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Hydrophobic Determinants of a-Defensin Bactericidal Activity

Kenneth P. Tai, Valerie V. Le, Michael E. Selsted, André J. Ouellette

Department of Pathology and Laboratory Medicine, University of Southern California Norris Comprehensive Cancer Center, Keck School of Medicine, University of

Southern California, Los Angeles, California

Mammalian a-defensins are approximately 4- to 5-kDa broad-spectrum antimicrobial peptides and abundant granule constitu-
ents of neutrophils and small intestinal Paneth cells. The bactericidal activities of amphipathic a-defensins depend in part on
electropositive charge and on hydrophobic amino acids that enable membrane disruption by interactions with phospholipid
acyl chains. Alignment of a-defensin primary structures identified conserved hydrophobic residues in the loop formed by the

111

Cys

-Cys" disulfide bond, and we have studied their role by testing the effects of mutagenesis on bactericidal activities. Mouse

a-defensin 4 (Crp-4) and rhesus myeloid a-defensin 4 (RMAD-4) were selected for these studies, because they are highly bacteri-
cidal in vitro and have the same overall electropositive charge. Elimination of hydrophobicity by site-directed mutagenesis at
those positions in Crp-4 attenuated bactericidal activity markedly. In contrast to native Crp-4, the (123/F25/L26/G)-Crp-4 vari-
ant lacked bactericidal activity against Salmonella enterica serovar Typhimurium and did not permeabilize Escherichia coli
ML35 cells as a result of removing aliphatic side chains by Gly substitutions. Ala replacements in (123/F25/L26/A)-Crp-4 restored
activity, evidence that hydrophobicity contributed by Ala methyl R-groups was sufficient for activity. In macaques, neutrophil
a-defensin RMAD-6 is identical to RMAD-4, except for a F28S difference, and (F28S)-RMAD-4 mutagenesis attenuated RMAD-4
bactericidal activity and E. coli permeabilization. Interestingly, (R31/32D)-Crp-4 lacks activity in these assays despite the pres-
ence of the Ile23, Phe25, and Leu26 hydrophobic patch. We infer that electrostatic interactions between cationic a-defensin resi-
dues and negative charge on bacteria precede interactions between critical hydrophobic residue positions that mediate mem-

brane disruption and bacterial cell killing.

,VI ammalian a-defensins are ~4.5-kDa, cationic, broad-spec-
trum microbicidal peptide effectors of innate immunity in
phagocytic leukocytes and in the small intestinal lumen following
secretion by Paneth cells (1-3). The canonical a-defensin tertiary
structure formed by C'-CY!, C"-C", C"™-CV disulfide pairings
constrains the peptides into a common triple-stranded, (3-sheet
topology that brings the N and C termini into proximity (4-9).
Despite their shared biochemical features and common overall
topology, a-defensin peptides have highly diverse primary struc-
tures, and individual molecules may differ in target cell specifici-
ties and mechanisms of action. For example, human Paneth cell
a-defensins HD5 and HD6 have very different primary structures
(10), and HD5 has direct bactericidal effects, but HD6 lacks such
activity. Instead, HD6 forms higher-ordered self-assemblies that
entrap bacteria in nanonets, a mechanism of action unique to
the HD6 molecule (11). Because the variable a-defensin pri-
mary structures share the same peptide topology (1), discern-
ing common determinants of bactericidal activity has proven
challenging.

Conserved or canonical a-defensin characteristics include the
tridisulfide array, an Arg-Glu salt bridge, and an invariant Gly
residue in the beta bulge position, but none of these features
determines microbicidal activity per se (9, 12—15). For example,
disulfide-null mutants of Crp-4 and RMAD-4 are more bacteri-
cidal than the native molecules against certain microbes, but di-
sulfide mutagenesis results in susceptibility to proteolysis (15). In
addition, Arg-Glu salt bridge variants of HD5 and Crp-4 retain
bactericidal activity but fold less efficiently and are sensitive to
proteolysis (14, 16). a-Defensin microbicidal activity requires
electropositive charge as inferred from Crp-4 loss of function
caused by charge reversal or charge neutralization mutations at
varied Arg residue positions (15, 17-19). Complete Arg-to-Lys
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substitutions in both Crp-4 and HNP-1, but not in RMAD-4,
attenuate in vitro bactericidal activity and also increase sensitivity
to NaCl inhibition in the three peptides (18, 19).

The amphipathicity of a-defensins has long been recognized
(20-22), yet the contribution of specific hydrophobic residue po-
sitions to antimicrobial activities has not been investigated in di-
verse a-defensins. An alanine mutagenesis scan of HNP-1 showed
that (W26A)-HNP-1 had reduced bactericidal activity against
Staphylococcus aureus, and substitutions at Trp26 with aliphatic
amino acids of variable chain length restored activity (23). By
aligning the primary structures of several a-defensins, Trp26 in
HNP-1 was recognized to be one of several aliphatic and aromatic
residue positions that occur in conserved hydrophobic region, or
“patch,” near the C termini of many a-defensins (Fig. 1). To test
whether this cluster of hydrophobicity is a determinant of a-de-
fensin bactericidal activity, hydrophobic residues in the patch
were mutagenized in two microbicidal a-defensins: Crp-4, a
highly cationic mouse Paneth cell a-defensin, and RMAD-4,
a macaque neutrophil a-defensin of equal charge. Gly or Ser
substitutions generating (123/F25/L26/G)-Crp-4, (F25/L26/S)-
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Human
HNP-1
HNP-2
HNP-3
HNP-4
HD-5
HD-6
Mouse
Crp-1
Crp-4
Crp-5
Crp-6
Crp-20
Crp-21
Rat
RD=-5
NP3B
NP-1
NP-2
NP-6
Rabbit
NP-4
NP-6
NP-3A
NP-5
Macaque
RMAD-1
RMAD-2
RMAD-3
RMAD-4
RMAD-6
RMAD-8
RED-1
RED-2
RED-3
RED-4
RED-5
RED-6

ACYCRIPACIAGERRYGTCIYQGRLWAFCC
CYCRIPACIAGERRYGTCIYQGRLWAFCC
DCYCRIPACIAGERRYGTCIYQGRLWAFCC
VCSCRLVFCRRTELRVGNCLIGGVSFTYCCTRVD
ATCYCRTGRCATRESLSGVCEISGRLYRLCCR
AFTCHCRRS-CYSTEYSYGTCTVMGINHRFCCL

LRDLVCYCRSRGCKGRERMNGTCRKGHLLYTLCCR
GLLCYCRKGHCKRGERVRGTC-G--IRFLYCCPRR'
LSKKLICYCRIRGCKRRERVFGTCRNLFLTFVFCCS
LRDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR
LHEKSSRDLICYCRKGGCNRGEQVYGTC-S~~-GRLLFCCRRRHRH
LSRDLICLCRNRRCNRGELFYGTC-A--GPFLRCCRRRR

LRDLKCFCRRKSCNWGEGIMGICKKRYGSPILCCR
CSCRTSSCRFGERLSGACRLNGRIYRLCC
VICYCRRTRCGFRERLSGACGYRGRIYRLCCR
VICSCRTSSCRFGERLSGACRLNGRIYRLCC
GICACRRRFCLNFEQFSGYCRVNGARYVRCCSRR

VSCTCRRFSCGFGERASGSCTVNGVRHTLCCRR

GICACRRRFCLNFEQFSGYCRVNGARYVRCCSRR
ICACRRRFCPNSERFSGYCRVNGARYVRCCSRR

VFCTCRGFLCGSGERASGSCTINGVRHTLCCRR

ACYCRIPACLAGERRYGTCFYLGRVWAFCC
ACYCRIPACLAGERRYGTCFYMGRVWAFCC
ACYCRIPACLAGERRYGTCFYRRRVWAFCC
RRTCRCRFGRCFRRESYSGSCNINGRIFSLCCR'
RRTCRCRFGRCFRRESYSQSCNINGRISSLCCR'
ACYCRIPACLAGERRYGTCFYLRRVWAFCC
RTCRCRIRRCRGLESSFGNCILHGQFAKLCCR
FTCHCRIGRCSWFETRFGSCTLLGLAANLCCR
HTCYCRNKRCFTPEFHAGKCKVEGRTYKLCCR
RTCYCRTGRCYTPEFHSGKCVFNGRTYKLCCR
MICLCRIGRCSWREAHFGSCTKMGQFAKICCRRAS
RNCHCRIGHCRRPAAPMGVCIIHGQFGKLCCR

FIG 1 Alignment of a-defensins discloses a conserved hydrophobic patch. The primary structures of human neutrophil a-defensins (HNPs), human Paneth cell
a-defensins (HD-5 and HD-6), mouse Paneth cell a-defensins (Crps), rat Paneth cell a-defensin (RD-5), rat neutrophil a-defensins (NP3B, NP-1, NP-2, and
NP-6), rabbit neutrophil a-defensins (NP-3A, NP-4, NP-5, and NP-6), rhesus macaque Paneth cell a-defensins (REDs), and rhesus macaque myeloid a-de-
fensins (RMADs) were aligned in single-letter notation using the Cys' residue position as the reference point. Dashes (“-”) in the HD-6 and Crp-4, -20, and -21
sequences were introduced to maintain alignment of Cys residues in all sequences. Residue positions with hydrophobic side chains near the peptide C termini
between Cys residue positions 4 and 5 are shaded, and asterisks denote the three naturally occurring a-defensins investigated in these studies.

Crp-4, and (F28S)-RMAD-4 (Fig. 2) resulted in loss of bacteri-
cidal activity associated with reduced patch hydrophobicity. Also,
the ability to permeabilize Escherichia coli at low peptide concen-
trations was lost in the less hydrophobic variants, showing that
hydrophobicity at specific residue positions is a critical determi-
nant of bactericidal activity in these a-defensin peptides.

MATERIALS AND METHODS

PCR mutagenesis at a-defensin hydrophobic residue positions. Crp-4
and RMAD-4 peptides were prepared as described previously (24-28).
Briefly, recombinant peptides were expressed in E. coli as Hiss-tagged
fusion proteins using the pET28a expression vector (Novagen, Inc., Mad-
ison, WI) at the EcoRI and Sall sites. Methionine codons introduced at the
N termini of all expressed peptide products provided unique CNBr cleav-
age sites for removal of the N-terminal His, tags after Ni** affinity puri-
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fication. Primers and the PCR-based mutagenesis approach are summa-
rized in Table S1 in the supplemental material.

Recombinant peptide expression and purification. Recombinant
a-defensins were expressed as Hisg-tagged peptides. E. coli BL21(DE3)-
CodonPlus-RIL cells were grown in Terrific broth with shaking at 37°C to
an optical density at 600 nm of 0.6, and recombinant protein expression
was induced by the addition of 0.1 mM IPTG (isopropyl-B-p-thiogalac-
topyranoside). Bacterial cells were harvested by centrifugation after
growth at 37°C for 4 to 6 h after induction and stored overnight at —20°C.
Bacteria were lysed by resuspending cell pellets in 6 M guanidine-HCl-
100 mM Tris-HCI (pH 8.1) and sonicated. Lysates were clarified by cen-
trifugation, and recombinant His, tag fusion proteins were purified using
nickel-nitrilotriacetic acid (Ni-NTA; Qiagen) resin affinity chromatogra-
phy, dialyzed in 5% acetic acid, and then lyophilized. The Met residue
incorporated at the N termini of peptide constructs provided a unique
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Crp4
GLECYCRKGHCKRGERVRGTCGIRFLYCCPRR
(R31/R32/D)-Crp4
GLLCYCRKGHCKRGERVRGTCGIRFLYCCPDD
(123/F25/L26/G)-Crp4
GLLCYCRKGHCKRGERVRGTCGGRGGYCCPRR
(123/F25/L26/A)-Crp4
GLLCYCRKGHCKRGERVRGTCGARAAYCCPRR
(F25/L26/S)-Crp4
GLLCYCRKGHCKRGERVRGTCGIRSSYCCPRR
Pro-RMAD-4

KSLQETADDAATQEQPGEDDQDLAVSFEENGLSTLRASGSQA
RRTCRCRFGRFRESYSGSCNINGRIFSLCCR

RMAD-4
RRTCRCRFGRFRESYSGSCNINGRIFSLCCR
RMAD-6
RRTCRCRFGRFRESYSGSCNINGRISSLCCR

FIG 2 Primary structures of a-defensins and peptide variants investigated.
Crp-4, (R31/R32/D)-Crp-4, (123/F25/L26/G)-Crp-4, (123/F25/L26/A)-Crp-4,
(F25/126/S)-Crp-4, proRMAD-4, RMAD-4, and RMAD-6 were aligned in
single-letter notation. Amino acid substitutions introduced by mutagenesis
(see Materials and Methods) in Crp-4 or RMAD-4 are denoted by boldface
italics and underlined.

cyanogen bromide (CNBr) site for cleavage and separation of defensin
peptides from His,-tagged fusion linkers. Lyophilized peptides were dis-
solved in 80% formic acid, reaction mixtures were adjusted to 10 mg of
CNBr/ml and incubated overnight in the dark at room temperature, and
reactions were quenched by the addition of 10 volumes of H,O and ly-
ophilized. Peptides were purified to homogeneity by successive rounds of
reversed-phase high-performance liquid chromatography as assessed by
acid-urea polyacrylamide gel electrophoresis, a highly sensitive method
for resolving correctly folded peptides from misfolded forms. Molecular
masses were verified by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry, and peptides were quantified by using extinc-
tion coefficient calculations at 280 nm, obtained at EXPASY (http://ca
.expasy.org/tools).

Bactericidal assays. Recombinant peptides were tested for microbici-
dal activity against E. coli ML35, Vibrio cholerae 0395, S. aureus 710a, S.
aureus 502a, Listeria monocytogenes 10403s, Salmonella enterica serovar
Typhimurium 14028s, S. enterica serovar Typhimurium CS022, S. en-
terica serovar Typhimurium JSG210, and S. enterica serovar Typhimu-
rium AphoP mutant. Exponentially growing bacteria were deposited by
centrifugation at 10,000 X gfor 3 min and washed three times with 10 mM
PIPES (pH 7.4) supplemented with a 0.01 volume of 1% (vol/vol) Tryp-
ticase soy broth (10 mM PIPES-TSB; pH 7.4), and approximately 1 X 10°
to 5 X 10° CFU of bacteria/ml were exposed to peptides in 50-pl incuba-
tion mixtures. Assay tubes were incubated at 37°C with shaking for 1 h,
diluted 1:100 in 10 mM PIPES (pH 7.4), and plated on TSB agar plates
using an Autoplate 4000 (Spiral Biotech, Inc., Bethesda, MD). After incu-
bation overnight at 37°C, bacterial cell survival was determined by count-
ing CFU. The bactericidal assays shown below are representative of two or
three replicate assays performed on separate days.

Peptide-mediated permeabilization of live E. coli. a-Defensin-me-
diated permeabilization of live E. coli was assayed by measuring hydrolysis
of ONPG (o-nitrophenyl-B-p-galactopyranoside) by cytosolic 3-galacto-
sidase (3-Gal) and colorimetric detection of o-nitrophenol (ONP), the
product of ONPG hydrolysis. Permease-deficient, 3-Gal-constitutive E.
coli ML35 cells allow ONPG to diffuse into cells after peptide-induced
membrane disruption, which is then hydrolyzed by intracellular 3-Gal. In
triplicate, log-phase E. coli ML35 cells were washed and resuspended in 10
mM PIPES-TSB, and the cells (5 X 10° CFU/ml) were exposed to peptides
and 2.5 mM ONPG for 2 h at 37°C in 100 .l of PIPES-TSB. The kinetics of
ONPG conversion to ONP was measured at A5 using a SpectraMAX
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plate spectrophotometer (Molecular Devices, Sunnyvale, CA). Results are
shown with the standard deviations.

Kyte and Doolittle hydropathy analyses. Hydropathicity of Crp-4
and Crp-4 mutant primary structures was assessed according to the
method of Kyte and Doolittle (29). Peptide amino acid sequences were
entered into the ProtScale tool on ExPaSy (30) and exported as both
numerical and graphical data based upon the hydropathy parameters of
Kyte and Doolittle.

RESULTS

Deletion of hydrophobic side chains attenuates Crp-4 bacteri-
cidal activity. Gly substitutions at three aliphatic/aromatic resi-
dues in the Crp-4 hydrophobic patch attenuate bactericidal activ-
ity. A W26A substitution in HNP-1 attenuated bactericidal
activity against S. aureus (23), and alignment of known a-defensin
primary structures showed that HNP-1 Trp26 occurs in a hydro-
phobic patch conserved in a-defensins in the loop that is formed
by the invariant Cys™-Cys" disulfide bond (Fig. 1). To test the
hypothesis that patch hydrophobic residues are determinants of
bactericidal activity, hydrophobic side chains of the patch were
ablated by Gly substitutions to produce homogeneous (data not
shown) (123/F25/L26/G)-Crp-4 (Fig. 2) for in vitro bactericidal
assays. Under these conditions, (123/F25/L26/G)-Crp-4 had bac-
tericidal activity that was markedly lower than native Crp-4
against E. coli ML35, S. Typhimurium 14028s, and L. monocyto-
genes 10403s, representative Gram-positive and Gram-negative
bacterial species (Fig. 3). These dose-response assays shown are
representative of two or three replicate assays performed on
separate days. Because peptide differential activities are more
evident when assayed against organisms with low AMP sensi-
tivity, we assayed the peptides against phoP constitutive S. Ty-
phimurium CS022, a strain with low a-defensin sensitivity and
found that (I123/F25/L26/G)-Crp-4 lacked activity compared to
Crp-4 (Fig. 3D).

Reducing patch hydrophobicity delays Crp-4 permeabiliza-
tion of E. coli. Many a-defensins kill bacteria by selective disrup-
tion of cell membranes by forming stable pores or by creating
transient defects that lead to a loss of cell integrity (24, 26, 31, 32).
To test whether attenuation of (123/F25/L26/G)-Crp-4 bacteri-
cidal activity results from impaired ability to permeabilize bacte-
rial cells, E. coli ML35 cells were exposed to Crp-4, (123/F25/1.26/
G)-Crp-4, and (R31/32/D)-Crp-4 in the ONPG conversion assay
(32). In this assay, permeabilization or membrane disruption of E.
coli enables the lactose analog ONPG to diffuse into the cell cyto-
sol, where constitutively expressed B-Gal converts colorless
ONPG to ONP, which is measured based on the absorbance at 450
nm (see Materials and Methods). Crp-4 induces rapid ONPG hy-
drolysis at low micromolar peptide concentrations (19, 32), and
the ONP production by E. coli ML35 exposed to 3 uM Crp-4 or
(123/F25/L26/G)-Crp-4 was similar (Fig. 4A). However, at re-
duced peptide levels (1.5 uM), ONP production by (123/F25/L26/
G)-Crp-4 was markedly lower than native Crp-4 (Fig. 4B), a find-
ing consistent with peptide levels required for bactericidal activity
(Fig. 3A). It should be noted that the kinetics and extent of ONPG-
to-ONP conversion in E. coli ML35 cells exposed to defensins is
not necessarily coincident with bacterial cell killing. For example,
a 1-h exposure to 3.3 uM (123/F25/L26/G)-Crp-4 reduced ML35
cell survival ~5-fold (open symbols, Fig. 3A). In the permeabili-
zation assays, ONP production was delayed in cells exposed to
Gly-substituted Crp-4, and conversion was lower at the 1-h time
point. A correlation exists between cell killing and permeabiliza-
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-e- Crp-4
-0- (123/F25/L26/G)-Crp-4
-v- (R31/R32/D)-Crp-4

107
106
105
104
10°%

E. coli ML35

107
106
105
10
10°

/

L. monocytogenes 104038

107
108
105
104
10%

Bacterial Cell Survival (CFU/mlI)

/1

S. Typhimurium 14028S

107
108 =0
105
10
108
S. Typhimurium CS022
0 13 33 6.6
Peptide (M)

FIG 3 Substitutions in the conserved hydrophobic patch attenuate Crp-4
bactericidal activity. Exponentially growing E. coli ML35 (A), L. monocytogenes
10403s (B), S. Typhimurium 14028s (C), and S. Typhimurium CS022 (D) were
exposed to peptides for 1 hat 37°C in 50 pl of PIPES-TSB buffer (see Materials
and Methods). Peptide bacterial mixtures were plated on TSB-agar and incu-
bated overnight at 37°C, and surviving bacteria were counted as CFU/ml at
each peptide concentration. Assays shown are representative of two or three
replicate assays performed on separate days. Values of =10° CFU/ml signify
that no colonies were detected on plates after overnight growth.

tion, but no direct relationship between ONP values and cell death
has been determined. Thus, Gly substitutions that remove local
hydrophobicity in the patch attenuate Crp-4 bactericidal activity
and impair E. coli cell permeabilization by membrane disruption,
demonstrating a role for these residues in Crp-4 bactericidal ac-
tivity. The double charge reversal peptide (R31/32D)-Crp-4 lacks
bactericidal activity in these assays (15), even though it has a com-
plete Ile23, Phe25, and Leu26 hydrophobic patch (Fig. 3 to 5). In
the context of the Crp-4 molecule, it appears that electropositive
charge contributes an essential function that precedes bilayer dis-
ruption by hydrophobic side chains.

Ala patch substitutions retain Crp-4 bactericidal activity. To
test the effect on bactericidal activity of reducing, rather than ab-
lating, hydrophobicity in Crp-4 at Ile23, Phe25, and Leu26, (123/
F25/L26A)-Crp-4 and Crp-4 were compared in in vitro bacteri-
cidal assays. (I123/F25/L26A)-Crp-4 and native Crp-4 were equally
active against S. aureus 502A, S. Typhimurium 14028S, and V.
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0.30
-e- Crp-4 3 uM
| -o- (123/F25/L26/G)-Crp-4
-v- (R31/R32/D)-Crp-4
0.20 {
€ 0.10
C
[Tp]
o
N
Q
2 0.30
g -e- Crp-4 1.5 uM
5 1 -o- (123/F25/L26/G)-Crp-4
@ -v- (R31/R32/D)-Crp-4
Q
< 0.20
0.10 1
0

0 20 40 60 80 100 120

Time (min)
FIG 4 Delayed permeabilization of E. coli ML35 cells by (123/F25/L26/G)-
Crp-4. Log-phase E. coli ML35 cells were exposed to 3 uM (upper panel) and
1.5 uM (lower panel) concentrations of peptides in the presence of ONPG for
2 hat 37°C (see Materials and Methods). B-Gal-mediated hydrolysis of ONPG

was measured by monitoring absorbance at 405 nm; error bars denote the
standard deviations.

cholerae 0395, in contrast to the loss of (123/F25/L26/G)-Crp-4
activity caused by hydrophobic side chain deletions (Fig. 5). Thus,
the Ala methyl R-group contributes sufficient hydrophobicity at
these patch positions to retain bactericidal activity against these
bacterial species. However, against phoP constitutive S. Typhimu-
rium CS022, among the least sensitive Salmonella strains to Crp-4
and defensins in general (33—35), Ala replacements did not restore
adequate hydrophobicity for (123/F25/L26A)-Crp-4 to kill CS022
as effectively as native Crp-4 (Fig. 5D). Because complex modifi-
cations occur to the S. Typhimurium cell envelope in the phoP
constitutive state, (I123/F25/L26A)-Crp-4 has an intermediate ac-
tivity against this strain but a wild-type activity against S. aureus, S.
Typhimurium 140288, and V. cholerae 0395, all species that are
more sensitive to Crp-4.

Polar substitutions of the Crp-4 hydrophobic patch yield in-
termediate bactericidal activities. To investigate the role of the
Crp-4 hydrophobic patch further, we determined the bactericidal
activity of (F25/L26S)-Crp-4, leaving Ile23 unchanged and substi-
tuting with polar side chains rather than ablating or minimizing
hydrophobicity at Phe25 and Leu26. Against L. monocytogenes, V.
cholerae and S. Typhimurium AphoP mutant, which are very sen-
sitive to Crp-4, the (F25/L26S)-Crp-4 activity was similar to that
of native Crp-4 (Fig. 6A, C, and E). However, as determined for
(123/F25/L26/G)-Crp-4 (Fig. 3D), phoP-constitutive strains
JSG210 and CS022 of S. Typhimurium and wild-type S. Typhimu-
rium 140288, all with low sensitivity to Crp-4, are less susceptible
to (F25/L26S)-Crp-4 than to the native peptide (Fig. 6B, D, and F).
Also, hydropathy plots show that bactericidal activity of Crp-4
and its variants corresponded directly to local patch hydrophobic-
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-e- Crp-4
-o- (123/F25/L26/A)-Crp-4
107 -v- (R31/R32/D)-Crp-4

108

105
104
10°

/]

S. aureus 710A

107
108
10°
104
108

7

S. Typhimurium 14028S

107
108
10
104
10°

Bacterial Cell Survival (CFU/ml)

7

V. cholerae 0395

107
108
10°
10
10%

1)

S. Typhimurium CS022
0 13 33 6.6
Peptide (uM)

FIG 5 Alanine replacements in the hydrophobic patch restore Crp-4 bacteri-
cidal activity. Exponentially grown S. aureus 502A (A), S. Typhimurium
14028s (B), V. cholerae 0395 (C), and S. Typhimurium CS022 were exposed to
peptides, and bacterial survival was determined as in Fig. 3 (see Materials and
Methods). Assays shown are representative of two or three replicate assays
performed on separate days.

ity (Fig. 7), supporting the conclusion that the patch is required
for Crp-4 bactericidal activity.

Hydrophobic determinants of RMAD-4 bactericidal activity.
To test whether positioning of hydrophobic residues as shown for
Crp-4is a general requirement for a-defensin bactericidal activity,
we tested the effect of modifying hydrophobicity in RMAD-4.
RMAD-4 was selected for study, because it has the same overall
bactericidal activity (19, 28, 36) and cationic charge as Crp-4
(+8), but RMAD-4 differs from Crp-4 in primary structure and in
the distribution of peptide surface charge (Fig. 2) (19). Interest-
ingly, RMAD-6 is a naturally occurring macaque neutrophil a-de-
fensin that has the same primary structure as RMAD-4, except
that Phe28 in the RMAD-4 patch is replaced by Ser (36). Accord-
ingly, RMAD-4 and RMAD-6 were tested against the same species
assayed with Crp-4 and its hydrophobic variants (Fig. 8). Against
E. coli ML35, L. monocytogenes 10403s, S. aureus 710A, S. Typhi-
murium CS022, S. Typhimurium AphoP mutant, and V. cholerae
0395, RMAD-6 was less active than RMAD-4, requiring 2- to
4-fold-higher peptide levels to achieve killing activity comparable
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-e- Crp-4
-o- (123/F25/S)-Crp-4
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E 104
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FIG 6 Serine substitutions in the hydrophobic patch attenuate Crp-4 bacte-
ricidal activity. The effects of peptide exposure on survival of L. monocytogenes
10403s (A), S. Typhimurium 14028s (B), V. cholerae 0395 (C), S. Typhimu-
rium JSG210 (D), S. Typhimurium AphoP mutant (E), and S. Typhimurium
CS022 (F) were determined as in Fig. 3 (see Materials and Methods).

to that of RMAD-4 (Fig. 8). Thus, the reduced activity of RMAD-6
[(F28S)-RMAD-4] illustrates a role for Phe28 in RMAD-4 bacte-
ricidal activity. Thus, naturally occurring RMAD-4 and RMAD-6,
nearly identical macaque neutrophil a-defensins, differ substan-
tially in their in vitro bactericidal activities as a consequence of
substituting one hydrophobic patch residue with a polar side
chain.

2
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-o- (123/F25/L26/A)-Crp-4 °
1| -v- (F251268)-Crp-4 o
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FIG 7 Hydropathy plot analyses of Crp-4 and Crp-4 peptide variants. The
hydrophobicity at peptide residue positions was measured using the hydrop-
athy plot algorithm of Kyte and Doolittle (see Materials and Methods). The
Crp-4 primary structure is shown aligned in register below the hydropathy
plots. A direct correspondence exists between diminishing hydrophobicity of
Crp-4 variants and their impaired bactericidal activities.
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FIG 8 Attenuation of RMAD-6 bactericidal activity relative to RMAD-4. Log-
phase E. coli ML35 (A), L. monocytogenes 10403s (B), S. aureus 710A (C), S.
Typhimurium CS022 (D), S. Typhimurium AphoP mutant (E), and V. cholerae
0395 (F) were exposed to peptides and peptide-mediated bacterial cell killing
was measured as in Fig. 3 (see Materials and Methods).

3 4 5 6

Diminished ability of RMAD-6 to permeabilize E. coli. At 3
M peptide concentrations, RMAD-6 and RMAD-4 killed 99.9%
of exposed E. coli ML35 in in vitro bactericidal assays (Fig. 8A), but
only RMAD-4 was active at lower peptide levels. To test whether
the concentration-dependent differences in bactericidal activity
are due to a diminished ability of <3 uM RMAD-6 to permeab-
ilize E. coli, RMAD-6 and RMAD-4 were compared in ONPG
conversion assays (Fig. 9). At 3 uM, RMAD-6 and RMAD-4 had
equivalent bactericidal activities and permeabilized E. coli ML35
similarly (Fig. 9A). In contrast, the E. coli cells were not permeab-
ilized above baseline levels when exposed to 1.5 uM RMAD-6, but
RMAD-4 was membrane disruptive at the same concentration
(Fig. 9B). Therefore, the F28S mutation in RMAD-4 caused a loss
of bactericidal activity and impaired peptide-mediated cell per-
meabilization as a result of reducing local hydrophobicity.

DISCUSSION

Cathelicidins and defensins are two major AMP gene families in
mammals, and with few exceptions, these diverse peptides are
amphipathic, having cationic and hydrophobic peptide surfaces
(37-39). The evolutionary conservation of amphipathicity among
the AMP families suggests that both cationic and hydrophobic
residues are important for biological function. Among the linear,
non-disulfide-constrained cathelicidins and other linear AMPs,
amphipathicity generally is induced as the disordered peptides
adopt a-helical structures in hydrophobic solvents or environ-
ments (37). Studies of a-defensins have focused more on the role
of electropositive charge on bactericidal activity than on the con-
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FIG 9 Delayed permeabilization of E. coli ML35 cells RMAD-6 relative to
RMAD-6. Permeabilization of log-phase E. coli ML35 cells by exposure for 2 h
at 37°C to 3 uM (upper panel) or 1.5 wM (lower panel) concentrations of

RMAD-4 and RMAD-6 was measured in the presence of ONPG as in Fig. 4
(Materials and Methods).

tributions of hydrophobic residues (15, 19). As noted previously,
alanine scanning mutagenesis of HNP-1 and HD5 implicated sin-
gle hydrophobic residues near the C termini of both peptides as
determinants of bactericidal activity (14, 17, 18, 23). At micromo-
lar levels, a-defensins disrupt microbial membranes selectively by
inducing either stable or transient defects, as shown by studies of
model membranes composed mainly of microbial phospholipids
(40, 41). Peptide-membrane interactions cause rapid K™ efflux
and lead to target cell permeabilization, depolarization, dissipa-
tion of electrochemical gradients, and eventual cell death and
leakage (24, 26, 31, 32, 42). On the other hand, at lower peptide
concentrations, defensins also may inhibit bacterial peptidoglycan
synthesis by lipid II binding (43, 44), and defensins may use a lipid
II binding mechanism to exert antimicrobial effects (44). Here,
reducing hydrophobicity in a conserved patch in two diverse
a-defensins, Crp-4 and RMAD-4, attenuated bactericidal activity
and E. coli permeabilization, showing that it is the former mech-
anism that was affected by mutations at hydrophobic positions.
Alignment of varied a-defensin primary structures disclosed a
conserved patch of aliphatic and aromatic residues between Cys'"
and Cys", a patch shared by all representative peptides (Fig. 1).
Three residues with bulky R-groups within this region were
identified in Crp-4, and mutagenesis to glycine [(123/F25/L26/
G)-Crp-4, Fig. 2] eliminated hydrophobicity from this patch,
attenuated bactericidal activity, and disabled peptide-mediated
membrane permeabilization of E. coli ML35. Possibly, other hy-
drophobic residues may overcome the loss of patch hydrophobic-
ity at higher peptide concentrations to induce membrane permea-
bilization. By introducing Ala substitutions at Ile23, Phe25, and
Leu26 residue positions, sufficient partial hydrophobicity at those
Crp-4 positions to restore bactericidal activity under these assay
conditions, although that result had not been anticipated. (F25/
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L26S)-Crp-4 substitutions introduced polar side chains at two
patch residue positions, which had a partial attenuating effect on
Crp-4 bactericidal activity. Also, hydropathy plot comparisons of
Crp-4 and Crp-4 peptide variants confirmed that a correlation
exists between peptide hydrophobicity, bactericidal activity, and
induced E. coli permeabilization for these Crp-4 peptides.

To test whether the effects of Crp-4 patch mutagenesis repre-
sented a general role for the patch in a-defensins, we compared
RMAD-6, an F28/S variant of RMAD-4 in macaque neutrophils,
with native RMAD-4 in bactericidal and E. coli permeabilization
assays. In those experiments, RMAD-6 had less bactericidal activ-
ity than RMAD-4 at concentrations <3 pM, and RMAD-6 did not
mediate E. coli cell permeabilization at a 1.5 wM peptide concen-
tration. Thus, reducing patch hydrophobicity, even at a single
residue position in these bactericidal a-defensins of equal cationic
charge, caused reduced function or loss of function, supporting
the conclusion that the patch partly determines a-defensin bacte-
ricidal activity.

Reducing overall cationicity of Crp-4 attenuates bactericidal
activity, as shown by the loss of function induced in Crp-4 by
charge reversal or charge neutralization substitutions at varied
Arg residue positions (15). The requirement is specific for Arg,
because Arg—Lys substitutions diminish the activity of Crp-4 but
not of RMAD-4. In addition, the bactericidal activities of Lys sub-
stituted Crp-4 and RMAD-4 are both more sensitive to inhibition
by NaCl than the native peptides (19). As noted previously, the
double charge reversal variant (R31/32D)-Crp-4 lacks activity
(15) despite having a complete Ile23, Phe25, and Leu26 hydro-
phobic patch (Fig. 2 to 4). In a previous study (45), (R31G/R32G)-
Crp-4 and (R31V/R32V)-Crp-4 exhibited attenuated activities
but to a lower extent, showing that reduced cationicity and intro-
duction of anionic amino acids both contributed to loss of func-
tion in (R31D/R32D)-Crp-4. Also, three additional variants,
(R16D/R18D)-Crp-4, (R16D/R24D)-Crp-4, and (R18D/R24D)-
Crp-4, all with complete hydrophobic patches, also lacked activ-
ity. This implies that cationic charge interactions with bacteria
precede the hydrophobic interactions that mediate membrane
disruption and cell killing. This is consistent with the early a-de-
fensin literature, which revealed a role for electrostatic interac-
tions in bacterial cell killing (20, 40, 41) and with a model in which
early electrostatic events attract a-defensins to the cell envelope
with the hydrophobic patch mediating membrane disruption af-
ter proximity to the bilayer has been established.
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