TYR VAL LEU VAL GLU GLU PRO GLY TYR TYR ASP LYS GLN TYR GLU GLU

CAG CCG CAG CAG TGG GTC AAC TCC AGA GTA CGT CGG CAA GCG GGT GCT CTC ACT ATC AAC TCT GAC GGT ACC
GLN PRO GLN GLN TRP VAL ASN SER ARG VAL ARG|ARG|GLN ALA]GLY ALA LEU THR|ILE

pCP521

}—
asp |ALA|H1s [oLy ALA LEU THR|LEU

ASN SER ASP GLY THR

g p—t—q
ASN SER ASP GLY THR

GAC GCG CAC GGA GCC CTT ACG CTC AAC TCC GAT GGT ACC
—* Acidic Attacin

10

TCA GGT GCT GTG GTC AAG GTA CCT ATA ACT GGG AAT GAA AAC CAC AAG TTC AGT GCT CTT GGC TCC GTT GAT
PHE SER ALA

SER GLY ALA VAL VAL LYS VAL PRO|IL |HR|GLY ASN [GLUTASN]

HIS
ASN

LYS
ILE

SER GLY ALA "VAL VAL LYS VAL PRO|PHE ALA\GLY ASN[ASP([LYS

TCT GGT GCT GTG GTT AAA gzr CCC TTT GCT GGT AAC AAG

AAT

'—
VAL SER ALA

ATA GTA

30

AGC GCT

LEU GLY SER VAL ASP
- —_—— —
ILE GLY SER VAL ASP

ATC GGT TCC GTA GAC

CTT ACT AAC CAA ATG AAA TTG GGA GCT GCT ACA GCT GGA TTG GCT TAT GAC AAC GTC AAC GGA CAC GGA GCG
ASP ASN|VAL

LEU THR|ASN|GLN|MET]LYS LEU GLY ALA ALA THR ALA GLY LEU|

ALA

—1T—
LEU THR ASP ARG[GLN]|LYS LEU GLY ALA ALA THR ALA GLY VAL

ALA

40 50

TYR

LEU]

f

ASP ASN|ILE
TTA ACT GAT AGG CAG AAA CTA GGC GCT GCA ACC GCT GGA GTG GCA CTG GAT AAT ATA AAC GGT CAC g%f CTA

ASfilGLY HIS GLY
ASN GLY HIS GLY

ACC CTA ACA AAA ACT CAT ATC CCT GGG TTC GGT GAC AAG ATG ACG GCT GCC GGC AAA GTA AAT CTC TTC CAT

SER|LEU THR

-

THRILEU THRILYS]THR HIS ILE PRO GLY PHE GLY ASP LYS MET THR ALA ALA GLY LYS VAL ASN[LEU]PHE HIS
— — — — —t— —— — — |
ASP | THR RIS 'TILE PRO GLY PHE GLY ASP LYS MET THR'ALA'ALA'GLY LYS VAL ASN VAL | PHE HIS.

AGT CTC ACG GAT ACA CAC ATC CCC GGG TTC GGA GAC AAG ATG ACA GCA GCC GGC é)é)A GTG AAT GTC TTC CAC

70

AAC GAC AAC CAC GAT TTC AGT GCC AAA GCA TTC GCC ACT AAA AAC ATG CCA AAT ATT CCT CAA GTT CCG AAC

ASN ASP ASN HIS ASP PHE [SER]|ALA LYS ALA PHE ALA THR LY ASN MET PRO

1= — —t ——+
ASN ASP 'ASN HIS ASP ILE |[THR]ALA LYS ALA PHE ALA THR ARG |ASN MET PRO
AAT GAT AAC CAC GAC ATC ACA GCG AAG GCT TTC GCC ACC AGA AAC ATG CCG

90

100

ILE[PROTGLR] VAL PRO ASN
ASPILE | ALA|ASN VAL PRO ' ASN
ATT GCT AAT GTA CCT AAT

TTC AAC ACT GTC GGT GCC GGA GTG GAC TAT ATG TTC AAA GAT AAG ATT GGT GCA TCT GCG AAT GCC GCT CAC

I —e —+_*_._ﬂ
PHE ASN THR VAL GLY |GLY |GLY ILE ASP TYR MET PHE LYS ASP LYS ILE GLY ALA SER ALA

RIALA ALA HIS

lPHE ASN THR VAL GLY [ALA |GLY VIL ASP TYR MET PHE LYS ASP LYS ILE GLY ALA SER ALA[ESN ALA ALA HIS
SE

TTC AAC ACT GTC GBT GGC GGA ATA GAC TAT ATG TTC AAA GAT AAG ATT GGT GCA TCT GCG

110 120

GCC GCT CAC
130

ACC GAT TTC ATC AAC CGC AAC GAC TAC TCT CTG GGC GGG AAA CTG AAT CTC TTC AAG ACT CCG ACC ACA TCG
THR ASP PHE ILE ASN ARG ASN ASP TYR SER LEU GLY GLY LYS LEU ASNK LEU PHE LYS THR PRO|THR|THR SER

——t — ——t—t— ———t——— —t
THR 'ASP PHE ILE ASN ARG ASN ASP TYR SER LEU ASP GLY LYS LEU ASN LEU PHE LYS THR PRO|ASP|THR SER

ACG GAC TTT ATC AAT CGC AAC GAC TAC TCT CTT GAC GGG AAA CTG AAC CTC TTC AAG ACT CCT GAT ACC TCG

140

150

CTG GAC TTC AAC GCC GGT TGG AAG AAG TTC GAT ACG CCC TTC TTT AAG TCC TCG TGG GAA CCC AGC ACT AGY

117

LEH ASP PHE ASN ALA GLY| LYS LYS PHE ASP THR PRO PHE LYS SER+SER TRP GLU PRO SER

ILE |[ASP PHE ASK ALA GLYlPHE LYS LYS 'PHE ASP THR PRO PHE [METJLYS SER SER TRP GLU PRO GLY

ATT GAT Ié% AAC GCC GGT TTC AAG AAG TTC GAT ACA CCB TTC ATG AAG TCC TCT TGG GAG CCT A/ e
17 180

TTC TCG TTT TCT AAA TAT TTC

PHE SER'HHE-SER LYS TYR PHE TAA CTT AAA ACA GTC ATT AAC TTA AAA CGT AAA CTA ATT ATT ACA AAA CTT

PHE SER LEU SER LYS TYR PHE TGA TTA GTA TTT TAA TTT TAA TTC TAT ATA TAT AAA TTT AGA TGT ATA TGT

TTC TCA CTT TCT AAA TAT TTC

188

AAT GTT AAG GGA ACC ATT TTT CTT AAC ATA GTT AAT TGT TTG TAA ATA AMA TAT AAA GTT TTA ATA AAY TGT
ATA TAT ATA TAT TTT TTT TTT ATT AAT ATG ATA TCA CTA AAT GTA TTY ACT CCT TCG ATT ATT ATT ACT TT7

AGT TAC AMA TTG

TTT GTY TAA AGA AGT CCG CCT[AAT AAA]GAT AAT TTG

Fig. 2. Nucleotide sequences of the nserts in two attacin clones, pCP517 (upper-
most line) and pCP521 (bottom line). The amino acid sequence corresponding
to pCP517 is given below the nucleotide sequence, for pCP521 above. The line
between the amino acid sequences is broken when the nucleotide sequences
differ. Amino acid substitutions and the signals for polyadenylation are boxed in.
The numbers indicate amino acid positions for both attacins.

and amino acid residues 1-184 deduced from
pCP521. However, pCP521 codes for an ex-
tended protein of 188 amino acid residues (at-
tacin E). The difference corresponds to a C-ter-
minal tetrapeptide, Ser-Lys-Tyr-Phe, which is
also coded for in the clone for the basic attacin.
Since this peptide contains one positive charge,
an incomplete proteolytic removal could ac-
count for four attacins with different charges.
[t cannot be decided at present if such a pro-

cessing 1s the result of an artificial proteolytic
cleavage or if it has a natural function.

In the case of pCP517 we obtained 36
amino acid residues of the leader sequence.

Since neither the length nor the composition
of this region is typical for a signal sequence,
we believe attacins to be made from a pre-pro-

form. Similar conclusions had earlier been
reached from the size of the proteins produced

by in vitro translation of immune mRNA (Lee
et al., 1983). In addition there may be a further

trimming also at the N-terminus of the basic
attacin because evidence for a pyroglutamate
group was found at the N-terminus of the basic
attacin (Engstrom et al., 1984a). We therefore
believe that the mature protein starts with the
Gln residue indicated in Fig. 2. A partial cycli-
zation of this residues would involve a partial
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loss of one positive charge. An enzyme that can
perform this reaction was recently identified
(Fisher & Spiess, 1987). Thus, together with
the removal of the tetrapeptide at the C-termi-
nus it is possible by different steps of process-
ing to account for all six forms of attacins ob-
served.

The antibacterial spectra of the attacins were
found to be narrow with good activity only
against E. coli and two other bacteria originat-
ing from the gut of an Antheraea larva (Hult-
mark et al., 1983). A study of the mechanism
of action on E. coli demonstrated that the two
main attacins both act on the outer membrane
(Engstrom et al.,, 1984b). In particular it was
shown that attacin facilitates the action of ce-
cropin and lysozyme, thereby enabling these
three immune proteins to work in consonance.

THREE MAIN CECROPINS AND THEIR
PRECURSOR FORMS

Cecropins were discovered in 1979 when we
succeded in their separation from the Cecropia
lysozyme. Once separated, cecropins A and B
were isolated simultaneously with the lysozyme
(Hultmark et al., 1980). Two years later we
found cecropin D as well as some minor forms
believed to be precursors with an additional Gly
residue (Hultmark et al., 1982). In collabora-
tion with the Shanghai Institute of Biochem-
istry, we have also isolated cecropins D and B
from the Chinese oak silk moth, Antheraea
pernyi {Qu et al.,, 1982). The amino acid se-
quences for these five small proteins showed
that they all were in principle similar type of
molecules with a strongly basic N-terminal re-
gion and a long hydrophobic stretch in the C-
terminal half (for details see Boman & Huit-
mark, 1987).

It turned out to be difficult to find cecropin

clones using synthetic oligonucleotide probes
designed from the known amino acide sequences.

Our first search gave only three similar clones ot
which the two larger were identitied as coding
for cecropin B (v Hofsten et al., 1985). The
overlapping sequences showed an open reading
frame with 62 amino acid residues of which the
mature cecropin B only represented 35. After
almost two years of additional work (and some
frustration) clones were obtained also for ce-
cropins A and D. The sequences of the coding
regions of these clones are presented in Figs. 3
and 4 (data from Lidholm et al., 1987). In the
former we compare the prepro-forms of ce-
cropins A and B, in the latter the correspond-
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ing A and the D forms. These data brought us
several new pieces of information.

Firstly, all three cecropins are made as larger
precursors with sequences of 24-26 amino acid
residues in the N-terminus which are not pres-
ent in the mature proteins. The signal peptides
probably makes up the first 22 of these 24-26
amino acids, leaving one or two Pro-containing
dipeptides before the start of the mature ce-
cropin B. Of special interest is the fact that the
first 12 residues of the signal peptide is fully
conserved in the precursors of cecropins A and
B. For the N-terminus of the D-form 8 of 13
residues are shared with the A-form and the
remaining S residues are all conservative replace-
ments. This region was conserved also in the
meat fly Sarcophaga (Matsumoto et al., 1986).
However, the regions between residues -14 and
-8 were not conserved in any of the cecropins
(see Figs. 3 and 4). Together these findings are
unusual and the conserved N-terminal region
must have a function, possibly as a recognition
part for a receptor mediated transport, specially
designed for very small proteins.

Secondly, the tetrapeptide, Ala-Pro-Glu-Pro,
present in the proforms of cecropins A and B is
identical to the first four amino acid residues of
the prosequence of melittin (Kreil et al., 1980).
Oddly enough, there is in the D-form a three-
residue deletion that has removed the second
Pro-containing dipeptide and the first residue
of the mature cecropin. (Alternatively an in-
sertion in the ancestor of A and B forms is pos-

sible.) Since no signal peptidase was found to
cleave a Pro-Lys bond (v Heine, 1985), it seems

likely that cecropins, like melittin, are processed
by a dipeptidyl peptidase (Kreil et al., 1980). In
concistence is the finding that both hemolymph
and fatbody of Cecropia contain enzyme(s)
that split Ala-Pro-nitroanelide (Boman unpub-
lished).

Thirdly, the amide group in the C-terminus
of the mature cecropins must be derived from
the Gly residue which in the A and B forms ter-
minates the coding part of the cDNA-sequence
(Figs. 3 and 4). The mechanism of amidation is
thus analogous to the one suggested for melit-
tin (Vlasak et al., 1983) and several brain hor-
mones (Lynch & Snyder, 1986). The corre-
sponding in vitro reaction has also been demon-
strated (Bradbury et al., 1982; Elipper et al.,
1983). Mature cecropin D ends with a blocked
Lys residue while the clone codes for two ad-
ditional amino acids, a Gly and a Lys. If the
amidating enzyme works on Gly-Lys i1s not
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PUP | -pCP903  (ATG AAC TTT TCG AGG ATC TTC TTC TTC GTC TTC 6CT TBC CTB ACH GCT CTA GCA AT6 GTC AAT
PLE|PHEI VE| v cvs LEU THRIALA[LEU|ALA MET[VAL] ASH
PHE | PHE | PHE | v LEU VAL LEU |ALA|LEU|SER THR|VAL]SER
DCF901-902  |ATG AAT TTC TCA AGG ATA TTT TTC TTC BTG TIC BCT TTG GTY CTG GCT TTG TCA ACA 67T TCG
-26 -20 -10
— Pre-pro-cecrepind
— Pro-form Moture Cercropin A
oUrt-pCP90S  GCG|6CG CLG GAA CCT|AAA TGG TTA TTC AAB AAG ATT GAG AAA BTC 6GT CAS AAC ATT CGA BGAT
nAujmsLummmtwusuu VAL|6LY | LN [ASNTILE TARS ASP
ALA| ALA| PRO| 6LU |PRO|LYS [TRP]LYS VALM u.u LYS| MET |GLY | ARB|ASM|ILE | ARG| ASN
oCP901-902 GCT|6CG CCA GAG CCGlAAA TBE AAA 6TC 3 AAA ATT GAA AAA ATG 6GT CGC AAC ATC ADA AAC
-5 | 9 0
—s Pro-form Cocropin B
PUPI-pCPSOS  GGC ATC ATC AAA GCT 8GC CCA GTA GOC CAB GCA ACA CAS ATT BCT AAB GGT TAA
GLY[ILE 1L£|us~.A y |PrRO [ALA]V wuaun THR BLN ILE ALA LYS BLY STOP
GLY |iLE wa.‘us ALAlBLY mlau ILE LEY & 6LU LYS ALA LEU BLY STOP
DCP901-902  GBT ATT 6TC AAG ECF OCA CCG 6CG ATC GCO GTT YTA 6GC GAA GOC AAA BCG CTA 6GA TAA

20

30

Fig. 3. Nucleotide sequences of cDNA clones for cecropins A and B. The translation of the upper line of nu-
cleotides is given on the line below while the reverse is the case for the lower line of nucleotides. Identical amino

acid residues are boxed in and the line between the amino acld residues ind

broken a case of nucleotide substitution.

PCP SA1-2

pCP 9D1

PCP SAl1-2

pCP 9D1

pCE 9A1-2

pCP 9D1

Fig. 4. Nucleotide sequences of cDNA clones for cecropins A and D.
cleotides is given on the line be

-26

MET| ASN

QOMPARISON OF PREPRC — FORMS CF CECRCPINS A and D

ATG AAC TTT TCG AGG

PHE| SER

MET] ASN
-24

-5
GCG

PHE | THR

ALA] ALA

PRO| GLU

ALA| ALA

PRO

GCG| GCT

-3

CCG
-1

—3 Pro-form

20

n . 4 0

—)Pre-pro-cecropin A

ARG

LYS

-20

—) Pre-pro-cecropin D
—) Pro-form

GCG CCG GAA CCT

-1 1
AAA

PRO LYS

ATG AAT TTC ACT AAA ATT CTT TTA TTC GTT GTC

—> Mature Cecropin A

AAG TTA TTC AAG AAG ATT

TRP| LYS LEU

ASN PRO

1

PHE} LYS|LYS ILE

) GEIEU

TGG AAT CCT TTC AAG GAG TTG GAG AAR GTT GGC CAG AGA GTT AGG GAT

—YMature Cecropin D

-10
CTA GCA
LEU ALA

ALA
. al=!!‘ﬂu;Eﬁﬂil!!!bﬁﬂfGﬂd'THR
GTT TGC GTC TTT GCT ATG GGG ACC GTT TCG
-10

30

Icates identical nucleotides, when

GTC AAT

Egii‘hsn
ALl SER

ATG
MET

AAC ATT CGA GAT
ASN ILE

10

GGC ATC ATC AAA GCT GGC_CCA _GCC GTC GCT GTT GTA GGC CAG GCA ACA CAG ATT

GLY ILE

ILE)JLYS

ALA VAL

GCA GTC ATA AGT GCT

ILE| SER

20

ALA|GLY

PRO |ALA | VAL

ALA|GLY

PRO |ALA |VAL

2[5

VAL

THR

VAL| GLY

GLN|ALA|THR|GLN ILE

AlA

GLN ALA LEU
30

The translation of

ARG VAL aL.'!Q!

38
GCT AAG GGT TAA
ALA[ LYS|GLY| STOP

LYS |JGLY| LYS STCP

ALA

GGA CCA GCA GTC GCT ACA GTG GCC CAG GCC ACG GCT TTG GCT AAA GGA AAA TAA

38

the upper line of nu-

low while the reserve is the case for the lower line of nucleotides. Identical

amino acid residues are boxed in and the line between the amino acid residues indicates identical nucleotides,
when broken a case of nucleotide substitution.
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known. It not, we will have to involve in the
processing also a carboxypeptidase H (Lynch &
Snyder, 1986) for the removal of the terminal
Lys residue. In summary we can conclude that
In order to obtain the mature cecropins the
respective precursor molecules will have to be
processed in three to four steps at both ends.

SOLID-PHASE SYNTHESIS OF CECROPINS

In collaboration with Bruce Merrifields la-
boratory at the Rockefeller University a syn-
thetic programme was initiated in order to
confirm the structure of the cecropins. The
program was then continued with the aim of
Investigating a possible correlation between
the secondary structure and the antibacterial
activity. A beginning was made with the syn-
thesis of cecropin A(1-33), at that time thought
to be the full cecropin A (Merrifield et al.,
1982). This work was followed by the syn-
thesis of the complete cecropin A and some
truncated analogues (Andreu et al., 1983).
Also cecropin B was synthesized with a revised
C-terminus deduced from our cDNA work (v
Hofsten et al., 1985). For both cecropins the
C-terminal peptide was isolated and the amida-
tion was confirmed by mass spectroscopy.
Most recently, the D-form was synthetized by
Fink and Merrifield and found to have the same
antibacterial spectra as the natural compound.
These data are given in the Table which also
shows the broad spectrum properties of ce-
cropins A and B.

In the N-terminal region of the mature ce-
cropins, polar and hydrophobic side chains are
interspaced in a regular pattern. Steiner (1982)
and Merrifield et al. (1982) observed that this
amino acid distribution is likely to produce an
amphipathic alpha helix. Such structures have
often been implicated in membrane activities
and the cecropins are indeed strongly lytic
against a variety of bacteria. Cecropins will also
lyse artificial liposomes (Steiner et al., Biochm.
Biophys Acta, in press 1988).

As a continuation of the synthetic program-
me a series of analogues of cecropin A were syn-
thesized in which residues 2, 6 and 8 were altered
in such a way that the nature of the side chain
was changed from hydrophobic to hydrophilic
or vice versa (Andreu et al., 1985). We also re-
placed residues 4 or 8 by Pro in order to break
the aipha helix. From this work we could con-
clude that Trp-2 is an essential residue and
that the antibacterial mechanism as such does
not require an extendeca alpha helix. However,
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the two Pro analogs did not show any activity
against M. luteus so the broad spectrum activity
was lost when the alpha helix was disrupted.

SEQUENCE OF A GENE FOR CECROPIN B

About two years ago we prepared a genomic
bank from 10 Cecropia pupae using Charon 4A
as vector. With one of our cDNA clones for
cecropin B as probe we isolated and mapped
four genomic clones for the B form (Xantho-
poulos et al., Eur. J. Biochem., in press 1988).
Restriction mapping showed these clpnes to be
similar only in the proximity of the coding re-
gion, otherwise they did not resemble each other.
The reason for this is at present unclear: we
could have multiple copies of the gene present
in one animal and we could have multiple alleles
in the Cecropia population.

The transcriptional region of one genomic
cecropin B clone was sequenced and the result
is given in Fig. 5. There is a sequence homolo-
gous to the TATA box at position -30 and a
CAT box like sequence at position -68 (Breath-
nach & Chambon, 1981). Transcription for the
cecropin B gene starts at position +1 with a
heptanucleotide ATCATTC. Many insect
mRNAs have a ATCA(%T(T: CONsSensus sequence
at the 5’ end ot the genes (Snyder et al., 1982;
Hulmark et al., 1986). Finally, in the 3’end of
the gene there are two AATAAA sequences
homologous to the polyadenylation signal
(Proudfoot & Brownlee, 1976).

The coding sequence of cecropin B gene is
interrupted by a single intron located between
amino acid residues eight and nine of the ma-

ture molecule and this area is highly conserved
In the eight cecropin sequences so tar available

(Boman & Hultmark, 1987).

An overview of the gene for cecropin B and
the primary translation product is given in Fig.
6. Preprocecropin B with its 62 amino acid re-
sidues is rather short to be a primary translation
product. In case of melittin, a molecule of 26
amino acid residues, the pre-pro form is 70
amino acid restdues long (Suchanek et al.,
1978). Similarly, the common precursor of hu-
man pancreatic polypeptide and pancreatic ico-
sapeptide is 95 amino acids long, while the
mature products are only 36 and 20 amino acids
long, respectively (Boel et al., 1984). Also the
antifreeze protein component A of the winter
flounder, a 37 amino acid residues peptides, is
the final product of a 82 residues long pre-
cursor (Davies et al., 1984). Many other low
molecular weight proteins are synthesized as
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-562
-512
-462
-412
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=312
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-12
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289
339
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439
489
539
>89
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689

739

789

839
889
939

121

AGATCTATTG GAACTGATAT AAACACCATT AATACACATT AAGATATTAA
ATTTTATGGT TTTGTTCCGA ACAGAATTAA CAATTTAAAT TCGAATAAAA
AATATTACCG TTGTAAAATA CTCGTGATTT TACGACATGT GTTAATATTA
AAATTGGAAG CTCTCGTTTA AACAATTTTG AAATATTTTT CTGTGGTGTC
CAAGGAGGGT TTAATAAAAA AGTTCCAAAC TCTTTGAAAA AGTAACTACC
ATAATAATGT AGTAGATACA TATGTAGTAA ATATTATACG TATAAATGTG
CCGTTGGACA TAATTTACAA TTAAAAAAAA TTACGTCGAT TTCATTTGAA
TTTTGACCCC GGTCAGCTTC CTTTTACGTT GCGAGGGAAT TTACATTTAT
CTACGCTGTA ACATCCAAAC TGTTTACATT TGACCCCAAA TAAGCGGTTA
TCAGACTTGA CTCCGCTGCA TAAGTGCTAA TTTAATAAAC TCTTGCAAAT
GTCTGCGTCA TTTATTGTAG CAAAGATTTT AATATAAAAC AGACAATTAA
f |
TTTATTCGAT ACIATCATTCIA TCTCGTGACT TCTTCGTGTG TGGTGTTTAC
+1 cap site
CTATATATCT AAATTTAATA TTTCGTTTAT TAAAATTTAA TATATTTCGA
CGATGAATTT CTCAAGGATA T TTTTCTTCG TGTTCGCTTT GGTTCTGGCT
MetAsnPh eSerArglle PhePhePheV alPheAlalLe uValLeuAla
—_— Exon 1 — —
TTGTCAACAG TTTCGGCTGC GCCAGAGCCG AAATGGAAAG TCTTCAAGAA
LeuSerThrV alSerAlaAl aProGluPro LysTrpLysV alPhelLysLy
—_—— A
AATTGTAAGT TTATTTTATA TTTTACTTAA TAGTGTTTAG ATCTGTATTT
sIle
AATGATCCAT TTTAAAAAGT ACACTTTTGA AATTAAGACG ACGGATTTTT
ATTTCTATTA GCCACAAATA CAATCGAATT TCTCAATCGA AAGTATTTTT
CGACATCTCT GAGGTAGCTT TAGCTAGAAA AAATATTTAT TTTTAAAAAA
TATTTTTTTG TTGCGTTTCT GATTTAAGTA TGTTTATTTA CAAAAGTATG
TATGCCAAAT TATCCTCAAT TTATATATCA GCCAAGTTTT CAAAAGTCTT
AGAAAGTAAA TATAATATTA TTCTTTAAAG CTATCAACAG CTATATTTGT
ACTAACTGTT CTTGGATATT TTTTCGTTTG CAAAATACTC TATTTTTTAA
ATTTGTGTTA ATATCATATT GTGGTTACTT TTTTTCATAT TCAAAATAAC
TTCAAAGAAA GGCTAATAAT GGTTAACTTT TGAAACCGTA CCTAATAAAT
TTGTGTTTTT TTTTCCAGGA AAAAATGGGT CGCAACATCA GAAACGGTAT
Gl ulLysMetGly ArgAsnlleA rgAsnGlyIl
— Exon II
TGTCAAGGCT GGACCGGCGA TCGCGGTTTT AGGCGAAGCC AAAGCGCTAG
eValLysAla GlyProAlal leAlaValLe uGlyGluAla LysAlalLeuG
GATAAAATAA TTTTAATTTA AALATATTATT TATTGATAAA CGTTTTTGTT
Ly **x
ACTATTATAT TATTTAATTT AGATAATAAA TTTAATTTAT AAATTTTCAT
TGTTAATAAT TTAATTTGTC CTTTAATAAT AGGTTTAATA ACAGGACATC
CTTTATACCT TGCGTGCGTT TGAAAATAAA CTTTATTTAA TGT

Fig. 5. Nucleotide sequence of the cecropin B genc of clone ACP9B12. Sequences underlined are homologous to
the TATA box. the CAT box and the two polyadenytation signals AATAAA. The cap site 1s boxed. Triangles
indicate the presumptive sites of cleavage of the precursor molecule.
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CECROPIN B GENE

Pvu |

R.A.

Bgl II Bgl Il
0.79 kb ——— 0.53 kb
LA A C [
37— —— 30 — \
TATAAA ATCATTC W
Cat Box TATA Box Cap Site

ACP9B12

514——]——84-— 70 —owa 106

AATAA;T

28aa —
Met —F—Ala—-AlaPro-GluPro- Lys—l—lleGlu—!—LeuGW

f—— 2233AK 7L 3533

-—_— —4

-

Pre-pro-cecropin B — -

Fig. 6. An overview of the gene for cecropin B and its primary translation product. The different segments of
the transcriptional unit are not drawn to scale. For preprocecropin B is given only the amino acid residues
around cleavage or splice sites. The pro-form is believed to be processed by a dipeptidyl peptidase. The C-termi-
nal glycine in preprocecropin B is split to given and amidated C-terminal leucine in mature cecropin B.

polyproteins which is the case also of the
magainins, the 23 amino acid residues antibac-
terial peptides made in frog skin (Zasloff, 1987).
This limited comparison indicates so far that
the cecropin B precursor may be the smallest
precursor molecule found and that small pre-
cursors cannot be smaller than 60-80 residues.
A possible explanation is that the synthetic ma-
chinery creates a lower size limit for a primary
translation product of an exported protein.

DISCUSSION

The cecropins and the attacins were first
defined by their separation properties, and in
particular by the acidic electrophoresis in com-
bination with an antibacterial assay on topo of
the gel (Hultmark et al., 1980). With this tech-
nique we early demonstrated cecropin-like sub-
stances in Sseven other Lepidopteran species.
However, it was emphasized that ultimately it
will be necessary to establish the identity of a
cecropin by sequence analysis. A review of all
known cecropins and all reports of cecropin-
like compounds was recently given (Boman &
Hultmark, 1987) and will not be repeated here.

So far, we have been the only group working
on Cecropia immunity. It has therefore been an

important part of our strategy to confirm in an
independent way as many structures as possible.
For cecropin A the protein sequence was con-
firmed by solid-phase synthesis and finger
printing of the natural and the synthetic ma-
terial (Andrew et al., 1983). For all cecropins
the cDNA sequences provide independent con-
firmation of the protein structures. This tech-
nique made it possible to detect an early error
in the C-terminal sequence for cecropin B (see
Steiner et al., 1981; v Hofsten et al., 1985).

The Cecropia moth has three different ce-
cropins and at least two different attacins. The
attacins are very similar with 79% homology
on amino acid level. The mature cecropins dif-
fer somewhat more but the D and the B forms
still show 62 and 65% homology with the A
form. These data suggest that both cecropins
and attacins have evolved through a serie of
gene duplications. So far we have not been
able to document any real differences in
function between these multiple antibacterial
factors. In general, cecropin B is slightly more
potent than the A-form, while cecropin D has a
rather narrow antibacterial spectrum. However,
in no case do we have a bacterium on which
only a single factor acts. This raises the ques-

Polyadenyilation Signals
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tion of the survival value of multiple forms of
very similar molecules. One alternative is that
they simply represent proteins “in the middle”
of an evolution towards separate functions. A
second possibility is that cecropins and attacins
both have separate target organisms which we
have just not found. A third alternative is that
cach of the cecropins and attacins have separate
targets on most of the organisms on which they
act. If so, this would in itself provide a survival
value to the insect because it would make it
virtually impossible for a susceptible bacterium
to produce mutants which are resistant to the
humoral immunity of an insect.

The specificity strongly suggest that in na-
ture bacteria are the prime targets of the ce-
cropins, attacins and lysozyme. At the same
time the high growth rates of bacteria makes
them evolve, perhaps 50-100 times faster than
insects. It may be argued that in order to sur-
vive a rapidly changing selection pressure from
different bacteria, the insects have developed
the most adaptable antibacterial immune sys-
tem that was possible. This may be the reasson
why we deal with a system of broad spectrum
antibacterial molecules originating from gene
duplications with multiple copies of each gene.
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