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Gaegurin 5 is a 24-residue, membrane-active antimicrobial peptide isolated from the skin of an Asian frog,
Rana rugosaWe recently reported the antimicrobial activities of two novel undecapeptides derived from

an inactiveN-terminal fragment (residues-1.1) of gaegurin 5 (Won, et al. Biol. Chem2004 279, 14784~

14791). In the present work, the anticancer activities of the two antimicrobial undecapeptide analogues
were additionally identified. The relationships between their structural properties and biological activities
were assessed by characterizing the fundamental structural determinant for the basic membrane interaction.
The circular dichroism and nuclear magnetic resonance results revealed that in a membrane-mimetic
environment, the active peptides adopt a more stabilized helical conformation than that of the inactive
fragment, and this conformation conferred an overall amphipathicity to the active peptides. Therefore, the
most decisive factor responsible for the activity and selectivity could be the intramolecular amphipathic
cooperativity, rather than the amphipathicity itself. Especially, the tryptophan residue of the active peptides
seems to play a crucial role at the critical amphipathic interface that promotes and balances the amphipathic
cooperativity by stabilizing both the hydrophilic and hydrophobic interactions with the membrane. Altogether,
the present results suggest that the two novel undecapeptides are worthy of therapeutic development as new
antibiotic and anticancer agents and provide structural information about their action mechanism.

Introduction molecules for the development of new antibiotic or anticancer
agent£02! GGNs belong to the best understood group of
antimicrobial peptides, which is characterized by their cationic,
amphipathiax-helical propertie€:22In membrane environments,
the peptides adopt an amphipathidelical structure, whereas
they assume a random-coil conformation in aqueous solutions.
Therefore, the peptides are believed to function by the barrel-
stave and/or carpet-like mechanism, leading to bacterial mem-

Membrane-active peptides exhibit many interesting biological
and pharmacological activities, and particularly, membrane-
active antimicrobial peptides are an important component of
the innate defenses of all species of fif€ Many antimicrobial
peptides have little toxicity against animal cells, whereas they
exhibit broad spectra of antimicrobial activity against diverse
microorganisms, |n.clud|ng.drug-reS|stant bacpeng. Ac.cordlnglly, brane disruptiod:?226 |In the former mechanism, the trans-
attention has been increasingly focused on antimicrobial peptides embrane ampHipathia-heIices form bundles p;roducing a
as p(_)tentlal therapeutic agents,_and indeed, s_everal antlmlcrObl.a[;ansmembrane pore. The latter describes merr;brane disintegra-
peptides have been successful in pharmaceutical and commercigf by a disruptioﬁ of the bilayer curvature, leading to
deyelppme_nts of new ant|b|oyésln addition, some of the micellization. In this model, in contrast to the barrel-stave
antimicrobial peptides and their analogues have been found tomechanism the peptides do not penetrate into the hydrophobic
possess fungicidal, virucidal, and tumoricidal activities as well core of the, membrane but rather bind to the phospholipid
as bagterlc]dal activity. Thus, new anticancer developérg;ant using headgroups. For anticancer action, two general mechanisms have
ant|m|crop|al peptides has also been promoted recérify. . been suggested: cell necrosis via plasma membrane disruption

The skin of anurans (frogs and toads) has served as a rich

. . h ; . or induction of apoptosis via mitochondrial membrane disrup-
source of blozic}tll\ge peptl(jes_ that_ can be. subjected to therap_eunction_g In any case, the membrane-interacting ability is regarded
development: Slx_antlmlcrob|al pept|de_s, named 9aeguNns - 45 the most critical factor for both antimicrobial and anticancer
(GGNS), have been isolated from the skin of an Asian frog,

R 4719 and £ th icularly th ith activities of the peptides.
ana rugos and some of them, particularly those wit GGNB5, a 24-residue antimicrobial peptide, is the shortest of
no or little hemolytic activity, are being considered as target

the six GGNs and the one best characterized in terms of its 3D
solution structure and structuractivity relationship?” In an
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Sequence Activity
1 5 10 15 20 24 Antimicrobial Anticancer Cytotoxic Hemolytic
FLGALFKVASKVLPSVKCAITKKC GGNS  30.0(<3.1) 924 (35.0) — 6.8
FLGALFKVASKVL GGN5"® 250 (<3.1) — — 25.8
FLGALFKVASK GGNs“''  >200 (>200) - — 6.1
FLGWLFKVASK A4W-GGN5"'' 184 (<3.1) 82.7(30.5) 3114 6.5
FLGALFKWASK VBW-GGN5"'' 32,8 (12.5) 196.6 (129.5) 434.8 6.2

Figure 1. Comparison of the amino acid sequence and the biological activity between GGN5 and its analogues. Amino acid substitutions are
indicated in bold faced, italicized letters. Antimicrobial activity is expressed by the average ualnel] of the previously determined MICs

against eight different bacteria, four Gram-positie $ubtilis M. luteus S. aureusandS. epidermisand six Gram-negative bacterig.(coli, S.
dysenteriaeS. typhimuriumK. pneumoniagP. mirabilis, andP. aeruginos®? The lowest value of the eight MICs is presented in parentheses. For
anticancer activity, the mean 4@€value against eight different tumor cell lines (A498, A549, HCT116, MCF-7, MKN45, NCI-H630, PC-3, and
SK-OV-3) is presented, with the lowestdgn parentheses. Cytotoxic activity is provided by thed@alue («g/mL) against a normal breast cell

line (MCF10a). Hemolytic activity is represented as % hemolysis at a«00L peptide concentration against human erythrocytes, determined in

the present study for the undecapeptides and determined previously for the?bthers.

Table 1. Antitumor Activities of Paclitaxel, GGN5, A4W-GGN81, and V8W-GGN&11

ICs0: ug/mL 1Cgq: ug/mL
and (M) and uM)
cell line paclitaxel GGN5 A4W-GGNHL VBW-GGN5ViL paclitaxel GGN5 A4W-GGNELL VBW-GGN5VL
A498 0.015 138.06 73.26 214.33 0.196 n.a2 107.69 n.a.
(0.017) (54.1) (56.5) (169.1) (0.229) (83.18)
A549 0.004 145.72 106.27 418.15 0.035 227.45 132.49 n.a.
(0.0049) (57.1) (82.0) (329.9) (0.041) (89.13)  (102.33)
HCT116 0.002 113.31 30.48 144.37 0.007 227.45 72.81 215.08
(0.0024) (44.4) (23.5) (113.9) (0.008) (89.13)  (56.23) (169.82)
MCF-7 0.002 183.74 77.29 198.87 0.013 238.17 141.96 290.14
(0.0019) (72.0) (59.6) (156.9) (0.015) (93.33)  (109.65) (229.09)
MKN45 0.002 34.96 82.70 142.72 0.174 61.22 110.20 191.69
(0.0026) (13.7) (63.8) (112.6) (0.204) (23.99)  (85.11) (151.36)
NCI-H630 0.021 41.85 75.92 129.54 0.317 64.10 105.24 148.80
(0.024) (16.4) (58.6) (102.2) (0.372) (25.12)  (81.28) (117.49)
PC-3 0.015 43.64 123.81 174.15 0.710 58.46 145.27 246.95
(0.017) (17.1) (95.5) (137.4) (0.832) (22.91)  (112.20) (194.98)
SK-MEL-2 0.006 47.47 30.48 n.a2 0.032 46.44 60.56 n.a.
(0.0072) (18.6) (23.5) (0.037) (18.20)  (46.77)
SK-OV-3 0.004 38.28 92.15 150.45 0.060 59.82 115.39 210.19
(0.0050) (15.0) (71.1) (118.7) (0.071) (23.44)  (89.13) (165.96)
MCF-10a 311.38 434.79 n.db n.d.
(240.5) (343.4)

an.a.. not available; reproducible data could not be obtained even by three independent expetimentsiot detected; hardly reached 90% inhibition.

of both length and sequend®.We finally generated two  tural elucidation, an extended examination of bioactivity is
synthetic peptide analogues of GGN5, namely, A4W-G&N5  presented in this article. The present results provide useful
and VBW-GGN5'1, as property-optimized target molecules for  information regarding the structur@ctivity relationships of the
new antibiotic development. These two undecapeptides arenovel bioactive undecapeptides and will encourage advanced
basically composed of the same amino acid sequence as theeptide engineering for the therapeutic development of new
N-terminal 1l-residue fragment of native GGN5 (namely, antimicrobial and anticancer peptides.

GGNSV1Y, except for the fact that they possess a single amino , ,

acid substitution (tryptophan) at position 4 or 8 (Figure 1). Results and Discussion

Despite the fact that they are less than half the size of native Bioactivity. We have previously documented the detailed
GGN5, A4W-GGN&1! and VBW-GGNY showed bactericidal ~ spectrum of the antimicrobial activities of the undecapeptide
activities comparable to that of native GGN5 and depressed analogues A4W-GGN$1! and V8W-GGN51L Many natural
hemolytic activities in the range of that of GGNS5. It is antimicrobial peptides are also known to exhibit anticancer
noteworthy, however, that GGNS exhibited no biological activity 12 Thus, in the present study, we examined the
activity, and GGNS®® (N-terminal 13-residue fragment of anticancer activities of the active undecapeptide analogues,
GGN5) showed significant hemolytic activity as well as although they were not originally designed to possess anticancer

antimicrobial activity. activity. Table 1 summarizes the §6£and 1G, values against
The present study sought to interpret the structativity nine tumor cell lines from different tissues (also refer to
relationships of A4W-GGN%'! and VBW-GGNH1L We in- Supporting Information, Figure 1). Experimental validation was

vestigated the structural determinants of the peptides for performed by confirming that the kg values for the positive
membrane interaction, which is a critical process for their control agent, paclitaxel, agreed well with the literature values.
activity. Generally, the precise spectrum of bioactivity through As a result, the parent molecule GGN5 exhibited moderate
membrane binding can be modified by a specific membrane anticancer activities, with 13 values ranging from 18.98 to
interaction, depending on the lipid composit&§n3° To identify 99.57ug/mL (13.7 to 72.Q«M) against various tumor cell lines.
the common, fundamental determinants for the basic interactionThe active undecapeptide analogues of GGN5 also showed
with the membrane, the 3D structures of these peptides werereasonable anticancer activities against the tumor cell lineg: 1C
solved in an SDS micelle system, which is typically used as a values ranging from 30.48 to 123.g8/mL (23.5 to 95.5:M)
simple membrane-mimetic environmeh#131.3%Prior to struc- for AAW-GGNSY!! and from 129.54 to 418.1bg/mL (102.2
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Table 2. Hemolytic Activities of GGN5N11, A4W-GGN%, and
V8W-GGNIN!! at Various Concentrations

peptide
concn
(ug/mL)

100
200
300
400

percent hemolysis values (%)
A4W-GGNBV1L V8W-GGNINL

6.52 6.21
6.82 6.36
7.12 6.36
9.24 6.67

GGNZ11

6.06
6.06
6.06
6.21

CD (mdeg)

to 329.9 uM) for V8W-GGNSNL Although the anticancer
activities of VBW-GGNS%1! were significantly weaker than
those of GGN5, the anticancer activities of AAW-GGSvere
just slightly less than those of GGN5. In particular, theoC
values of A4AW-GGNH!! against some tumor cell lines, such
as A498, HCT116, MCF-7, and SK-MEL-2, were comparable
to or lower than those of GGN5. These results suggest that the
present antimicrobial peptide analogues are also noteworthy as
potential compounds for the therapeutic development of an (b) MU AL Sjequﬁe“c.f B L
anticancer agent, by proper optimization through chemical 0 7 p ; ;
modifications. In particular, considering their quite smaller size
and comparable activity, the A4W-GGNB and V8W-
GGNBS' peptides would be more useful than the native GGN5
as bioactive material. Thus, the cytotoxicity of the bioactive
undecapeptides was further examined against normal humanFigure 2. Comparison of helical propensity. (a) Far-UV CD spectra
cells. The I1Go value of A4W-GGN®1! against the normal, ~ of GGN5'! (a and d), A4W-GGN%'* (b and e), and VBW-GGN3*
noncancerous breast cell line (MCF10a) was more than 4-fold (C% :rg?c;)lyslﬂi%vgtee\:iéfi}ocrzsaf?g n}?ar:(';’(') n?—igilT/;ﬁlelzis (((%P\}(g\)/vmz
higher than that against the breast tumor cell line, MC_:F-? (Table bars; AAW-GGNS™, black bars; VBW-GGNEH, striped bars). For
1). VBW-GGNB8'!* also showed a more than 2-fold highesdC  the Gly residue, the average chemical shift values of the two detected
value against the normal cells than that against the tumor cells.iHe resonances were applied.
In addition, neither peptide exhibited a significant increase in
hemolytic activity, even at a much higher concentration than sequence variatiorf8.These CD and NMR results implied that
the 1Gyo values against most tumor cell lines (Table 2). Taken the helical propensities in a membrane-mimetic environment
together, the present undecapeptide analogues, especially A4Wwould be directly related to their biological activities. As
GGNBV1L possess favorable activities for therapeutic develop- revealed by the far-UV CD spectra in Figure 2a, the unde-
ment: high antimicrobial activity, moderate anticancer activity, capeptide analogues of GGN5 (GGN§ A4W-GGNS'1L, and
and little cytotoxicity. VBW-GGNS'1Y) have the same conformational preference as
Much is known about the general mechanism by which that of GGN5?7 All of the undecapeptides were unstructured
antimicrobial peptides achieve their strong antimicrobial activi- in water, as evidenced by the strong negative band near 198
ties against microorganisms, with little cytotoxicity against nm and the positive band near 220 #h3°Only the most active
normal human cell$; 8 whereas less is known concerning their peptide, A4W-GGNBL, showed slightly negative signals near
anticancer action mechanism. Generally, antimicrobial peptides220 nm, alluding that the peptide would fold most easily into
function by disrupting cell membranes, and thus, the hydro- an ordered conformation in a membrane environment. Consistent
phobic membrane interaction is the most critical factor for the with the CD spectra, the NMR spectra in water supported a
activity. However, selective membrane permeation is achieved disordered conformation of the three undecapeptides by showing
mainly by the positive charge of the peptides because the a narrow dispersion of the backbone amide proton resonances
bacterial cell membrane surface is negatively charged, unlike and few interresidue NOEs (data not shown). In a widely used
the animal cell membrane surface, which is zwitterionic. membrane-mimetic environment, SDS micef@4!31.3%he CD
Relating to this selective antimicrobial mechanism, the cancer spectra indicated that all of the peptides adopted a helical
cell membrane can be regarded as being similar to the bacterialconformation, as characterized by the strong negative bands from
membrane in that it has up to 8-fold more anionic phospholipids 208 to 222 nm and the strong positive band around 195%#h.
than do normal cell membran&s33 On the basis of these This conformational change from a random-coil in agueous
insights, it could be reasonably assumed that the membranesolution to ana-helix in membrane-mimetic environments is
binding ability is the most critical factor for both the antimi- common to many membrane-binding peptides and, thus, sup-
crobial and anticancer activities. Thus, the structural properties ports the proposal that all three of the peptides would interact
of the bioactive peptides were characterized in detail as follows with biological membranes. However, the degree of conforma-

1 L
220 230
Wavelength

PR

in relation to their membrane interactions.
Conformational Behavior. The native GGN5 peptide adopts

tional change, which could be correlated with the affinity to
the membrane, is distinct between the inactive and active

a mainly unstructured, random-coil conformation in aqueous peptides. As judged from the signal intensities at 208 and 222

solution, whereas it folds into a functional conformation upon
interaction with bacterial membran&s’ The functional struc-
ture of GGNS5 solved in SDS micel®gevealed an amphipathic
a-helix conformation with a helical kink in the middle. The

nm, the helical content of the inactive peptide GGNSs much
lower than that of the active peptides, A4W-GGi¥Eand V8W-
GGNB5'L, In particular, the most active peptide, A4W-GGHE
showed the highest signal intensity at 222 nm, where the helical

present three undecapeptide analogues of GGN5 exhibitedcontent is most critically reflectedf.In contrast, the moderately

distinct biological activities (Figure 1), despite their slight

active peptide, VBW-GGN%1, exhibited a distinctly increased
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Figure 3. Selected region of the 2D NOESY spectra at a certain contour level. The andéd{Horrelation) region for A4W-GGN%! (a) and
the fingerprint (H'—H< correlation) region for VBW-GGN%! (b) are shown. Each peak is labeled with its site-specific assignment, including the
NOE correlation.

signal intensity at 208 nm, which suggests that the peptide Three-Dimensional Solution Structure. To elucidate the
includes a destabilized helix or flexible helical region. The membrane-interacting features that are critical for both the

results of the NMR chemical shift analysis in SDS micelles antimicrobial and anticancer activities of A4W-GGN5 and
VB8W-GGNB5'!L, more detailed information about the functional
structure was obtained by determining their 3D NMR structures

(Figure 2b) agreed well with the CD results. The negatioéH®
(deviation of the'H* chemical shift from its random-coil value)

indicated that all of the peptides possess helical propensityin an SDS micelle solution, as a membrane-mimetic environ-

throughout the entire peptide regi#hThe active peptides,
A4W-GGNBVL and VBW-GGNA1L showed largerAdiH*
values than that of the inactive peptide, GBR5In particular,
the A9H* intensification of the most active peptide, A4W-
GGNSV1L, was larger in théN-terminal region than that of the
moderately active peptide, V8W-GGNB, whereas in the
C-terminal region, V8W-GGN®!! showed a largerAdtH®
intensification. In brief, the CD and NMR results indicated that
the variations in biological activity originate from the differences
in the helical contents or stability in membrane environments.
A comparison between the A4W-GGNS and V8W-GGNH11
peptides suggests thakterminal stabilization is particularly
important for activity, which will be further discussed below.

ment?”32Figure 3 shows the spectral dispersion and interresidue
NOEs supporting the ordered structures of the peptides in SDS
micelles. The NMR assignment results and the distance restraints
for the structure calculation are provided as Supporting Informa-
tion (Tables 1 and 2), and the structural statistics are presented
in Table 3. Consistent with the CD amb'H* investigations
(Figure 2), the ensemble structures of the three undecapeptides
commonly showed helical conformations but differed in the
helical length and stability (Figure 4). For the most active
peptide, A4W-GGNB1Y, a stabilizedx-helix element consisting

of six or seven residues was observed in all of the individual
molecules in the ensemble structure, and d¢hkelix of the
energy-minimized average structure extended fron firseto.
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Table 3. Structural Statistics of A4W-GGN%!, V8BW-GGN5'L, and GGN&11

A4W-GGNBVIL V8W-GGNBEVL GGNaV1L
A. NMR restraints for structure calculation
total distance restraints 105 77 67
intraresidual i(= j) 29 24 31
sequential {I-jl = 1) 48 30 24
medium range (¥ li - jl <5) 28 23 12

B. ensemble statistics (20 conformers)
violation analysi3

average number of violations 0.5 1.2 0.6
per molecule
average value of distance 0.10 0.06 0.06
violation (A)
maximum distance 0.24 0.22 0.21
violation (A)
energies (kcal/mat)
Etotal 11.52+ 0.07 11.52+ 0.07 11.35+ 0.07
Ebonds 0.053+ 0.008 0.052+ 0.004 0.04A 0.005
Eangles 11.184+ 0.02 11.18+0.01 11.03+ 0.01
Enoe 0.00005+ 0.0001 0.0008% 0.0016 0.00094t 0.0017
Eimpropers 0.117+ 0.007 0.113+ 0.007 0.110t 0.006
Evaw 0.169+ 0.052 0.175+ 0.060 0.159+ 0.059
rmsd (A) to mean structute
backbone iro-helix regiorf 0.35+0.12 0.49+ 0.20 0.31+0.15
all heavy atoms im-helix region 1.16+ 0.24 1.34+ 0.30 1.57+ 0.36
backbone in full region (residues-20)° 0.48+ 0.15 0.90+ 0.24 1.36+ 0.34
all heavy atoms in full region 1.28 0.24 1.63+0.32 2.26+ 0.39
Ramachandran plot analys{%o)
residues in most favored regions 89.4 (X00) 75.0 (87.5) 55.6 (50.0)
residues in additional allowed regions 10.6 (0) 23.1(12.5) 38.8 (50.0)
residues in generously allowed regions 0(0) 1.9 (0) 5.6 (0)
residues in disallowed regions 0(0) 0(0) 0(0)

aCalculated by the AQUA prograft. © Calculated in the CNS prograff. ¢ Calculated by the MOLMOL prograr?. ¢ Residues 69 for GGN3V1L,
4—10 for A4W-GGN&'11, and 5-10 for VBW-GGNJ'L, € The residues at termini were excludé@alculated by the PROCHECK progréh 8 The results
for the energy-minimized average structure are presented in parentheses.

Furthermore, as judged from the rmsd value for the whole region membrane interaction would facilitate the adoption of a helical
(0.48 for the backbone; Table 3) of the ensemble structure conformation, which is more favorable for the stabilized
(Figure 4), the helical loop conformation in théterminal interaction. Accordingly, the biological activity, which is
region was rather well-ordered. In contrast, only a few molecules critically mediated by membrane interaction, exhibits a good
in the GGN3'** ensemble structure contained either a short, correlation with the ability to adopt a helical conformation.
4-residuea-helix or a 3j¢-helix, and its energy-minimized S .
average structure showed a shaihelix from Phé to Ala®. In St_ructural Insight into th_e Membrane-Binding Mode. A
addition, the other regions were mainly disordered, yielding a detailed structural comparison between the present undecapep-

rather high rmsd value for the whole region (Table 3). In the tides outlines why the helical adoption is more favorable for

case of the moderately active peptide, V8W-G®N5a-helix stabilized membrane binding, how tryptophan contributes to this
elements in the ensemble structure were frequently found within Stabilization, and what defines the decisive factor for activity.
the region from residues—410, which was similar to A4W- Basically, the amphipathic properties of the peptides could be
GGNBSV1L, However, the helical length of VBW-GGNE was a requirement for the amphiphilic interaction between the
generally shorter than that of A4W-GGNB, and thea-helix peptides and the membrane. In addition, the helical conformation

in the energy-minimized average structure contained residueseffectively confers the amphipathic properties (Figure 5).
from LelP to Sef?. Additionally, a moderately ordered helical  Although all three of the undecapeptides mightdterminally

loop conformation was observed in tNeerminal region, which hydrophilic, because of their LYsSef, and Lyg! residues,
resulted in a moderately high rmsd value for the whole region the extended structures in the membrane-unbound state (modeled
(Table 3). From these inspections, it can be concluded that thej, rigyre 5¢) lack amphipathic characteristics because the side
tryptophan introduced in the active peptides contributed 10 o 5in stretches are randomly directed and not immobilized. In

inducing and stabilizing the helical conformation in their contrast, as illustrated by the NMR structure (Figures 5a and
.membranejbound. states, as supported by other gxarr;ples ShOV\S), the helical structures achieve amphipathic properties along
ing the helix-stabilizing role of a tryptophan resicté” The . . .

the helical axis. When bound to the membrane (schematically

results also indicate that GGNS possesses a basic helical o . . .
propensity, particularly in the region from Ptte Ala® (Figure modeled in Figure 5c¢), the amphipathic structure can contribute

4), which would afford a weak interaction with the membrane. 0 both the hydrophilic interaction with the membrane surface
Then, the substituted tryptophan in A4W-GGN5and V8W- and the hydrophobic interaction with the membrane interior.
GGNBV1 could increase the membrane affinity of the peptides. On the basis of this criterion, the inactive peptide (GGNp
Tryptophan is known as a representative membrane-interactingis just partially amphipathic and not immobilized, whereas the
amino acid, and it often plays an important role by anchoring active peptides (A4W-GGN3! and V8W-GGN4'?) possess
proteins to the lipid bilayet®3°Finally, the tryptophan-induced  overall amphipathicity that is relatively immobilized. Thus, the
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Figure 4. Backbone structures of GGN3 (left), A4W-GGNB'! (middle), and VBW-GGNS! (right) in SDS micelles. (a) Stereo representations

of the peptide backbones and the tryptophan side chains. The 20 structure ensembles were superimposed by matching the backbone,atoms (N, C
and C) in the structuredh-helix region (residues-69 for GGNB'L, 4—10 for A4W-GGND'%L, and 5-10 for VBW-GGN'YY). Sequence variations

are indicated by the underlined bold faced, italicized letters. (b) Distributions of backbone dihedral angles. Thefeizerage e (O) angles with

standard deviations (error bars) of the 20 structure ensembles are plotted along the sequences. (c) Location of the stabilized helix. Theshelix regio
are indicated by thick lines along the sequence. The top lines are for the energy-minimized average structures (Figure 5) and the others are for the
20 structure ensembles.

structural amphipathicity, which is provided by the helical peptides (Figure 5). In the structure of the moderately active
conformation, seems to be a critical requirement for biological peptide (V8W-GGNS), both the hydrophobic and hydrophilic
activity. clusters are less compact than in the most active peptide (A4W-
Why do the two active peptides exhibit different degrees of GGNSV1Y) but are more converged than in the inactive peptide
activity? This question can be answered by a more detailed (GGN3'Y). Consequently, the most decisive factor for biological
inspection of the amphipathic properties. As shown in Figure activity seems to be the intramolecular amphipathic cooperat-
5, the hydrophobic side chains in the inactive peptide are widely ivity, rather than amphipathicity itself.
dispersed and scarcely contact each other, and the two lysines Finally, another critical factor determining the activity and
are not closely oriented. However, in the most active peptide selectivity is found in the location and orientation of the
(A4W-GGNSV1Y), the hydrophobic side chains, including the tryptophan residues in the active peptides. The only difference
tryptophan indole ring, converge into a hydrophobic cluster in the amino acid sequence between the inactive and active
centered at the Léwside chain, which is located and oriented peptides is the tryptophan, which means that all of the strueture
in the direction exactly opposite to that of the lysine side chains. functional differences originated from this amino acid. In our
In other words, the hydrophobic side-chains, except for the previous examination®,the peptide GGN%'3 (N-terminal 13-
flexible Phé, are oriented in close proximity, making frequent residue fragment of GGN5; Figure 1) showed significant
contacts with each other. This hydrophobic network is visualized hemolytic activity as well as high antimicrobial activity.
by the frequent overlapping of the side chain surfaces in Figures Compared to GGN%1, GGNB13 contains two more hydro-
5a and ¢ and is also supported by the NOESY spectra thatphobic residues (V& and Led®) at the C-terminus, which
contain interresidue NOEs between these side chain atoms (datavould significantly contribute to the hydrophobic cooperativity
not shown). In addition, because the helix in A4W-GGN5s but not to the hydrophilic cooperativity. In contrast, because of
stabilized up to theC-terminus (Figure 4), the two lysine the single tryptophan residue, the hemolytic activity of A4W-
residues in the peptide are closer to each other than in the otheiIGGNS'! and VBW-GGN%1! was effectively depressed, despite
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Figure 5. Amphipathic properties of GGN%! (top), A4W-GGN&"1! (middle), and VBW-GGN%!! (bottom) in SDS micelles. The coordinates of

the energy-minimized average structures were used for the drawing. Peptide backbones and side chains are illustrated as ribbon and siit, presentati
respectively. The molecular surfaces are also presented in panels a and c. Colors are designated as follows: gray for backbone, blue for lysine
(cationic, hydrophilic amino acid), yellow for glycine and serine (neutral and polar amino acids, respectively), green for tryptophan (amphiphili
amino acid), and red for the others (hydrophobic amino acids: alanine, valine, leucine, and phenylalanine). (a) Stereo representationuséthe struct

The viewpoint is approximately perpendicular to the helical axis. (b) Helical wheel diagram. The viewpoint is frirtetfmeinus to theC-terminus.

(c) Schematic model of membrane binding. The surface colors are identical to the side chain colors.

high antimicrobial activity. This selective activity implies that the hydrophilic surface and the hydrophobic interior of the
tryptophan would contribute to both hydrophobic and hydro- membrane (Figure 5c¢). It is noteworthy that tryptophan is highly
philic interactions between the peptides and biological mem- amphiphilic in nature because its indole side chain is composed
branes. In both of the active undecapeptides, one interfaceof a hydrophilic pyrrole ring and a hydrophobic benzene ring.
between the hydrophobic side and the positively charged As shown in Figure 5, the tryptophan indole side chains in the
hydrophilic side (lysine residues) is occupied by the polar amino active peptides are positioned commonly in the direction
acid serine and the neutral amino acid glycine, whereas the otheropposite to the direction of the lysine stretches, and thus, the
interface forms a critical boundary between the hydrophilic and hydrophilic pyrrole ring and the hydrophobic benzene ring are
hydrophobic sides (Figure 5b). The tryptophan residue is located oriented toward the hydrophilic and hydrophobic faces, respec-
at this critical amphipathic interface of the active peptides, and tively, of the peptides. This means that the indole side chain
thus, it is reasonable to expect that tryptophan, in the membranesprobably plays a dual role that contributes to the hydrophilic
bound peptide, would be positioned at the interface between cooperativity by the pyrrole ring and the hydrophobic cooper-
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ativity by the benzene ring. In addition, the tryptophan residues obtained from various manufacturers. The chemically synthesized
seem to play a regulatory role by balancing the hydrophobic GGN5 (sequence: FLGALFKVASKVLPSVKCAITKKC) was
and hydrophilic interactions. The amino acid sequence of the purchased from ANYGEN (Kwang-ju, Korea; URL, http://ww-
present undecapeptides is roughly characterized byNthe  W-anygen.com). The other peptides (GBNSA4W-GGNS™, and
terminal region (up to PR where hydrophobic amino acids ~V8W-GGNS™ Figure 1) were synthesized by solid-phase methods
are abundant, and the-terminal region (from Lyd, where using standard Fmoc chemistry, as described in detail previéusly.

hydrophilic amino acids are predominant (extended structures Anticancer and Hemolytic Assay.The anticancer activities of
in Figure 5¢). Thus, the tryptophan position in A4W-GGN5 the present antimicrobial peptides were assessed from their cyto-

; ; ; .. toxicity against nine tumor cell lines from different tissues: A498

is closer to the hydrophobic residues than the hydrophilic

residues Whereas)ihe I|[c))osi'[ion in V8W-GGiU5is clo)s/er t?) Ek|dney),h,)0\54gl(lugg%, (|_||CT§16 C(:cgkzn), MCF57ébreaSt)’£A z( EA'?
T . . ) . (stomach), NCI-H iver), PC-3 (prostate), SK-MEL-2 (skin),

the hydrophilic residues. As demonstrated in Figure 5, this and SK-OV-3 (ovary). A normal breast cell line (MCF10a) was

results in the indole ring in A4W-GGNS* being flipped toward ;504 a5 a negative control cell line, and a conventional drug
it s oo ot & o, . LS A o posts cort e e
. assay was performe the typical microculture MTT metHddl.
contrast, the indole ring in V8W-GGN% is flipped over, which Briefl);/, the F():ells were sz/aededygt 0:26.5 x 10* cells/mL/well in
maximizes the hydrophilic interaction of the pyrrole ring. The 96 -well microtiter plates. The cells were then incubated atG7
minute variation in this tryptophanyl regulation seems to result overnight. When they were in the exponential growth phase, the
in the slight difference in activity and selectivity between the drug was added. The cells in the wells were inoculated or not
A4W-GGNBN!L and VBW-GGNY1! peptides. inoculated with the compounds dissolved in dimethyl sulfoxide.
Concluding Remarks. On the basis of our structural Aftera3dayincul:_)ation with the drug, 50 of a 2 mg/mL solution
investigations, the structuractivity relationships of the bio- ~ ©f MTT reagent (in PBS at pH 7.0) was added to each well and
active undecapeptides can be summarized as follows. Thelncubated for 3 h. After removing the supernatant, 180 of
antimicrobial and anticancer activities of the peptides probably dimethyl sulfoxide was added, followed by gentle shaking to

lat ith thei b bindi finity.  Althouah dissolve the formazan crystals that remained in the wells. The
corre;\l‘l? r:N' eir membrane-binding aftinity. hO_UQ hi absorbance was immediately recorded using a microplate reader at
GGN as a basic propensity to assume an amphipathic 570 nm_ wells without drugs were used for control cell viability,

helical conformation leading to membrane interaction, its and wells without cells were used to blank the spectrophotometer.
membrane-binding affinity is not sufficient to yield biological  cell growth inhibition was calculated by means of the formula %
activity and selectivity via selective membrane permeation inhibition = (1-(absorbency of treated cells/absorbency of untreated
because its amphipathicity and amphipathic cooperativity are cells)) x 100. |G, and 1Gyg values for each cell line were evaluated
not strong enough to stabilize membrane binding. However, the at drug doses causing 50% and 90% absorbance reduction,
introduced tryptophan increases membrane-binding affinity so respectively, in comparison to those of untreated control cells.
that the amphipathic helical structures of the membrane-boundHemolytic activities of the undecapeptides were measured against
peptides are more stabilized. Then, the tryptophan at the human red blood cellsz as described previod%R?;21-27and were .
amphipathic interface strengthens the amphipathic interaction defined as % hemolysis values, compared to that by 0.2% Triton
between the peptide and membrane by stabilizing both the X-1QO. ) ) )
hydrophilic interaction with the membrane surface and the _ Circular Dichroism. For CD spectroscopy, a precise amount
hydrophobic interaction with the membrane interior. Conse- ©f the peptide powder was dissolved to a final concentration of 50
quently, the single amino acid substitution with tryptophan at #M in water and a l_oﬁTsl\l/'gDS solution, which is above its critical
position 4 or 8 loads both the activity and selectivity on the r2n|c°ellar concentratiort-****Far-UV CD spectra were obtained at

. - . 0°C on a JASCO J-720 spectropolarimeter, using a 0.2 cm path-
peptides. If the tryptophan position is more favorable for

. b - T length cell. CD scans were taken from 250 to 190 nmhwitl nm
hydrophobic cooperativity than hydrophilic cooperativity, as at bandwidth a 4 sresponse time, a scan speed of 50 nm/min, and a

position 4 of AAW-GGN3J*, then the activity enhancing effect g2 nm step resolution. Three scans were added and averaged,
becomes larger than the selectivity enhancing effect. If the followed by subtraction of the CD signal of the solvent.
position is more favorable for hydrophilic cooperativity, as at  NuRr Spectroscopy and Structure Calculation.Samples for
position 8 of VBW-GGN3™, then the activity enhancing effect  NMR measurements contained 3 mM peptide in a 300 mM SDS-
becomes smaller, but the selectivity may be more significantly d,; solution containing 7% BD at pH 4.0. Conventional 2D DQF-
enhanced. With this regulation, the novel undecapeptide A4W- COSY, TOCSY (60 ms mixing time), and NOESY (80 and 150
GGNB5'! could possess notable antimicrobial and anticancer ms mixing times) spectra were acquired by using a Bruker DRX-
activities with effectively depressed hemolytic activity. 500 spectrometer at 313 K. Thd chemical shifts were referenced

Taken together, the present results suggest the powerful utility directly to the methyl signals of sodium 4,4-dimethyl-4-silapentane-
of the indole moiety at the amphipathic interface for antimi- 1-sulfonate. The sequence-specific assignments of the proton
crobial and anticancer peptide engineering and the practical'éSonances were achieved by spin system |dent|f|cat|o_n from_ the
potential of the A4W-GGN&! peptide as a good lead molecule 1 9CSY and DQF-COSY spectra, f,‘),"o"‘ﬁ‘f by sequential assign-
for the therapeutic development of new antimicrobial and/or Ments through the NOE connectivifi€s'# Distance restraints

: S . .~ were obtained mainly by manual assignments of the NOE cross-
anticancer agents. For this, it will be important to determine

A . . peaks in the NOESY spectra, and the CANDID module in the
how the tryptophanyl contribution and the amphipathic coop- CYANA 2.0 program? was used to assign some ambiguous NOE

erativity are specifically regulated, depending on the various cross-peaks. A total of 100 structures without any significait 6

lipid compositions of biological membranes. A) violation were calculated for each peptide by the simulated
. . annealing and energy minimization protocol in the program CNS
Experimental Section 1.143 Finally, 20 structures with the lowest energies and without

Materials and Peptide Preparation.Fmoc (9-fluorenylmethox- distance violations over 0.3 A were accepted for each peptide to
ycarbonyl)-protected amino acids and Rink Resins were obtained represent ensemble structure and to obtain the energy-minimized
from Advanced Chemtech, Inc. HPLC solvents were from Fisher average structure. The ensemble structures were validated by the
Scientific. SDSe,s was obtained from Isotec, and all other PROCHECK and AQUA progranté.The rmsd values, secondary
chemicals were of either analytical or biotechnological grade, structure elements, and dihedral angles of the ensemble structures
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were analyzed by the program MOLMGEThe molecular graphics
images in this article were produced by the UCSF Chimera
progranm?®
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