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Abstract

Cathelicidins are a gene family of antimicrobial peptides produced as inactive precursors.

Signal peptidase removes the N-terminal signal sequence, while peptidylglycine a-amidating

monooxygenase often amidates and cleaves the C-terminal region. Removal of the cathelin do-

main liberates the active antimicrobial peptide. For mammalian sequences, this cleavage usu-

ally occurs through the action of elastase, but other tissue-specific processing enzymes may

also operate. Once released, these bioactive peptides are susceptible to proteolytic degradation.

We propose that some mature cathelicidins are naturally resistant to proteases due to their un-

usual primary structures. Among mammalian cathelicidins, proline-rich sequences should re-

sist attack by serine proteases because proline prevents cleavage of the scissile bond. In hagfish

cathelicidins, the unusual amino acid bromotryptophan may make the active peptides less sus-

ceptible to proteolysis for steric reasons. Such protease resistance could extend the pharmaco-

kinetic lifetimes of cathelicidins in vivo, sustaining antimicrobial activity.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Over the last 25 years, a wide array of peptides exhibiting broad-spectrum anti-
microbial activity has been discovered in plants, insects, and higher animals [1].
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These polycationic peptides inactivate microbes through a general mechanism, by

binding preferentially to their membranes and causing membrane disruption. Anti-

microbial peptides play a fundamental role in providing innate immunity, prior to

stimulating the adaptive immune system of higher animals, which involves produc-

tion of antibodies and specialized cells [2].
These gene-encoded peptides are first produced as inactive precursors, mostly by

epithelial cells and populations of phagocytic cells, and are released via proteolytic

processing with specific enzymes [3]. Although varying in primary structure and

length, the mature peptides readily adopt amphipathic a-helical or b-sheet secondary
structures whereby segregation of cationic and hydrophobic amino acids facilitates

membrane binding and penetration [1,4,5]. These bioactive peptides could be inacti-

vated, however, if they encounter a variety of proteases. Hence, the lifetime and ef-

ficacy of antimicrobial peptides are dependent upon two opposing processes, i.e.,
specific protease activation and indiscriminate degradation. A review of the cathelic-

idin antimicrobial peptides reveals that primary structure features of this family may

counterbalance these opposing proteolytic processes.
2. Proteolytic activation of cathelicidins

Cathelicidins are a family of antimicrobial peptides with a distinctive gene struc-
ture. The precursor region is highly conserved, consisting of a signal peptide fol-

lowed by a domain with homology to the cathelin protein. The cationic

antimicrobial peptides released from the C-terminal region, in contrast, are highly

variable in sequence. The cathelicidin family name is based on its limited homology

to cathelin, a protein acronym for cathepsin-L-inhibitor, and a member of the cyst-

atin family of cysteine protease inhibitors. Cathelicidins have been detected in a

variety of mammals, where they are expressed in neutrophils, hematopoietic cells,

and even some epithelial tissues [6–10].
Proteolytic processing of the prepropeptide must occur in order to release the an-

timicrobial peptide in its active form (Fig. 1). Signal peptidase first removes the sig-

nal sequence, which directs the translocation and secretion of the polypeptide during

biosynthesis. This universal processing enzyme recognizes the distinctive primary

and secondary structure motifs characteristic of the signal peptide domain [11,12].

The action of peptidylglycine a-amidating monooxygenase (PAM) can account for

the processing in the C-terminal domain for many cathelicidins [13–15]. Through hy-

droxylation and oxidative cleavage, this bifunctional enzyme transforms glycine and
converts the antimicrobial peptide into a carboxyamide.

Release of the active antimicrobial peptides depends upon a processing site be-

tween the cathelin and antimicrobial peptide domains. For most of the bovine and

porcine cathelicidins, this is accomplished by elastase, present in neutrophils. The

specificity pocket of this serine protease is known to accommodate small, neutral

sidechains such as glycine, alanine, serine, and valine. In mammalian cathelicidins,

valine appears most frequently at this cleavage site (Table 1); alanine and isoleucine

are also found [6]. Recent X-ray crystallographic studies of protegrin-3, a porcine



Fig. 1. Precursor structure of cathelicidin antimicrobial peptides. Cathelicidins exhibit a highly conserved

signal peptide and cathelin-like domain, followed by a highly variable antimicrobial peptide domain. The

3D motif for the cathelin-like domain of protegrin, recently revealed by X-ray crystallography, shows the

characteristic cystatin family fold, consisting of an a-helix packed against four strands of antiparallel b-
sheet, cross-linked by two disulfide bridges [16]. Some antimicrobial peptides in this gene family are

carboxyamidated by PAM and have a 30-untranslated region (UTR), such as observed for the hagfish

cathelicidins [19].
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cathelicidin, have revealed that its elastase-sensitive sequence is located in a b-hairpin
turn, within a solvent-accessible loop [16,17]. This region may serve as a hinge that

exposes the cleavage site to elastase upon conformational change [16].

Elastase is not effective in cleaving human CAP-18, where threonine is situated

between domains (Table 1). Instead, proteinase 3 liberates LL-37 as the active pep-
tide, after exocytosis [18]. Hagfish cathelicidins, the most ancient member of this

gene family, display four arginines positioned between the cathelin domain and

the antimicrobial sequences [19]. Some prohormone convertases (PC; also known

as Kex2 or furin proteases) are specific for arginine tetrads, and process latent zym-

ogens [13,14]. Presumably such a putative enzyme operates in the specialized cells of

the hagfish intestinal submucosa. Thus, this critical step in processing cathelicidins is

governed by different enzymes in different species.

The biological function of the cathelin-like domain, released from this precursor
structure by processing enzymes, is still unknown. One early suggestion that the

cathelin domain plays a role as an inhibitor of cysteine proteases has not been thor-

oughly explored by experimental studies. Since this cathelin-like sequence is rich in

acidic residues, it has also been proposed that this anionic domain binds electrostat-

ically to the polycationic peptide, preventing its antimicrobial function until time of

release. The availability of the cathelin domain from overexpression of porcine pro-

tegrin [17] should prompt research to elucidate the biological role of this enigmatic

domain [10].
Once liberated from their precursor structures, the cationic antimicrobial peptides

are attracted through electrostatic interactions to the cell surface of many microor-

ganisms [4,5]. In vitro studies show that cathelicidins exhibit broad-spectrum antimi-

crobial activity against bacteria and fungi, including multidrug resistant (MDR)

pathogens [20]. In addition, a variety of recent studies suggest that some cathelicidins

are involved in other biologically important functions, including chemoattraction of

phagocytic neutrophils, antisepsis through binding of bacterial endotoxin, and stim-

ulation of components of the adaptive immune system [2]. These biological activities,
in addition to the prominent anti-infection function, can be diminished as the active



T
a
b
le

1

M
a
m
m
a
li
a
n
ca
th
el
ic
id
in
s:
cl
ea
v
a
g
e
si
te
s
a
n
d
p
ro
li
n
e
co
n
te
n
t

N
a
m
e

G
en
u
s

M
a
tu
re

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
e
se
q
u
en
ce

P
ro
li
n
e
co
n
te
n
t

#
B
a
ct
en
ec
in
s

B
a
c4

B
o
s

E
L
Q
S
V
R
R
L
H
PP
Q
H
Q
R
F
PP
R
E
R
PP
W
PP
K
PP
L
S
L
PP
L
PP
R
PP
G
PP
R
PP
W
PP
K
PP
L

3
1
%

(1
2
/3
6
)

B
a
c5

B
o
s

E
L
Q
S
V
R
F
R
PP
P
I
R
R
PP
P
I
R
PP
P
F
Y
PP
P
F
R
PP
P
I
R
PP
P
I
F
PP
P
I
R
PP
P
F
R
PP
P
L
G
PP
F
PP
G

4
7
%

(2
0
/4
3
)

B
a
c7

B
o
s

E
L
Q
S
V
R
R
I
R
PP
R
PP
P
R
L
PP
R
PP
R
PP
R
PP
L
PP
F
PP
R
PP
G
PP
R
PP
I
PP
R
PP
L
PP
F
PP
R
PP
G
PP
R
PP
I
PP
R
PP
L
PP
F
PP
R
PP
G
PP
R
PP
I
PP
R
PP
L

4
7
%

(2
8
/6
0
)

B
a
c5

C
a
p
ra

E
L
Q
S
V
R
F
R
PP
P
I
R
R
PP
P
I
R
PP
P
F
N
PP
P
F
R
PP
P
V
R
PP
P
F
R
PP
P
F
R
PP
P
F
R
PP
P
I
G
PP
F
PP
G

4
7
%

(2
0
/4
3
)

B
a
c5

O
vi
s

E
L
Q
S
V
R
F
R
PP
P
I
R
R
PP
P
I
R
PP
P
F
R
PP
P
F
R
PP
P
V
R
PP
P
I
R
PP
P
F
R
PP
P
F
R
PP
P
I
G
PP
F
PP
G

4
7
%

(2
0
/4
3
)

B
a
c6

O
vi
s

E
F
Q
S
V
R
R
L
R
PP
R
H
Q
H
F
PP
S
E
R
PP
W
PP
K
PP
L
PP
L
PP
L
PP
R
PP
G
PP
R
PP
W
PP
K
PP
L
PP
L
PP
L
PP
R
PP
G
L
R
PP
W
PP
K
PP
L

3
8
%

(2
0
/5
2
)

B
a
c7
.5

O
vi
s

E
L
Q
S
V
R
R
L
R
PP
R
R
PP
R
L
PP
R
PP
R
PP
R
PP
R
PP
R
PP
R
S
L
PP
L
PP
R
PP
Q
PP
R
R
I
PP
R
PP
I
L
L
PP
W
R
PP
P
R
PP
I
PP
R
PP
Q
PP
Q
PP
I
PP
R
W
L

3
8
%

(2
3
/6
0
)

B
a
c1
1

O
vi
s

E
L
Q
S
V
R
R
L
R
PP
R
R
PP
R
L
PP
R
PP
R
PP
R
PP
R
PP
R
PP
R
S
L
PP
L
PP
R
PP
K
PP
R
PP
I
PP
R
PP
L
PP
L
PP
R
PP
R
PP
K
PP
I
PP
R
PP
L
PP
L
PP
R
PP
R

4
5
%

(4
2
/9
4
)

P
R
R
I
PP
R
PP
L
PP
L
PP
R
PP
R
PP
R
PP
I
PP
R
PP
L
PP
L
PP
Q
PP
Q
PP
S
PP
I
PP
R
PP
L

P
ro
p
h
en
in
s
a
n
d
p
ro
li
n
e-
ri
ch

p
o
rc
in
e
p
ep
ti
d
es

P
ro
p
h
en
in
-1

S
u
s

C
N
E
G
V
R
R
F
PP
W
W
W
PP
F
L
R
R
PP
R
L
R
R
Q
z A
F
PP
P
P
N
F
PP
G
PP
R
F
PP
P
P
N
V
PP
G
PP
R
F
PP
P
P
N
F
PP
G
PP
R
F
PP
P
P
N
F
PP
G
PP

5
3
%

(4
2
/7
9
)

R
F
PP
P
P
N
F
PP
G
PP
P
F
PP
P
P
I
F
PP
G
PP
W
F
PP
P
P
P
P
F
R
PP
P
P
F
G
PP
P
R
F
PP
G

P
ro
p
h
en
in
-2

S
u
s

C
N
E
G
V
R
R
F
PP
W
W
W
PP
F
L
R
R
PP
R
L
R
R
Q
A
F
PP
P
P
N
V
PP
G
PP
R
F
PP
P
P
N
V
PP
G
PP
R
F
PP
P
P
N
F
PP
G
PP
R
F
PP
P
P
N
F
PP
G
PP

4
6
%

(4
5
/9
7
)

R
F
PP
P
P
N
F
PP
G
PP
P
F
PP
P
P
I
F
PP
G
PP
W
F
PP
P
P
P
P
F
R
PP
P
P
F
G
PP
P
R
F
PP
G

P
R
-3
9

S
u
s

E
I
Q
S
V
R
R
R
PP
R
PP
P
Y
L
PP
R
PP
R
PP
P
P
F
F
PP
P
R
L
PP
P
R
I
PP
P
G
F
PP
P
R
F
PP
P
R
F
PP
G

4
9
%

(1
9
/3
9
)

T
ry
p
to
p
h
a
n
-r
ic
h
p
ep
ti
d
e

In
d
o
li
ci
d
in

B
o
s

E
L
Q
S
V
I
L
PP
W
K
W
PP
W
W
PP
W
R
R
G

2
3
%

(3
/1
3
)

M
y
el
o
id

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
es

(
M
A
P
s)

B
M
A
P
-2
7

B
o
s

E
L
Q
S
V
G
R
F
K
R
F
R
K
K
F
K
K
L
F
K
K
L
S
PP
V
I
PP
L
L
H
L
G

8
%

(2
/2
6
)

B
M
A
P
-2
8

B
o
s

V
PP
Q
S
V
G
G
L
R
S
L
G
R
K
I
L
R
A
W
K
K
Y
G
PP
I
I
V
PP
I
I
R
I
G

7
%

(2
/2
7
)

B
M
A
P
-3
4

B
o
s

N
I
Q
S
A
G
L
F
R
R
L
R
D
S
I
R
R
G
Q
Q
K
I
L
E
K
A
R
R
I
G
E
R
I
K
D
I
F
R
G

0
%

(0
/3
3
)

eC
a
th
-1

E
q
u
u
s

E
PP
Q
R
V
K
R
F
G
R
L
A
K
S
F
L
R
M
R
I
L
L
PP
R
R
K
I
L
L
A
S

4
%

(1
/2
6
)

eC
a
th
-2

E
q
u
u
s

K
P
Q
PP
I
K
R
R
H
W
F
PP
L
S
F
Q
E
F
L
E
Q
L
R
R
F
R
D
Q
L
PP
F
PP

1
1
%

(3
/2
7
)

eC
a
th
-3

E
q
u
u
s

E
PP
Q
R
V
K
R
F
H
S
V
G
S
L
I
Q
R
H
Q
Q
M
I
R
D
K
S
E
A
T
R
H
G
I
R
I
I
T
R
PP
K
L
L
L
A
S

3
%

(1
/4
0
)

O
M
A
P
-2
9

O
vi
s

E
PP
Q
S
V
R
G
L
R
R
L
G
R
K
I
A
H
G
V
K
K
Y
G
PP
T
V
L
R
I
I
R
I
A
G

4
%

(1
/2
8
)

O
M
A
P
-3
4

O
vi
s

D
I
Q
N
V
G
L
F
G
R
L
R
D
S
L
Q
R
G
G
Q
K
I
L
E
K
A
E
R
I
G
D
R
I
K
D
I
F
R
G

0
%

(0
/3
3
)

428 A.E. Shinnar et al. / Bioorganic Chemistry 31 (2003) 425–436



P
M
A
P
-2
3

S
u
s

Q
L
Q
S
V
R
I
I
D
L
L
W
R
V
R
R
PP
Q
K
PP
K
F
V
T
V
W
V
R

9
%

(2
/2
3
)

P
M
A
P
-3
6

S
u
s

E
I
Q
S
V
G
R
F
R
R
L
R
K
K
T
R
K
R
L
K
K
I
G
K
V
L
K
W
I
PP
P
I
V
G
S
I
PP
L
G
C
G

9
%

(3
/3
5
)

P
M
A
P
-3
7

S
u
s

E
I
Q
S
V
G
L
L
S
R
L
R
D
F
L
S
D
R
G
R
R
L
G
E
K
I
E
R
I
G
Q
K
I
K
D
L
S
E
F
F
Q
S

0
%

(0
/3
7
)

C
a
ti
o
n
ic

a
n
ti
b
a
ct
er
ia
l
p
ep
ti
d
es

(
C
A
P
s)

a
n
d
p
ri
m
a
te

p
ep
ti
d
es

C
A
P
1
1

C
a
vi
a

F
R
R
M
V
G
L
R
K
K
F
R
K
T
R
K
R
I
Q
K
L
G
R
K
I
G
K
T
G
R
K
V
W
K
A
W
R
E
Y
G
Q
I
PP
Y
PP
C
R
I

5
%

(2
/4
3
)

C
A
P
1
8

O
ry
ct
.

S
PP
E
P
T
G
L
R
K
R
L
R
K
F
R
N
K
I
K
E
K
L
K
K
I
G
Q
K
I
Q
G
L
L
PP
K
L
A
PP
R
T
D
Y

5
%

(2
/3
7
)

C
R
A
M
P

M
u
s

I
S
R
L
A
G
L
L
R
K
G
G
E
K
I
G
E
K
L
K
K
I
G
Q
K
I
K
N
F
F
Q
K
L
V
PP
Q
PP
E
Q

6
%

(2
/3
4
)

L
L
-3
7

H
o
m
o

N
K
R
F
A
L
L
G
D
F
F
R
K
S
K
E
K
I
G
K
E
F
K
R
I
V
Q
R
I
K
D
F
L
R
N
L
V
PP
R
T
E
S

3
%

(1
/3
7
)

R
h
L
L
-3
7

M
a
ca
ca

N
R
R
S
A
R
L
G
N
F
F
R
K
V
K
E
K
I
G
G
G
L
K
K
V
G
Q
K
I
K
D
F
L
G
N
L
V
PP
R
T
A
S

3
%

(1
/3
7
)

D
is
u
lfi
d
e-
ri
ch

p
ep
ti
d
es

C
y
cl
ic
-1
2

B
o
s

P
P
Q
A
A
R
L
C
R
I
V
V
I
R
V
C
R

0
%

(0
/1
2
)

C
y
cl
ic
-1
2

O
vi
s

P
P
Q
A
A
R
I
C
R
I
I
F
L
R
V
C
R

0
%

(0
/1
2
)

P
ro
te
g
ri
n
-1

S
u
s

E
V
Q
G
V
R
G
G
R
L
C
Y
C
R
R
R
F
C
V
C
V
G
R
G

0
%

(0
/1
8
)

P
ro
te
g
ri
n
-2

S
u
s

E
V
Q
G
V
R
G
G
R
L
C
Y
C
R
R
R
F
C
I
C
V
G

0
%

(0
/1
6
)

P
ro
te
g
ri
n
-3

S
u
s

E
V
Q
G
V
R
G
G
G
L
C
Y
C
R
R
R
F
C
V
C
V
G
R
G

0
%

(0
/1
8
)

P
ro
te
g
ri
n
-4

S
u
s

E
V
Q
G
V
R
G
G
R
L
C
Y
C
R
G
W
I
C
F
C
F
G
R
G

0
%

(0
/1
8
)

P
ro
te
g
ri
n
-5

S
u
s

E
V
Q
G
V
R
G
G
R
L
C
Y
C
R
PP
R
F
C
V
C
V
G
R
G

6
%

(1
/1
8
)

P
ri
m
a
ry

st
ru
ct
u
re
s
fo
r
3
5
m
a
m
m
a
li
a
n
ca
th
el
ic
id
in
s
a
re

g
ro
u
p
ed

b
y
th
ei
r
co
m
m
o
n
n
a
m
es

w
it
h
in

a
g
en
u
s
a
n
d
ra
n
k
ed

b
y
p
ro
li
n
e
co
n
te
n
t.
S
eq
u
en
ce
s
w
er
e

re
tr
ie
v
ed

fr
o
m

th
e
A
n
ti
m
ic
ro
b
ia
l
S
eq
u
en
ce

D
a
ta

B
a
se

(A
M
S
D
b
;
w
w
w
.b
b
cm

.u
n
iv
.t
ri
es
te
.i
t/
~
to
ss
i/
a
n
ti
m
ic
.h
tm

l)
o
r
G
en
B
a
n
k
,
a
n
d
th
en

a
li
g
n
ed

b
eg
in
n
in
g
w
it
h

fi
v
e
re
si
d
u
es

b
ef
o
re

th
e
a
m
in
o
te
rm

in
u
s
o
f
th
e
m
a
tu
re

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
e
([
1
9
])
.
In

2
7
o
f
th
es
e
3
5
ex
a
m
p
le
s,
v
a
li
n
e
is
th
e
re
si
d
u
e
ju
st

p
ri
o
r
to

th
e
cl
ea
v
a
g
e

si
te
,
in
d
ic
a
te
d
b
y
a
n
a
rr
o
w
(#
).
F
o
r
p
ro
p
h
en
in
-1
,
a
se
co
n
d
p
ro
ce
ss
in
g
si
te

(z
)
h
a
s
b
ee
n
p
ro
p
o
se
d
to

re
le
a
se

th
e
m
a
tu
re

p
ep
ti
d
e
[4
8
].
T
h
e
m
a
tu
re

p
ep
ti
d
es

ra
n
g
e

in
le
n
g
th

fr
o
m

1
2
to

9
4
a
m
in
o
a
ci
d
s
(a
v
er
a
g
e
le
n
g
th

¼
3
7
re
si
d
u
es
).

A
ll
p
ro
li
n
es

a
re

sh
o
w
n
in

b
o
ld
,
b
u
t
th
e
p
ro
li
n
e
co
n
te
n
t
w
a
s
ca
lc
u
la
te
d
o
n
ly

fo
r
th
e

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
e
(#
p
ro
li
n
e/
#
A
A

in
m
a
tu
re

p
ep
ti
d
e)
.
C
a
rb
o
x
y
a
m
id
a
ti
o
n
is
im

p
li
ca
te
d
b
y
th
e
p
re
se
n
ce

o
f
g
ly
ci
n
e
a
t
th
e
C
-t
er
m
in
u
s
fo
r
1
8
p
ep
ti
d
es
,
b
a
se
d

o
n
cD

N
A

se
q
u
en
ci
n
g
;
th
es
e
ex
tr
a
g
ly
ci
n
es
,
sh
o
w
n
in

it
a
li
cs
,
a
re

n
o
t
in
cl
u
d
ed

in
th
e
co
u
n
t
o
f
A
A

in
th
e
m
a
tu
re

p
ep
ti
d
e.

O
f
th
es
e
a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
es
,
2
6

co
n
ta
in

p
ro
li
n
e
w
h
il
e
9
d
o
n
o
t
(7
4
a
n
d
2
6
%

o
f
3
5
se
q
u
en
ce
s,
re
sp
ec
ti
v
el
y
).
M
o
d
es
t
p
ro
li
n
e
co
n
te
n
t
o
f
3
–
1
1
%

is
o
b
se
rv
ed

in
1
4
se
q
u
en
ce
s
(4
0
%

o
f
3
5
).
O
n
e-
th
ir
d

o
f
th
e
se
q
u
en
ce
s
(1
2
o
f
3
5
)
h
a
v
e
re
m
a
rk
a
b
ly
h
ig
h
p
ro
li
n
e
co
n
te
n
t
o
f
2
3
–
5
3
%
.
M
a
n
y
a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
es

is
o
la
te
d
fr
o
m

in
se
ct
s
a
re

a
ls
o
ri
ch

in
p
ro
li
n
e,
w
it
h
a
n

a
v
er
a
g
e
o
f
2
4
%

p
ro
li
n
e
(b
a
se
d
o
n
1
7
p
ep
ti
d
es

su
rv
ey
ed

fr
o
m

A
M
S
D
b
,
[2
1
])
.
P
ep
ti
d
e
se
q
u
en
ce
s
co
m
e
fr
o
m

th
e
fo
ll
o
w
in
g
m
a
m
m
a
li
a
n
sp
ec
ie
s:

B
o
s
ta
u
ru
s

(c
a
tt
le
),
C
a
p
ra

h
ir
ca

(g
o
a
t)
,
C
a
vi
a
p
o
rc
el
lu
s
(g
u
in
ea

p
ig
),
E
q
u
u
s
ca
b
a
ll
u
s
(h
o
rs
e)
,
H
o
m
o
sa
p
ie
n
s
(h
u
m
a
n
),
M
a
ca
ca

m
u
la
tt
a
(r
h
es
u
s
m
o
n
k
ey
),
M
u
s
m
u
sc
u
lu
s

(m
o
u
se
),
O
ry
ct
o
la
g
u
s
cu
n
ic
u
lu
s
(r
a
b
b
it
),
O
vi
s
a
ri
es

(s
h
ee
p
),
a
n
d
S
u
s
sc
ro
fa

(p
ig
).
S
o
m
e
o
f
th
e
p
ep
ti
d
e
n
o
m
en
cl
a
tu
re

a
re

a
cr
y
o
n
y
m
s
(b
a
se
d
o
n
o
ri
g
in
a
l
re
p
o
rt
s

ci
te
d
in

[9
])
:
b
a
ct
en
ec
in

(b
a
ct
er
iu
m

n
ec
a
re
,
fr
o
m

L
a
ti
n
,
to

k
il
l)
;
p
ro
p
h
en
in

(p
ro
li
n
e
p
h
en
y
la
la
n
in
e
ri
ch
);
in
d
o
li
ci
d
in

(i
n
d
o
le
-r
ic
h
ci
d
a
l
p
ep
ti
d
e)
;
p
ro
te
g
ri
n
fr
o
m

p
ro
te
g
re

(L
a
ti
n
,
to

p
ro
te
ct
);

ca
ti
o
n
ic

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
es

(C
A
P
s)
;
ca
th
el
in
-r
el
a
te
d

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
e
(C

R
A
M
P
);

m
y
el
o
id

a
n
ti
m
ic
ro
b
ia
l
p
ep
ti
d
es

(M
A
P
s)
.

A.E. Shinnar et al. / Bioorganic Chemistry 31 (2003) 425–436 429



430 A.E. Shinnar et al. / Bioorganic Chemistry 31 (2003) 425–436
peptides encounter various endogenous proteases, from extracellular and intracellu-

lar sources, which can ultimately hydrolyze and thereby inactivate these biologically

important peptides.

Some members of the cathelicidin family of antimicrobial peptides show an abun-

dance of particular amino acids and post-translational modifications [5,6]. Their pri-
mary structure may afford special stability and resistance to proteolysis, as proposed

below.
3. Protease resistance features of cathelicidins

3.1. Arginine/proline-rich mammalian cathelicidins

Cationic sidechains are a universal feature of the antimicrobial peptides and are

essential for electrostatic interactions with the anionic lipids of bacterial membranes

[1]. All of the mammalian cathelicidins are rich in arginine [21]. Although the major-

ity of mature cathelicidin peptides (26/35 or 74%) contain proline, varying in content

from 3 to 53% (Table 1), the proline content is modest (3–11%) in 40% of these an-

timicrobial peptides, and is thus similar to the average value (5%) typical of proteins

[22]. The bactenecins, prophenins, and PR-39, however, have remarkably high pro-

line content of 31–53%; these 11 sequences account for about one-third of all known
mammalian cathelicidins. Because proline thwarts proteolysis of peptidic bonds,

these exceptionally high proline contents may help prevent degradation of these pep-

tides.

Protease specificity depends both on the nature of the peptide substrate (P sites)

and the subsites (S sites) within the active site of the enzyme (see Fig. 2 for scheme

based on [23,24]). Cleavage of the scissile bond between P1 and P1
0 is dictated by the

identity of P1, and is also affected by neighboring sidechains. It is widely known that
Fig. 2. Schematic of protease specificity. Protease specificity is dependent both upon the amino acid side-

chains of the peptidic substrate (P3 through P3
0Þ and the surface contacts with the enzyme�s subsites (S3

through S3
0Þ, according to the scheme of Schecter and Berger [23]. In serine proteases, the presence of pro-

line in the P1
0 and P2

0 positions prevents the acyl transfer step from occurring [26]. The activity of elastase

is further restricted when proline occupies the P3 position [27]. Proline also restricts the activity of some

aminopeptidases [30].
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proline in the P1
0 position prevents serine proteases from cleaving the peptide bond

[25]. Studies using model peptides show that the presence of proline in both the P1
0

and P2
0 positions actually prevents the acyl transfer step from occurring with chymo-

trypsin, trypsin, a-lytic protease, and cercarial protease [26]. Furthermore, studies on

elastase show that proline in the P3 position also restricts this enzyme from effecting
productive cleavages, due to poor contacts with the S3 subsite [27].

For cathelicidins rich in proline, the mature antimicrobial peptides would thus

become very poor substrates for proteolysis, particularly via members of the serine

protease family. Prolines should dramatically prevent the action of elastase, an en-

dogenous enzyme to which many cathelicidins would be susceptible after their initial

release. Inspection of the primary structure for the bactenecins and prophenins re-

veals glycine, isoleucine and valine residues with proline in the adjacent P1
0 position

(Table 1). In porcine prophenin (so named because the peptide is rich in both proline
and phenylalanine), numerous proline residues are found in the P1

0 register with re-

spect to phenylalanines (and even tryptophan). This pattern strongly suggests that

serine proteases with specificity pockets large enough to accommodate aromatic res-

idues, such as cathepsin G and chymase, would not degrade prophenin significantly

[2,28]. In humans, cathepsin G is abundant in neutrophils, where it is thought to play

a role in triggering signals involved in both innate and adaptive immune responses

[2]. Prophenin isolated from porcine leukocytes should be naturally resistant to pro-

teolysis by similar proteases.
Similarly for PR-39, where only a single isoleucine is present, many of the prolines

are positioned next to or near bulkier hydrophobic residues, such as leucine and

phenylalanine. For PR-39, resistance to intracellular proteases is particularly impor-

tant. In some strains of Escherichia coli, PR-39 interferes with synthesis of DNA and

proteins [29], implying that these peptides enter the bacterial cytoplasm after pene-

trating the membrane. Other members of the mammalian cathelicidins have only 2

or 3 proline residues, but their position in the sequence might be significant in re-

stricting proteolytic degradation. For example, in PMAP-36 and BMAP-27, proline
follows serine and isoleucine residues, which normally would be susceptible to cleav-

age by elastase. Many of the antimicrobial peptides isolated from insects are also

proline-rich (21) and perhaps serve a similar protease-resistance function.

The role of proline in preventing indiscriminate proteolytic degradation has also

been proposed in other contexts. Proline in the penultimate N-terminal position of

proteins could restrict those aminopeptidases with broad specificity from achieving

rapid proteolysis [30]. Proline is also overrepresented at positions immediately fol-

lowing dibasic sequences that often are recognized by processing enzymes as cleav-
age sites for prohormones and proproteins, thus limiting undesirable proteolysis at

the newly exposed N-terminus [31].

Proline has a pronounced influence on the conformation of the peptide backbone

as well. For the cathelicidins with only 2 or 3 proline residues, this could cause a kink

in the secondary structure. For cathelicidins with higher proline content, secondary

structure studies show that they adopt a backbone conformation like polyproline

type II [32,33]. Such a rigid conformation might not bind well within the active site

of proteases, also contributing to the stability of these proline/arginine-rich peptides.
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3.2. Bromotryptophan in hagfish cathelicidins

Recently, cathelicidins have been discovered in the Atlantic hagfish (Myxine

glutinosa), which expresses potent, broad-spectrum hagfish intestinal antimicrobial

peptides (HFIAPs) [19,34]. HFIAP-1, -2, and -3 are carboxyamidated, but have
no proline (Fig. 3). All three of these cationic peptides contain bromotryptophan res-

idues, apparently as a result of post-translational modification [35]. The biological

role of bromotryptophan in peptides is generally unknown. Bromination does

not alter the antimicrobial activity of HFIAPs. Minimum inhibitory concentration

(MIC) values for synthetic peptides prepared with both native tryptophan

and 5-bromotryptophan are quite comparable ([34]; Shinnar et al., manuscript in

preparation).

Bromination of tryptophan might also make HFIAPs less susceptible to proteo-
lytic degradation. The presence of bromine could transform the tryptophanyl

sidechain into a poorer substrate, with sub-optimal binding for the specificity pocket.

In a preliminary experiment in vitro, partially purified HFIAP-3 (containing two res-

idues of monobrominated tryptophan) retained partial antimicrobial activity even

after treatment with proteinase K, a nonspecific protease; in contrast, a synthetic

control peptide (PGLa from frogs) rapidly and completely became inactive in this

qualitative assay (Shinnar, unpublished observations). Protection against proteases

present in the intestinal submucosa of hagfish might extend effectively the pharma-
cokinetic lifetime of these peptides and increase their efficacy in vivo. Since biosyn-

thesis of HFIAPs occurs in blood-forming cells [19], it is also possible that these

peptides are playing a role not just in local defense, but in systemic circulation as
Fig. 3. Chemical sequences of hagfish intestinal antimicrobial peptides (HFIAPs). Primary structures of

HFIAPs were determined using automated Edman sequencing and electrospray mass spectrometry. Addi-

tional mass spectral studies of both native and synthetic peptides confirmed identity of bromotryptophan

(Br-W). HFIAP-1 is the major species isolated, while HFIAP-2 and HFIAP-3 are minor. Alignment using

cDNA sequences of cloned genes shows that HFIAP-3 is a deletion mutant (indicated by the dots). In the

isolated peptides, the C-termini are amidated (based on mass analysis) and the cDNA sequence shows co-

dons for glycine prior to the stop codons [19,34]. Although antimicrobial peptides show great sequence

diversity, primary structure trends of alternating hydrophobic and polar residues have been observed sta-

tistically, particularly in peptides that adopt a-helical secondary structures [4,49]. All three HFIAPs show

these general trends in the Nt domain, including aromatic residues at positions 2 and 7 in the sequence

(Shinnar et al., manuscript in preparation); Br-W in these positions might be poor substrates for serine

proteases with specificity pockets suitable for aromatic sidechains. The exact consensus sequence recog-

nized by the enzyme involved in brominating tryptophan in HFIAPs has not yet been established.
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well. Cathepsin L, a member of the ubiquitous cysteine protease family [36], has been

identified in the intestinal tissues of Atlantic hagfish (GenBank Accession No.

AAF19630). In mammals, cathepsin L serves as a housekeeping enzyme and shows

a preference for aromatic residues in the P2 position (Fig. 2). It seems likely that this

endoprotease in hagfish could degrade the Nt domain of HFIAPs, where aromatic
residues are clustered.

To test our working hypothesis that bromotryptophan confers protease resis-

tance to the HFIAP family, our laboratory has first undertaken a molecular mod-

eling study [37]. The sidechains of native tryptophan and regioisomers of

bromotryptophan have been docked into the specificity pocket of chymotrypsin,

using the crystallographic coordinates for this well-studied serine protease. Steric

clashes, measured as overlap of van der Waals radii between the bromine and se-

ven amino acids lining this pocket, are observed for all possible bromotryptophan
regioisomers (2-, 4-, 5-, 6-, and 7-Br-trp), whereas native tryptophan produced

few unfavorable interactions. The increase in molecular volume due to bromina-

tion of the indole ring is significant, making all isomers of bromotryptophan a

poor fit for the active site of chymotrypsin. As a complementary experimental

approach, our laboratory is undertaking the synthesis of N-a-protected p-nitroani-

lides of tryptophan and bromotryptophan. The ability of chymotrypsin to hydro-

lyze these amides can be studied spectrophotometrically via the release

of p-nitroaniline. Enzyme kinetic studies under way in our laboratory
should reveal how tightly (KM) and efficiently (kcat) the brominated tryptophanyl

amides perform as a substrate for chymotrypsin in comparison with natural

tryptophan [38].

Although many hundreds of marine natural products have halogenated indole

rings [39], relatively few are peptidic and, of these, only several contain bromotrypto-

phan in a linear peptide [40–43]. Styelin D is another gene-encoded antimicrobial

peptide, recently isolated from tunicates. In addition to 6-bromotryptophan, styelin�s
primary structure includes dihydroxyarginine and dihydroxylysine. Synthetic styelin,
prepared with unmodified amino acid residues, is less potent than the isolated pep-

tide. The native modified residues may enhance biological activity by making the

peptides less susceptible to common proteases. Carnivorous marine cone snails

(Conus spp.) produce potent venom with neurotoxic peptides that are punctuated

by unusual amino acids, including 6-bromotryptophan, DD-tryptophan, pyroglutamic

acid, c-carboxyglutamic acid, and hydroxyproline. These various post-translational

modifications could make these Conus peptides less susceptible to the proteases

found in their prey because of their poor fit into specificity pockets of common pro-
teases. Here, too, we propose that bromination of tryptophan thereby extends the

pharmacokinetic lifetimes of these bioactive peptides by making them poorer

substrates for endogenous proteolytic enzymes.

3.3. Carboxyamidation

In antimicrobial peptides, the presence of a Ct amide instead of a free acid in-

creases the net cationic charge, which plays a fundamental role in the electrostatic
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attraction to target membranes [4,5,44]. C-terminal amidation, achieved through the

post-translational action of PAM, is a general feature that might also provide resis-

tance to C-terminal exopeptidases [4,30]. Carboxypeptidases, as exemplified by

carboxypeptidase A (CPA), recognize peptide substrates with free Ct-carboxylates,

mooring them via a guanidinium salt link and hydrogen bonds (Arg 145, Asn 144,
and Tyr 248 in CPA) [45]. Carboxyamidation of antimicrobial peptides would

remove some of these specific anchors.

3.4. Pharmaceutical applications

There is a general need for new classes of anti-infective agents, especially with

the serious increase in pathogens resistant to conventional antibiotic treatments

[20]. Several major drawbacks of oligopeptides as possible drugs are their proteo-
lytic susceptibility, limited bioavailability, and possible immunigenicity, in addition

to cost. Despite these challenges, some pharmaceutical companies have pioneered

the development of antimicrobial peptides as drugs, using the structure activity

relationship (SAR) approach for optimization [44,46]. IntraBiotics Pharmaceuticals

has progressed to Phase II/III clinical trials with a synthetic peptide analog of

protegrin (Protegrin IB-367 or iseganan hydrochloride; www.intrabiotics.com) for

the treatment of oral mucositis [46]. Iseganan administered within the oral cav-

ity avoids the usual problems of digestive proteases from stomach and intestine
as well as intestinal absorption. For the future, design of peptidomimetic structures

may offer promising alternatives to overcome the inherent limitations of peptide

drugs [47].

As reviewed here, the primary structure of many cathelicidins suggests that this

family of antimicrobial peptides has evolved features that confer some natural

protection against certain proteases. The presence of proline along with some

post-translational modifications (halogenation and carboxyamidation) may thwart

rampant proteolytic degradation just enough to allow these bioactive peptides to
attack microbes successfully.
4. Summary

Antimicrobial peptides from the cathelicidin gene family must be released from

their inactive precursor form through several proteolytic steps. Once liberated, these

peptides can serve their antimicrobial function as long as they are not degraded by
ubiquitous proteases. Among the mammalian cathelicidins, natural resistance to

proteolytic degradation could be afforded by sequences rich in proline, a cyclic

residue known to block the mechanism of serine proteases. In hagfish cathelicidins,

bromination of tryptophan may serve a similar biological role, by making these

modified residues poorer substrates for common proteases. Although the mature

cathelicidins exhibit very diverse primary structures, this family of antimicrobial pep-

tides may have evolved structural features conferring resistance to proteolytic degra-

dation in order to sustain their antimicrobial activity.
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