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Abstract. Antimicrobial peptides that can form am-
phiphilic alpha helices were tested for their ability to lyse
various human tumor cell lines in vitro. These peptides
include C18G, whose sequence is a derivative of the car-
boxyl terminus of human platelet factor IV, and 399, an
idealized amphiphilic alpha helix. Both peptides exhibited
potent antitumor activity against all cell lines tested, unlike
magainin 2, a naturally occurring antimicrobial peptide of
similar structure, which was relatively inactive under the
same conditions. Also, the lytic activity of C18G is specific
for tumor cells versus human red blood cells. The effects of
serum can be important when evaluating the potency of
lytic peptides, since other tumoricidal peptides have been
shown to be completely inactivated by low serum levels.
Experiments with C18G and 399 revealed that their activi-
ty was indeed reduced in the presence of human serum, but
that significant lytic activity remained even at relatively
high serum concentrations. Various serum components
were tested for their inhibitory activity. Whereas albumin
and high-density lipoprotein had only slight inhibitory
properties, low-density lipoprotein was found to be a
potent inhibitor of peptide-mediated cell lysis. The peptide
399, which is more sensitive to serum inhibition than
CI18G, also binds more extensively to all serum com-
ponents tested.

Introduction

Numerous protein or peptide toxins of varied structure
have been identified and characterized from many sources,

Abbreviations: IMDM, Iscove’s modified Dulbecco’s medium; FBS,
fetal bovine serum; MD-PBS, modified Dulbecco’s phosphate buffered
saline; HDL, high density lipoprotein; LDL, low density lipoprotein;
HSA, human serum albumin.
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including bacteria, fungi, insects, amphibians, reptiles, and
mammals (for reviews see [4, 23, 28]). Among the peptide
toxins that have antimicrobial activity are magainins and
cecropins, which are produced by the frog Xenopus laevis
[45] and the giant silkworm moth, H. cecropia [21], re-
spectively. Both magainins and cecropins are predicted to
form amphiphilic alpha helices [5, 35]. Indeed, an alpha
helical conformation has been demonstrated for several of
these peptides [40]. It has been proposed that the an-
timicrobial activity of these peptides is likely to occur via
the formation of peptide multimers which form channels in
cell membranes [6, 39], thus disrupting the lipid bilayer
and causing cell death. Westerhoff et al. [41] have also
suggested that the ability of magainins to dissipate the
electric potential across a cell membrane may be the cause
of cell lysis. Whereas the antimicrobial activity of these
and other amphiphilic alpha helical peptides has been well
documented (for reviews, see [2, 3)], relatively little is
known about their antitumor activity. However, magainin
analogs (including magainin 2) [8, 27] and cecropin
analogs [22] have been reported to lyse mammalian trans-
formed cell lines in vitro.

The novel peptide C18G [10] has been shown to possess
potent antibacterial activity both in vitro and in vivo. The
sequence of C18G, which is derived from the carboxyl
terminus of human platelet factor IV, also predicts the for-
mation of an amphiphilic alpha helix. We therefore tested
the potential antitumor activity of C18G, and compared it
with both magainin 2 and an idealized amphiphilic alpha
helical peptide [11] designated here as 399. Here we show
that both C18G and 399 have significant lytic activity
against tumor cells in vitro, and that they are much more
potent than magainin 2 under the conditions tested. In ad-
dition, the lytic activity of C18G is specific for tumor cells
versus red blood cells.

The in vitro antitumor activity of human defensins, the
lytic peptides which are produced by neutrophils, is
completely inactivated by low levels of serum [24]. There-
fore, we have tested the effects of serum on C18G and 399,
and found that relatively high levels of serum significantly
reduced, but did not completely abolish, their lytic activity.
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These results indicate that serum inhibition of peptide-me-
diated tumor cell lysis is important to consider when meas-
uring the potency of lytic peptides. Some aspects of serum
inhibition are discussed. These include the identification of
albumin and high- and low-density lipoprotein as com-
ponents in serum that cause inhibition of peptide activity.
We also show that these components can directly bind the
peptides, and that the peptide that binds more extensively
to various serum components is also the one which is more
inhibited by serum.

Materials and methods

Proteins and reagents. The peptides 399 [(Leu-Lys-Lys-Leu-Leu-Lys-
Leu)z] [11], C18G (Ala-Leu-Tyr-Lys-Lys-Leu-Leu-Lys-Lys-Leu-Leu-
Lys-Ser-Ala-Lys-Lys-Leu-Gly) [10], and magainin 2 (Gly-Ile-Gly-Lys-
Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-lle-
Met-Asn-Ser) [45] were generously provided by Dr. J. Blake (from our
institution), and were synthesized as described [9]. Peptide solutions
were stored at 4° C as a 2 mg/ml stock in dH0. 51Cr (1 mCi = MBq) was
purchased from NEN (Dupont, Wilmington, Del.).

Target cells. All tumor cell lines were from our own cell banks, except
HCT 116 and Hs 578T, which were from the American Type Culture
Collection, Rockville, MD (ATCC# CCL 247 and HTB 126, respec-
tively}. Cell lines were maintained in vitro in a humidified environment
at 37°C in 6% CO: in Iscove’s modified Dulbecco’s medium (IMDM,
purchased from GIBCO, Grand Island, NY) with 10% v/v heat-inacti-
vated fetal bovine serum (FBS1), 60 pg/ml penicillin-G, and 100 ug/ml
streptomycin sulfate. Red blood cells (RBCs) were purified from fresh
blood of normal donors by Ficoll density gradient centrifugation. Packed
RBCs (1 ml) were then washed twice in 50 ml IMDM plus 10% FBS and
resuspended in medium before use in a cytotoxicity assay.

Cytotoxicity assays. Target cells (10° cells/300 ul IMDM plus 10% FBS)
were mixed with 31Cr (75 nCi/106 cells) and incubated for 2 h at 37° C.
Cells were then washed twice and resuspended in media. Cytotoxicity
assays of human tumor cells were performed in triplicate in Microtiter
V-bottom plates purchased from Fisher Scientific (Santa Clara, Calif.)
(#14-245-72). Per well, 2 x 10* labeled cells (67 p1l) were added to 67 pl
of peptide (diluted in media) and either 67 pl of pooled normal human
serum or media for a total assay volume of 201 pl. Following a 2 h
incubation at 37° C, the plates were centrifuged at 150 x g for 5 minutes.
The radioactivity of 100 ul of supernatant per well was counted using a
v-counter. Percent cytotoxicity was calculated as described [18].

Because of the relatively inefficient labeling of RBCs with 5!Cr, all
cytotoxicity assays of RBCs were performed using the same final con-
centrations of components as above, except that the total assay volume
was 1.2 ml, and the radioactivity of 1 ml of supernatant was quantitated.
Also, human serum used in these assays was from a single normal donor
with the same blood type as the donor of RBCs.

Human serum and lipoproteins. Pooled normal human serum from five
healthy donors was prepared and stored essentially as described [9]. Heat
inactivated serum indicates human serum which was incubated at 56°C
for 30 min before addition to cytotoxicity assays. Serum filtrate indicates
the filtrate obtained when human serum is ultrafiltered through a Cen-
trifree Micropartition System (purchased from Amicon, Beverly, Mass.,
#4104) which has a 30,000 MW cut-off and retains serum proteins and
protein-bound ligands. Per filter, one ml of serum was loaded and centri-
fuged at 2000 g at 37°C for 40 min, and approximately 0.5 mi of serum
filtrate was obtained. Human lipoprotein-deficient serum was purchased
from Sigma, St. Louis, Mo. (#S5519). Since this serum had been
dialyzed by the manufacturer against modified Dulbecco’s phosphate
buffered saline, pH 7.5 (MD-PBS per liter: 0.1 g MgCl,, 0.05 g KCl,
0.05 g KHoPO4, 0.15 g NasHPO4, and 2.0 g NaCl), normal pooled
human serum which was compared to it was first dialyzed against the
same buffer before use in a cytotoxicity assay. Human serum-free control
assays contained 67 pl of MD-PBS instead of 67 ul of human serum.

Normal human high-density (HDL) and low-density (LDL) serum
lipoprotein (solutions in 0.15 m NaCl plus 0.01% EDTA, pH 74, at
10 mg/m! and 5 mg/ml, respectively) and lyophilized human serum al-
bumin (HSA) (#A3782) were purchased from Sigma. Per cytotoxicity
assay, 2 x 104 labeled cells (67 Wl in media) were added to 67 ul of
peptide (diluted in media) and 67 pl of either HDL or LDL (4.5 mg/ml in
NaCVEDTA solution) or HSA (45 mg/m! in NaC/EDTA solution), and
treated as described above. Normal pooled human serum which was
compared to HDL, LDL, and HSA was first dialyzed against
NaClVEDTA solution before use in a cytotoxicity assay. Human
serum-free control assays contained 67 pl of NaCI/EDTA solution in-
stead of 67 pl of human serum or purified serum components.

Peptide ultrafiltration. Peptide (20 mg/ml in dH20) was added to media
or normal pooled human serum to obtain a final concentration of
600 pwg/ml peptide, and incubated at 37°C for 15 min. Alternatively,
peptide was added to HSA, HDL, or LDL in 0.15 m NaCl plus 0.01%
EDTA (pH 7.4), and treated in the same manner. The mixtures were then
centrifuged through a Centrifree Micropartition System as described
above. (The concentration of free peptide in the filtrate is equal to that in
the pre-filtered mixtures [17, 32, 43].) The filtrates obtained were used in
a cytotoxicity assay: 67 l of filtrate was added to 2 x 10 target cells in
134 ul of media, and treated as outlined above. The concentration of free
peptide which was present in the filtrates was determined by comparing
the percent lysis elicited in a cytotoxicity assay to an appropriate standard

Table 1. In vitro peptide-mediated cytotoxicity of human solid and hematopoietic tumor cell lines and normal human red blood cells

Target cells Percent peptide-mediated cell lysis?
Peptide 399 Peptide 399 + Peptide C18G Peptide C18G + Magainin 2
human serum human serum

CEM Acute lymphocytic leukemia 98+ 2 29+15 81+ 9 1946 3+£3
H3396 Breast carcinoma 94+ 9 57+14 91+ 8 57+8 9+2
Hs 578T Breast carcinoma 60+ 8 29+ 1 43+ 1 8§x1 342
HCT 116 Colon carcinoma 100+ 5 15+ 6 55+ 4 10+6 1+0
H3347 Colon adenocarcinoma 922+ 9 27+ 9 49+16 16+7 5+0
H2981 Lung adenocarcinoma 100+13 38423 82+ 3 1412 4+1
H3740 Lung carcinoma 0+ 8 11+ 1 58+11 10+2 2+1
H3759 Ovarian carcinoma 100+ O 17+ 2 39+ 5 1742 3+1
Normal human red blood cells 73£19 8§+ 1 1+ 2 5+6 345

Target cells were labeled with S1Cr and exposed to peptide (200 pig/ml)
for 2 h at 37° C in the presence of IMDM plus 10% FBS, as described in
Materials and methods. Where indicated, human serum was included in

these assays (at a concentration of 33%)
2 Mean * SD of 2—4 experiments, each performed in triplicate
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Fig. 1A, B. Effects of ssrum on peptide-mediated cell lysis. A H3396,
human breast adenocarcinoma cell line; B normal human red blood cells.
Cytotoxicity assays were performed in IMDM plus 10% FBS (as de-
scribed in Materials and methods), with the addition of 33% normal
human serum (NHS), where indicated. Each graph shows the data from
three experiments, each performed in triplicate. The error bars indicate
the standard deviation from the mean

curve. To verify that free peptide is not retained on the filter, peptide
which was diluted in dH20 or 0.15 M NaCl plus 0.01% EDTA (pH 7.4)
was ultrafiltered as described above. Peptide was found to be fully
recovered in the filtrate, regardless of whether the initial concentration
was 600 pg/ml or 30 pig/ml.

Results

Activity of lytic peptides against human transformed
cell lines

The cytotoxic potential of the antibacterial peptide C18G
[10] was tested on various solid and hematopoietic human
tumor cell lines, as well as normal human red blood cells.
Circular dichroism shows this peptide to be helical at
pH 7.2. Two additional peptides, 399 and magainin 2, were
also chosen for analysis. The peptide 399 is a synthetic
sequence which is idealized for amphiphilic alpha helical
character and possesses in vitro antibacterial activity [11].
Magainin 2 is a naturally occurring antimicrobial peptide
originally isolated from the skin of Xenopus laevis [45].
Circular dichroism data indicate that 399 [12] and ma-
gainin 2 [40] also form alpha helices. Results from cyto-
toxicity assays of these peptides (described in Materials
and Methods) are shown in Table 1.

111
A peptide 399

1004 eeeoooecfoee

-~@-- 398

—L— 359 « NHSHi
=={-- 399 +NHS
~—— 399+ NHS-h

Specific Lysis
[o2]
<
1

%

0 = e — .
50 100 150 200
ug/mi pepiide
B peptide C18G
100
2
4
e G ~-@-- C186
o —{—~ 186 + NHSl
T 607 - O=- C18G+NHS
g_ —@~— C18G + NHS-hi
7] 40 -
R -
204
o e

> T v r
o] 50 100 150 200
ug/ml peptide

Fig. 2 A, B. Identification of serum components involved in inhibition of
peptide-mediated cell lysis. The peptides 399 (A) and C18G (B) were
used in cytotoxicity assays against the human breast adenocarcinoma cell
line, H3396. All assays were performed in IMDM plus 10% FBS, with
the addition of 33% normal human serum (NHS), 33% heat-inactivated
NHS (NHS-hi), or 33% NHS filtrate (NHS-fil). See Materials and
methods for details. Each graph shows the data from three experiments,
each performed in triplicate. The error bars indicate the standard devia-
tion from the mean

Peptide C18G elicited a significant level of cell lysis
against all transformed cell lines tested, while 399 was
even more potent than C18G. Conversely, magainin 2 had
little or no cytolytic activity against these cell lines under
the conditions tested. Results from hemolysis assays
(Table 1) indicate that 399 possesses significant hemolytic
activity, whereas the less potent C18G is non-hemolytic
[10], as is magainin 2 [45].

Serum inhibition of peptide cytotoxicity

Investigators working with defensins, the lytic peptides
from human neutrophils, have reported that as little as 5%
FBS almost completely inhibited defensin-mediated in vi-
tro antitumor activity [24--26], whereas the synthetic pep-
tides tested here have significant activity in the presence of
10% FBS (Table 1). In order to assess the effects of human
serum in our in vitro assays, the antitumor activity of C18G
and 399 was measured as described above, but with the
addition of 33% human serum. The results presented in
Table 1 indicate that the cytolytic activity of both peptides
against all cell types tested was reduced in the presence of
human serum, but that a significant amount of cell lysis
was still apparent. Also, a titration of these peptides against
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Fig. 3A, B. Serum lipoproteins cause significant inhibition of peptide
Iytic activity. The peptides 399 (A) and C18G (B) were used in cytotox-
icity assays against the human breast adenocarcinoma cell line, H3396.
All assays were performed in IMDM plus 10% FBS, with the addition of
33% lipoprotein-deficient NHS (NHS-lipo) which was dialyzed against
MD-PBS, 33% NHS which was dialyzed against MD-PBS (NHS), or
33% MD-PBS (open circles). See Materials and methods for details.
Each graph shows the data from two experiments, each performed in
triplicate. The error bars indicate the standard deviation from the mean

the human breast carcinoma cell line H3396 (Fig. 1A)
demonstrates that the reduction in activity of 399 is ap-
proximately five-fold greater than the reduction in activity
of C18G. In a hemolysis assay (Fig. 1B), serum inhibition
of lysis by 399 reduced activity to essentially zero, whereas
the presence of human serum in assays with C18G did not
alter the activity of this non-hemolytic peptide.

In an effort to identify the component(s) in human se-
rum which cause a reduction in peptide lytic activity,
human serum was either treated by heating at 56°C for
thirty minutes to inactivate any heat-labile components, or
was placed in 3,500 MW cut-off dialysis tubing and
dialyzed against media, before use in a cytotoxicity assay.
Both the heat inactivated serum (Fig. 2) and the dialyzed
serum (data not shown) exhibit a Ievel of inhibition of
peptide Iytic activity which is similar to the untreated se-
rum. These results indicate that serum inhibition is not
dependent on the active form of any heat-labile com-
ponents (including complement), and that the components
which mediate inhibition are larger than 3,500 mol wt.
Also, normal human serum was ultrafiltered to remove all
proteins (and protein-bound ligands) above 30,000 mol wt,
before use in a cytotoxicity assay (see Materials and
methods for details). The serum filtrate had no inhibitory
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Fig. 4 A, B. Inhibition of peptide lytic activity by human serum albumin
or human high and low density serum lipoproteins. The peptides 399 (A)
and C18G (B) were used in cytotoxicity assays against the human breast
adenocarcinoma cell line, H3396, All assays were performed in IMDM
plus 10% FBS, with the addition of 33% NHS which was dialyzed
against 0.15 M NaCl plus 0.01% EDTA (pH 7.4) (NHS), high-density
(HDL) or low-density (LDL) lipoproteins in NaCl/EDTA solution
(1.5 mg/ml final concentration), HSA (albumin) in NaC/EDTA solution
(15 mg/ml final concentration), or 33% NaCl/EDTA solution (closed
circles). See Materials and methods for details. Each graph shows the
data from two experiments, each performed in triplicate. The error bars
indicate the standard deviation from the mean '

activity compared with human serum-free assays (Fig. 2),
indicating that serum inhibition is mainly dependent upon
components larger than 30,000 mol wt [or any ligand(s)
bound to them] which are removed from serum during the
ultrafiltration step. Also, since peptides containing only
D-amino acids are resistant to proteolytic cleavage [1, 40],
an all-p-amino acid analog of C18G [10] was tested. This
peptide possessed lytic activity and susceptibility to inhibi-
tion by serum which was identical to C18G, indicating that
serum inhibition is not due to protease activity.

Serum lipoproteins are absent from the serum filtrate,
and could theoretically inhibit peptide-mediated lysis by
binding directly to peptides. In order to assess the possible
inhibitory role of lipoproteins in human serum, cytotoxic-
ity assays were performed in the presence of human lipo-
protein-deficient serum versus normal human serum which
had been dialyzed against the same buffer as the lipo-
protein-deficient serum (see Materials and methods). Al-
though the dialyzed normal human serum is less inhibitory
than the untreated normal human serum (compare Figs. 2
and 3), the results presented in Fig. 3 clearly indicate that
the absence of lipoproteins in serum alleviates serum inhi-



Table 2. Percent of free peptide in solution as determined by ultrafiltra-
ton

Peptide added to: Percent free peptide?

Peptide 399 Peptide C18G
Human serum 0=x0 16+3
IMDM plus 10% FBS 4+1 63+2
HSA (45 mg/ml in bufferd) 22+4 46+1
HDL (4.5 mg/ml in buffer) 45+4 61x6
LDL (4.5 mg/ml in buffer) 12+1 33+5

Peptide was diluted directly into human serum (or other mixtures indi-
cated) to obtain a final concentration of 600 Lg/ml, then incubated at
37°C for 15 min and ultrafiltered. (The ratio of peptide to serum used
here is equivalent to that in a standard cytotoxicity assay containing 33%
human serum and 200 ug/ml peptide.) The amount of free peptide in the
filtrate was subsequently determined (see Materials and methods for
details). HSA, HDL, and LDL were tested at concentrations which are
equivalent to those found in human serum.

2 Mean = SD of two experiments, each performed in triplicate

b Buffer contains 0.15 m NaCl plus 0.01% EDTA, pH 7.4

bition by approximately 80% for C18G, and by approxi-
mately 60% for 399. Therefore, serum lipoproteins play a
major role in the inhibition of peptide activity in these
assays.

Normal human high- and low-density serum lipo-
proteins were also added to cytotoxicity assays in an effort
to directly identify which serum lipoproteins could be in-
volved in inhibition of peptide lytic activity. Purified HDL
or LDL was added to cytotoxicity assays at a final concen-
tration of 1.5 mg/ml, which is equivalent to the concentra-
tion of these lipoproteins normally present in cytotoxicity
assays containing 33% human serum. Results presented in
Fig. 4 show that HDL does have a measurable inhibitory
effect on 399 and C18G, but that LDL alone more closely
approximates human serum in its inhibitory capacity.

Albumin is the most abundant protein in serum, and,
because of its size (approximately 69,000 mol. wt), it is
absent from the non-inhibitory serum filtrate. For this rea-
son, the potential of human serum albumin (HSA) for
inhibiting the lytic activity of 399 and C18G was also
investigated. HSA was added to cytotoxicity assays at a
final concentration of 15 mg/ml, which is equivalent to the
amount of HSA that is present in cytotoxicity assays con-
taining 33% human serum. Results presented in Fig. 4
indicate that HSA has only a slight inhibitory effect on 399,
and no significant effect on C18G.

Interaction of serum components with peptide

Serum components could reduce the activity of lytic pep-
tides by binding to peptide molecules, thereby lowering the
concentration of free peptide. To determine the extent to
which serum components bind directly to peptide
molecules, C18G or 399 was preincubated with human
serum, HSA, HDL, LDL, or media, then ultrafiltered to
remove all proteins (and protein-bound ligands) above
30,000 mol. wt {see Materials and methods for details).
Peptide which is bound to proteins (or protein-bound lig-

113

ands) above 30,000 mol. wt, including albumin and serum
lipoproteins, is retained on the filter, while only free pep-
tide is recovered in the filtrate. The filtrate was then used in
a cytotoxicity assay and the concentration of peptide in the
filtrate was determined, as described in Materials and
Methods.

Results from these experiments indicate that both C18G
and 399 interact directly with human serum components
(Table 2). This interaction is more extensive with 399,
since no free peptide (i.e. no lytic activity) is detectable in
filtrates of 399 plus human serum mixtures, while 16% of
C18G s recovered in the filtrate under the same conditions.
Also, even under conditions which support a high level of
peptide-mediated cytotoxicity, i.e. IMDM plus 10% FBS,
only 63% of C18G and 4% of 399 is recovered in the
filtrate. Therefore, even if almost all of the lytic peptide
molecules are bound to other components in an assay, a
high percentage of cell lysis is still possible. Experiments
with HSA, HDL, and LDL demonstrate that in every case,
a larger percentage of C18G is free in solution compared
with 399.

Discussion

The lytic activity of C18G and 399 was clearly demon-
strated against eight different solid or hematopoietic
human tumor cell lines (Table 1), showing that the activity
of these peptides is not limited to a particular tumor cell
type. Although C18G is non-hemolytic, the sensitivity of a
normal human skin fibroblast cell line and human fresh
peripheral blood lymphocytes to both C18G and 399 is
similar to that of the tumor cell lines tested (data not
shown). Nonetheless, it is important to note that numerous
chemotherapeutic agents which elicit significant antitumor
activity in vivo are known to possess nonspecific cytotox-
icity against normal and transformed cell lines in vitro
[reviewed in 13, 16, 27]. Also, nonspecific lysis of normal
human nucleated cells versus transformed cell lines has
been demonstrated previously for endogenous protein tox-
ins, such as human defensins [24] and perforins [19].

The antimicrobial peptide magainin 2 was found to be
almost completely inactive in our assays (Table 1). This
result is in contrast to a previous report [8] in which ma-
gainin 2 was shown to be cytolytically active against a
human tumor cell line (U937) at concentrations which are
comparable to the levels used in the present study. The
medium used in our cytotoxicity assays (IMDM) is more
complex than that used previously [8], and also includes
10% FBS. Itis likely that the difference in assay conditions
(most notably the inclusion of serum), rather than the
difference in target cells, accounts for the discrepancy ob-
served in the activity of magainin 2.

We and others have found serum to be an important
inhibitor of peptide-mediated cell lysis. Previous work has
shown that as little as 5% FBS could completely inhibit the
tumoricidal activity of human peptide defensins in vitro
{24, 25]. Although the activity of C18G and 399 against
various human tumor cell lines is greatly reduced in the
presence of 33% human serum (Table 1), the human breast
carcinoma cell line H3396 can still be lysed to approxi-
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mately 50% under these conditions (Fig. 1 A). Conversely,
the lytic activity of 399 against red blood cells is
completely abolished (Fig. 1B). Taken together, these re-
sults demonstrate that the inclusion of human serum in
in vitro peptide-mediated tumor cell lysis assays is an im-
portant component necessary for accurately evaluating the
potency and potential usefulness of lytic peptides for ther-
apeutic use in vivo.

Because of the dramatic inhibitory effect observed
when human serum is present in peptide-mediated anti-
tumor assays, questions concerning which serum com-
ponents reduce peptide lytic activity, and how this inhibi-
tion is mediated, were addressed. Serum inhibition is not
dependent on small serum components or the native form
of any heat-labile components (Fig. 2). The inhibitory
component(s) were identified as protein(s) (or protein-
bound ligands) of 30,000 mol. wt or higher (Fig. 2), how-
ever, human serum albumin, the most abundant protein in
serum, mediates very little inhibition in these assays
(Fig. 4). This is in contrast to the effect of albumin on
defensin-mediated tumor cell lysis, in which the content of
albumin (in this case bovine) in serum completely accounts
for serum inhibition [25]. The difference in the effect of
albumin on defensin activity versus the activity of C18G
and 399 could be due to sequence specific and/or structural
dissimilarities: defensins form beta sheets rather than alpha
helices [20].

Other amphiphilic alpha-helical peptides have been
shown to readily bind to artificial lipid monolayers and
bilayers [4, 29, 37, 40]. It is possible that the hydrophobic
quality of 399 and C18G allows these peptides to interact
with the lipid bilayer of the cell membrane, and could
allow them to bind to lipoproteins in serum, thereby lead-
ing to inhibition of peptide activity via a decrease in the
concentration of free peptide. For this reason, lipoproteins
were tested and were found to have significant inhibitory
effects on peptide Iytic activity (Fig. 3). Whereas purified
HDL elicited only a low level of inhibition, purified LDL
more closely approximated human serum in its inhibitory
capacity (Fig. 4). The higher lipid content of LDL com-
pared with HDL correlates with higher levels of inhibition,
suggesting that the lipid portion of these lipoproteins may
play a role in their ability to inhibit peptide lytic activity. In
addition to lipoproteins and HSA, there may be other uni-
dentified factor(s) in serum which mediate a reduction in
peptide-mediated cell lysis. Other lytic proteins with simi-
lar secondary structural motifs, such as the ninth com-
ponent of complement [31], perforin [38, 44], and Staphy-
lococcus aureus 0-toxin [42], have also been shown to be
partially inactivated by specific serum lipoproteins.

Examples of serum protein binding by various anti-
cancer drugs and antibiotics have been well documented
[7, 14, 15, 30, 33, 34, 36], and we have found that the
peptides in these studies also bind serum proteins. Results
shown in Table 2 demonstrate that the percent of 399 re-
maining free in solution is always less than that of C18G,
regardless of which solution the peptides have been mixed
with. Compared with C18G, 399 has more potent cytolytic
activity against erythrocytes and tumor cells, but is also
more inhibited by the presence of serum. In addition, 399
potentially forms a more idealized amphiphilic alpha helix

than C18G or magainin 2 (in descending order). It is likely
that the idealized structure of 399 relative to the other two
peptides renders it more successful at interacting with the
hydrophobic environment of the cell membrane, thus lead-
ing to a higher level of cell lysis. This quality of 399 could
also lead to a more extensive and/or tighter association
with serum components relative to C18G, which could be
a factor in the greater serum inhibition observed with 399.
Thus, direct binding of serum components to peptide
molecules could contribute to inhibition of peptide lytic
activity.

However, the results in Table 2 also suggest that the
binding of peptide to other molecules in solution is not
irreversible. For example, 399 elicits a significant level of
cell lysis in the presence of human serum (Fig. 1 A) even
though there is no detectable free peptide in human serum
(Table 2), while the amount of free peptide under relatively
non-inhibitory conditions (IMDM plus 10% FBS) is only
marginally higher (approximately 4%). Although residual
free 399 could be present in filtrates of peptide plus human
serum, there is not enough to cause any measurable lytic
activity. Therefore, in standard cytotoxicity assays contain-
ing 399 and human serum (Fig. 1 A), the residual free 399
which could be present is not enough to account for the
significant cell lysis observed. Also, HSA and HDL exten-
sively bind both peptides (Table 2), but do not significantly
inhibit peptide activity (Fig. 4). Either bound peptide is
active in cell lysis, or, more likely, the cell surface success-
fully competes with serum components (especially HSA
and HDL) for binding to peptide. LDL in serum may bind
peptide more extensively and less reversibly than HSA or
HDL, thereby accounting for the higher level of inhibition
of peptide activity observed with LLDL. Other possibilities
for the mediation of serum inhibition in our assays include
binding of serum components to target cells, thereby
blocking areas on the cell surface such that peptide
molecules must compete for these sites in order to cause
cell lysis.

The data presented here, and by other investigators
[8, 22, 27], clearly demonstrate that peptides which
theoretically form amphiphilic alpha helices can possess
both antibacterial and antitumor properties. On the other
hand, the inhibitory effects of human serum on peptide-
mediated tumor cell killing are dramatic, and should be
considered when determining the potency of various lytic
peptides and in evaluating them for use in in vivo studies.
It will be important to identify peptides that do not linearly
succumb to serum inhibition as potency increases. In addi-
tion, direct binding of peptide to specific serum com-
ponents which do not inhibit lytic activity could actually
increase the half-life of the peptide in vivo. It may also be
possible to favorably affect the pharmacokinetic properties
of conventional drugs by conjugating them to peptides
which interact with serum components.
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