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From among 15 human cathelicidin LL-37-derived peptides, FK-13 was identified as the smallest peptide
active against human immunodeficiency virus (HIV) and GI-20 had the highest therapeutic index, which was
twice that of LL-37. BMAP-18, which is derived from bovine cathelicidin BMAP-27, possessed a therapeutic
index similar to that of GI-20. Peptide sequence order, helical structures, and aromatic residues are important
in HIV inhibition.

AIDS has become the fourth leading cause of death world-
wide, and the majority of human immunodeficiency virus
(HIV) infections are acquired through heterosexual inter-
course. The United Nations estimates that there are now 40
million people living with HIV infection or AIDS. Thus, it is
urgent that novel therapeutic and preventative agents, includ-
ing topical microbicides that block the sexual transmission of
HIV, be developed (5, 26). Antimicrobial peptides are ancient
and potent host defense molecules in nearly all forms of life (3,
12, 37). More than 870 such peptides have been registered in
the updated antimicrobial peptide database (http://aps.unmc
.edu/AP/main.html) (33). However, only a few have been sub-
jected to antiviral assays (8, 12). Known examples are brevi-
nin-1 (35), caerin 1.1, caerin 1.9, and maculatin 1.1 (27),
dermaseptin S4 (15), esculentin 2P and ranatuerin 2P (7), and
the magainins (17) from amphibians and cecropin A and melit-
tin from insects (28). In mammals, defensins and cathelicidins
are the two major classes of antimicrobial peptides. While the
three types of defensins, the �-, �-, and �-defensins, contain
several � strands, which are further stabilized by three pairs of
disulfide bonds, the cathelicidins vary in both their sequences
and their three-dimensional structures (usually extended or
�-helical structures). Another important difference is that
there are at least 10 different defensins in humans, but only one
cathelicidin (LL-37) has been identified (29, 36). All human
�-defensins and human �-defensin-3 inhibit HIV infection
(11), but the �-defensins are more effective (9, 10, 18, 31, 32).
Cathelicidins have been shown to have effects on bacteria,
fungi, and viruses (36). Among them, LL-37 (2), protegrin-1
(25), and indolicidin (16, 23) have been demonstrated to have
anti-HIV activities. As the only cathelicidin in humans, LL-37
can be cleaved in vivo into active fragments. While KS-30,
KR-20, and RK-31 were identified in human sweat, LL-23,

KS-27, and LL-29 were detected in human skin (19, 34). Fur-
thermore, several laboratories have identified active fragments
within LL-37 by synthesizing peptides corresponding to differ-
ent regions (4, 20, 21, 29). Using nuclear magnetic resonance
spectroscopy, we previously identified a minimally antimicro-
bial and anticancer region corresponding to residues 17 to 29
(FK-13 in Table 1) (13). Here, we report on the anti-HIV
activities of 20 synthetic peptides (�95% purity; Genemed
Synthesis, Inc.) derived from human and bovine cathelicidins.

Inhibition assays for determination of the anti-HIV cyto-
pathic effect were conducted as described previously (6).
Briefly, serially diluted peptides were added to a 96-well
round-bottom microtiter plate in triplicate. CEM-SS cells at a
concentration of 2.5 � 103 cells per well and HIV type 1IIIB

(HIV-1IIIB) at the appropriate predetermined titer were se-
quentially added to the microtiter plate. The cultures were
incubated at 5% CO2 and 37°C for 6 days. Following the
incubation, the microtiter plates were stained with 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-
2H-tetrazolium hydroxide dye to evaluate the efficacy and tox-
icity of the test compound(s). By using the Microsoft Excel
program, the 50% effective concentration for inhibition of vi-
rus replication (EC50), the concentration that reduced cell
viability by 50% (TC50), and a therapeutic index (TI; which is
equal to TC50/EC50) were obtained. Consistent with the find-
ings of Bergman et al. (2), we found that synthetic LL-37 is
active against HIV-1IIIB (Table 1). However, LL-23 and KR-
20, the naturally occurring N- and C-terminal fragments of
LL-37, respectively, showed no effect on the virus even at a
high peptide concentration of 100 �g/ml (in �M in Table 1),
suggesting that the HIV-active region of LL-37 is located in the
middle region. Indeed, SK-21, which is composed of LL-37
with 8 residues truncated from each end, was active. We pre-
dict that naturally occurring LL-37 fragments, such as KS-27,
LL-29, KS-30, and RK-31, inhibit HIV, as they all contain the
sequence of SK-21. Inactive terminal fragments LL-23 and
KR-20 were apparently not produced to protect humans from
HIV or retrovirus infection, but they are bactericidal (19, 34).
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Our previously identified 13-residue antibacterial peptide
FK-13 (13) also displayed an effect on HIV (Table 1). When
F-17 (as numbered in LL-37; Table 1) was removed, the re-
sultant KR-12 peptide lost its activity, indicating that F-17 is
essential and that FK-13 represents the minimal anti-HIV re-
gion of human LL-37. Furthermore, reversal of the FK-13
sequence (retro-FK-13) led to a peptide that was inactive
against HIV, although the peptide retained its antibacterial
activity (14). Thus, there is no correlation between the anti-
bacterial and the anti-HIV activities of these peptides. To
obtain peptide templates with improved TIs, additional pep-
tides were designed on the basis of the sequence of FK-13.
GF-17 (i.e., FK-13 plus the NLV segment) had a TI slightly less
than that of LL-37, whereas GI-20 (30), obtained by adding
GIKE to the N terminus of GF-17, had a TI twice that of
LL-37. We found that the incorporation of D-amino acids into
GF-17 at position 24 (GF-17d1) or both position 24 and posi-
tion 28 (GF-17d2) disrupted the activity of the peptide, but the
cytotoxicity of the peptide to human cells decreased with an
increase in the number of D-amino acids (Table 1). Since
D-amino acid incorporation tends to reduce helicity (13, 22),
the putative helical structure of GF-17 might be important for
anti-HIV activity. In the case of GI-20, a change of F-17 to
phenylglycine (GI-20X17 in Table 1) led to the loss of activity.
Likewise, a change of F-17 to W (GI-20W17 in Table 1) also
reduced the anti-HIV activity of the peptide. These results
further substantiated the essential role of F-17 of LL-37 in
inhibiting HIV infection. Interestingly, when E-16 of GI-20

was replaced by Q-16 (GI-20Q16 in Table 1), the peptide be-
came more toxic to human cells without any change in the
anti-HIV activity observed. Thus, E-16 endowed selectivity to
the peptide. Since F-17 is critical for the anti-HIV effect and
E-16 modulates selectivity, we also tested the effects of this
amino acid pair by substituting I19V20 for E19F20 (GI-20EF in
Table 1). While the antiviral efficacy of the resulting peptide
was reduced only slightly, cellular toxicity increased twofold
relative to that of GI-20. Clearly, the effect of F overrode the
effect of E in this case. Hence, both the anti-HIV efficacy and
the cellular toxicity of GI-20 are subjected to modulation,
laying the basis for peptide engineering.

To obtain additional peptide templates, we also evaluated
the anti-HIV activity of a few peptides (Table 2) based on
BMAP-27. BMAP-27 is a 27-residue bovine cathelicidin pep-
tide with the potential to form an �-helical conformation fol-
lowed by a hydrophobic tail (24). To identify the region within
BMAP-27 active against HIV, we first deleted the hydrophobic
tail to obtain BMAP-18. BMAP-18 was found to be more
active against HIV than GI-20, but it was also more toxic to
human cells than GI-20, although the overall TI of BMAP-18
was slightly better (Table 2). Further deletion of the three
residues from the C terminus of BMAP-18 disrupted both the
antiviral and the cytotoxic effects of the resulting peptide
(BMAP-15). Subsequent mutational studies revealed that
changing F-6 and F-10 of BMAP-18 to phenylglycines slightly
reduced the anti-HIV activity of BMAP-18. The peptide be-
came inactive when the two phenylalanines were changed to

TABLE 1. Anti-HIV activities of human cathelicidin LL-37-derived peptides in CEM-SS cellsa

Peptide name Peptide sequenceb EC50 (�M) TC50 (�M) TI

LL-37 LLGDLLRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 1.6 18.4 11.5
LL-23 LLGDLLRKSKEKIGKEFKRIVQR �35.4 �35.4
KR-20 KRIVQRIKDFLRNLVPRTES �40.5 �40.5
SK-21 SKEKIGKEFKRIVQRIKDFLR 10.8 22.5 2.08
FK-13 FKRIVQRIKDFLR 3.4 10.4 3.1
Retro-FK-13 RLFDKIRQVIRKF �58.1 33.7
KR-12 KRIVQRIKDFLR �63.5 �63.5
GF-17 GFKRIVQRIKDFLRNLV 0.98 8.9 9.1
GF-17d1

c GFKRIVQRIKDFLRNLV �47.5 22.7
GF-17d2

c GFKRIVQRIKDFLRNLV �47.5 �47.5
GI-20 GIKEFKRIVQRIKDFLRNLV 1.08 22.7 21
GI-20X17 GIKEXKRIVQRIKDFLRNLV �40.6 7.3
GI-20W17 GIKEWKRIVQRIKDFLRNLV 7.4 23.6 3.2
GI-20Q16 GIKQFKRIVQRIKDFLRNLV 0.91 13.7 15.1
GI-20EF GIKEFKREFQRIKDFLRNLV 1.6 9.9 6.2

a Although the standard errors from multiple antiviral assays are not provided, they were, on average, less than 10% of the respective mean EC50 or TC50.
b In the sequence of LL-37, the region used to engineer an optimal anti-HIV peptide (GI-20) is underlined. For all sequences, mutated residues are in boldface, and

X represents phenylglycine.
c The incorporation of D-amino acids is indicated by d followed by the number of D-amino acids (in boldface).

TABLE 2. Anti-HIV activities of bovine cathelicidin BMAP-27-derived peptides in CEM-SS cellsa

Peptide name Peptide sequenceb EC50 (�M) TC50 (�M) TI

BMAP-18 GRFKRFRKKFKKLFKKIS 0.35 8.45 24.1
BMAP-18P9 GRFKRFRKPFKKLFKKIS 3.20 18.9 5.9
BMAP-18X6X10 GRFKRXRKKXKKLFKKIS 0.68 10.2 15
BMAP-18I6L10 GRFKRIRKKLKKLFKKIS �44.0 2.79
BMAP-15 GRFKRFRKKFKKLFK �49.6 �49.6

a Although the standard errors from multiple antiviral assays are not provided, they were, on average, less than 10% of the respective mean EC50 or TC50.
b Mutated residues are in boldface, and X represents phenylglycine.
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isoleucine/leucine residues, suggesting that the aromatic rings
of BMAP-18 are critical for its anti-HIV activity. Also, the
antiviral effect was decreased when K-9 of BMAP-18 was re-
placed with a proline residue. The introduction of a proline (1,
10 ) could distort the helical structure of the peptide (24),
which might also be critical for anti-HIV activity.

In conclusion, our evaluation of 20 synthetic peptides de-
rived from LL-37 and BMAP-27 led to the identification of the
most important regions in both human and bovine cathelici-
dins active against HIV. Peptide sequence order, aromatic
phenylalanine residues, and potential helical structures were
found to play important roles in blocking HIV-1 infection.
Because GI-20 and BMAP-18 have TIs superior to the TI of
LL-37, they may now be used as templates for the engineering
of novel anti-HIV microbicides.
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