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Cationic amino acids contribute to �-defensin bactericidal activity. Curiously, although Arg and Lys have
equivalent electropositive charges at neutral pH, �-defensins contain an average of nine Arg residues per Lys
residue. To investigate the role of high �-defensin Arg content, all Arg residues in mouse Paneth cell �-defensin
cryptdin 4 (Crp4) and rhesus myeloid �-defensin 4 (RMAD-4) were replaced with Lys to prepare (R/K)-Crp4
and (R/K)-RMAD-4, respectively. Lys-for-Arg replacements in Crp4 attenuated bactericidal activity and slowed
the kinetics of Escherichia coli ML35 cell permeabilization, and (R/K)-Crp4 required longer exposure times to
reduce E. coli cell survival. In marked contrast, Lys substitutions in RMAD-4 improved microbicidal activity
against certain bacteria and permeabilized E. coli more effectively. Therefore, Arg3Lys substitutions attenu-
ated activity in Crp4 but not in RMAD-4, and the functional consequences of Arg3Lys replacements in
�-defensins are dependent on the peptide primary structure. In addition, the bactericidal effects of (R/K)-Crp4
and (R/K)-RMAD-4 were more sensitive to inhibition by NaCl than those of the native peptides, suggesting that
the high Arg content of �-defensins may be under selection to confer superior microbicidal function under
physiologic conditions.

Mammalian �-defensins mediate innate immunity primarily
in phagolysosomes of neutrophils and in the intestine following
secretion by small intestinal Paneth cells (16, 30, 33). �-De-
fensins are �4-kDa cationic and amphipathic peptides with
broad-spectrum bactericidal activities. Structurally, they con-
sist of a three-stranded �-sheet structure that is established by
three invariantly paired disulfide bonds (16, 32). In vitro, �-de-
fensins are microbicidal against gram-positive and gram-nega-
tive bacteria, fungi, spirochetes, protozoa, and enveloped vi-
ruses (1, 4, 9, 16, 35, 44). Most �-defensins exert antibacterial
effects by membrane disruption, inducing permeabilization of
target cell membranes, as inferred from the formation of transient
defects or stable pores in model phospholipid bilayers (12, 41).
For example, the bactericidal activity of the mouse �-defensin
cryptdin 4 (Crp4) is directly related to peptide binding and dis-
ruption of phospholipid bilayers (28). Crp4 exhibits strong inter-
facial binding to model membranes, inducing “graded” fluoro-
phore leakage from model membrane vesicles (5, 6, 29). The
role of Paneth cell �-defensins in enteric mucosal immunity is
evident from the immunity of transgenic mice expressing hu-
man �-defensin 5 in Paneth cells to oral Salmonella enterica
serovar Typhimurium infection (27). Also, mice lacking matrix

metalloproteinase 7 (MMP-7), the mouse Paneth cell pro-�-
defensin convertase, are more susceptible to enteric infection
and defective in clearance of orally administered bacteria
(40, 42).

Despite having highly diverse primary structures (22, 23),
�-defensins retain conserved biochemical features that include
an invariant disulfide array (32), a canonical Arg-Glu salt
bridge, a conserved Gly residue at CysIII�8, and high Arg
content relative to that of Lys (45). Studies have shown con-
sistently that bactericidal activity is independent of these highly
conserved features of the peptide family, with the exception of
the relatively high Arg content (19, 20, 25, 26, 45). Arg residues
contribute to Crp4 bactericidal activity, as shown by the loss of
function induced in Crp4 by charge reversal or charge neutral-
ization at varied Arg residue positions (36). Because Arg and
Lys have equivalent electropositive charges, the unusually high
prevalence of Arg over Lys is remarkable given the extensive
gene duplication and sequence diversification that characterize
the �-defensin gene family (24, 38). Knowing that �-defensin
bactericidal activity depends in part on the electropositive sur-
face charge (13, 36), we hypothesized that Arg may be posi-
tively selected relative to Lys to confer a functional advantage,
such as improved bactericidal activity (see Fig. S1 in the sup-
plemental material).

To test this hypothesis, Crp4 and rhesus myeloid �-defensin
4 (RMAD-4) variants with all Arg residues converted to Lys,
termed (R/K)-Crp4 and (R/K)-RMAD-4, respectively, were
assayed in vitro for possible attenuating effects of Lys substi-
tutions (see Fig. 1; see also Fig. S2 in the supplemental mate-
rial). The fact that these peptides are highly bactericidal but
differ markedly in primary structure provided a rationale for
their investigation in this study. Although the (R/K)-Crp4 mol-
ecule had modestly attenuated microbicidal activity and de-
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layed kinetics of Escherichia coli cell permeabilization and bac-
terial cell killing, (R/K)-RMAD-4 generally had bactericidal
activity greater than or equal to that of native RMAD-4. Thus,
the notion that Arg is under positive selection in �-defensins to
confer superior microbicidal activity is not supported as a gen-
eral rule. Instead, the functional effects of changes in basic
amino acids depend on their position in the context of indi-
vidual peptide primary structures.

MATERIALS AND METHODS

Mutagenizing PCR for generation of (R/K)-Crp4 and (R/K)-proCrp4 cDNA
templates. The Crp4, procryptdin 4 (proCrp4), and RMAD-4 cDNA templates
were generated as cDNAs by PCR. (R/K)-Crp4 and (R/K)-proCrp4 were am-
plified from Crp4- and proCrp4-encoding plasmids by PCR using mutagenizing
primers. Using Crp4 cDNA as a template, (R/K)-Crp4 [(R7K/R13K/R16K/
R18K/R24K/R31K/R32K)-Crp461–92] was produced by PCR mutagenesis. Arg
codons were converted to Lys codons by mutagenesis in three series of three-step
PCRs, as follows.

In the first round of three-step reactions, the Arg7, Arg16, and Arg18 codons
were converted to Lys in three steps: in step 1, the forward mutagenizing primer
R7K-Crp4-f (5�-AT GAATTC ATGGG TTTGT TATGC TATTG TAAG-3�)
was paired with the reverse mutagenizing primer Crp4-R16/18K-r (5�-ACGTC
CCTTT AACTT TTTCT CCTCT-3�); in step 2, the forward primer Crp4-R16/
18K-f (5�-AGAGG AGAAA AAGTT AAAGG GACT-3�), the reverse comple-
ment of Crp4-R16/18K-r, was paired with the reverse primer Crp4-stop-SalI-r
(5�-TATGT CGACT CATCA GCGGC GGGGG CAGCA GT-3�); in step 3,
0.005 �l (each) from reaction mixtures 1 and 2 was combined with the primers
R7K-Crp4-f and Crp4-stop-SalI-r to produce a full-length product containing the
R7K, R16K, and R18K mutations.

In the second series of reactions, the Arg13, Arg31, and Arg32 codons of the
(R7K/R16K/R18K)-Crp4 template were converted to Lys codons using a three-
step procedure similar to that outlined above. In step 1, R7K-Crp4-f was paired
with R13K-Crp4-r (5�-AACTT TTTCG CCCTT TTTGC AGTG-3�), the reverse
mutagenizing primer; in step 2, R13K-Crp4-f (5�-CACTG CAAAA AGGGC
GAAAA AGTT-3�), the reverse complement of R13K-Crp4-r, was paired with
the reverse primer Crp4-R31/32K-r (5�-TATAT GTCGA CTCAC TTCTT
TGGGC AGCAG TACAA AAATC G-3�); in step 3, the primer R7K-Crp4-f
and the reverse primer Crp4-R31/32K-r were combined with 0.005 �l (each) of
reaction mixtures 1 and 2 to generate a full-length (R7K/R13K/R16K/R18K/
R31K/R32K)-Crp4 amplification product.

A third set of three-step PCR mutagenesis reactions was used to replace Arg24
with Lys, thus generating the final (R/K)-Crp4 amplification product. In step 1,
the amplification product from the second set of mutagenesis reactions, (R7K/
R13K/R16K/R18K/R31K/R32K)-Crp4, was a template for reaction mixtures
containing the R7K-Crp4-f primer with the reverse mutagenizing primer R24K-
Crp4-r (5�-GTACA AAAAC TTTAT TCCAC AAGTC CC-3�); in step 2, R24K-
Crp4-f (5�-GGGAC TTGTG GAATA AAGTT TTTGT AC-3�) was paired with
Crp4-PKK-r (5�-TAT GTCGAC TCACT TCTTG GGGCA GCAGT ACAAA
AACTT T-3�); in step 3, as before, 0.005-�l samples from reaction mixtures 1
and 2 were combined with R7K-Crp4-f and Crp4-PKK-r to produce the (R/K)-
Crp4 template DNA product for the final reactions for cloning into pET-28a.

The (R/K)-proCrp4 construct [(R67/73/76/78/84/91/92K)-proCrp420–92] was
prepared by another three-step PCR amplification procedure. In step 1, (R/K)-
Crp4 template DNA was amplified with the forward primer PC4Cod54/63-f
(5�-CTTCA TGAAA AATCT TTGAG AGGTT TGTTA-3�) paired with the
reverse primer Crp4-PKK-r; in step 2, native proCrp4 cDNA was amplified with
the forward primer EcoRI-Met-PC4-f (5�-GCGC GAATTC ATGGA TCC
TATCC AAAAC ACA-3�) with the reverse primer PC4Cod54/63-r (5�-TAACA
AACCT CTCAA AGATT TTTCA TGAAG-3�), the reverse complement of
PC4Cod54/63-f, to amplify the prosegment coding region (34, 36, 40); in step 3,
0.005-�l samples of reaction mixtures 1 and 2 were combined with the primer
EcoRI-Met-PC4-f and the reverse primer Crp4-PKK-r to amplify the final (R/
K)-proCrp4 coding sequence for cloning into pET-28a (36). (R/K)-RMAD-4
[(R1/2/5/7/10/13/14/26/33K)-RMAD-462–94] was custom synthesized by CPC Sci-
entific, Inc. (San Jose, CA) and refolded as described previously (28).

Preparation of peptides. Recombinant proteins were expressed and purified as
His6-tagged fusion proteins as described previously (34, 37). Expression of re-
combinant fusion proteins was induced by adjusting exponentially growing E. coli
BL21-CodonPlus (DE3)-RIL cells with 0.1 mM isopropyl-�-D-1-thiogalactopyr-
anoside and incubating them at 37°C for 6 h in Terrific broth as described in

earlier reports (14, 34, 37). Cells were lysed by sonication in 6 M guanidine-
HCl–100 mM Tris (pH 8.0), and the suspension was clarified by centrifugation.
His6-tagged fusion proteins purified by nickel-nitrilotriacetic acid resin affinity
chromatography (Qiagen, Valencia, CA) were cleaved with cyanogen bromide
and purified by analytical C18 reverse-phase high-pressure liquid chromatogra-
phy (RP-HPLC). Peptide homogeneity was confirmed in analytical acid-urea
polyacrylamide gel electrophoresis (AU-PAGE), a highly sensitive measure of
defensin foldamers. Molecular masses were verified by matrix-assisted laser
desorption ionization–time-of-flight mass spectrometry, and peptides were quan-
tified both by amino acid analysis and by using extinction coefficient calculations
at 280 nm, performed at ExPASY (http://ca.expasy.org/tools).

To obtain homogeneous and properly folded peptides, (R/K)-Crp4, (R/K)-
proCrp4, and (R/K)-RMAD-4 samples (0.5 to 2.0 mg/ml) were reduced with 1
mg/ml of dithiothreitol in 6 M guanidine-HCl, 0.2 M Trizma base, and 2 mM
EDTA (pH 8.2) for 4 h at 50°C. Reduced peptides were adjusted to 5% acetic
acid, and the reduced forms were purified by analytical C18 RP-HPLC (data not
shown). Reduced peptides were refolded with stirring in 0.1 M NH4HCO3, 2.0
mM EDTA, 0.1 mg/ml cysteine, and 0.1 mg/ml cystine (pH 7.8) at concentrations
of 100 to 300 �g/ml under air at 4°C. Peptide refolding was monitored by
analytical C18 RP-HPLC at 24-h intervals, followed by a final purification per-
formed by analytical C18 RP-HPLC.

Sensitivity to proteolysis by MMP-7, trypsin, and elastase. Samples of pro-
Crp4 and (R/K)-proCrp4 (11 �g) and of Crp4 and (R/K)-Crp4 (5 �g) were
incubated with or without 0.5 molar equivalents of MMP-7 in 1 mM HEPES, 15
mM NaCl, and 0.5 mM CaCl2 (pH 7.4) for 18 h at 37°C. Similarly, samples of
proCrp4 (12 �g) and Crp4, (R/K)-Crp4, RMAD-4, and (R/K)-RMAD-4 (6 �g)
were incubated with human neutrophil elastase in 50 mM Tris–150 mM NaCl
(pH 7.5) at 37°C for 2 h at a substrate:enzyme ratio of 40:1 (14). Twelve
micrograms of proCrp4 and 6 �g of Crp4, (R/K)-Crp4, RMAD-4, and (R/K)-
RMAD-4 were incubated with bovine pancreatic trypsin (Sigma-Aldrich, St.
Louis, MO) in 50 mM ammonium bicarbonate at a 1:50 proteinase-to-protein
ratio for 2 h. Peptide sensitivity to proteolysis was assayed by Coomassie blue
staining of peptide digests following AU-PAGE separations (14, 20, 34).

Bactericidal peptide assays. Cultures of Escherichia coli ML35, Listeria mono-
cytogenes 10403S, Staphylococcus aureus 710a, and Vibrio cholerae 0395 were
purchased from the American Type Culture Collection (Manassas, VA), and all
Salmonella enterica serovar Typhimurium strains were provided by Samuel I.
Miller (University of Washington). Bacteria growing exponentially in Trypticase
soy broth were collected by centrifugation, washed, and resuspended in assay
buffer containing 10 mM piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES), pH
7.4, supplemented with 0.01 volume (1% vol/vol) Trypticase soy broth (PIPES-
TSB). Bacteria (5 � 106/ml) were exposed to various concentrations of peptide
for 1 h at 37°C in 50 �l PIPES-TSB. Reaction mixtures were diluted 1:100 in 10
mM PIPES, pH 7.4, and plated on Trypticase soy agar plates using an Autoplate
4000 plating device (Spiral Biotech Inc., Bethesda, MD), and bacterial cell
survival was determined by counting CFU after overnight growth at 37°C and
expressed as a function of peptide concentration (28, 29, 34). For determinations
of bactericidal activity as a function of peptide exposure time, log-phase bacteria
(5 � 106/ml) were exposed to peptides for intervals of 0 to 2 h in PIPES-TSB.
Samples were removed from the mixtures of bacteria and peptides at 30-min
intervals and diluted 100-fold in 10 mM PIPES buffer, and bacterial cell survival
was measured as described above.

Peptide-induced permeabilization of E. coli ML35. E. coli strain ML35 [lacZ-
(Con) �lacY] does not take up the lactose analogue 2-nitrophenyl �-D-galacto-
pyranoside (ONPG) unless permeabilized by membrane-disruptive agents, in-
cluding defensins (18). Upon membrane disruption, ONPG diffuses into the
bacterial cell cytoplasm and is hydrolyzed by �-galactosidase (�-Gal) and con-
verted to 2-nitrophenol (ONP), which can be measured by absorbance at 405 nm
(18). Log-phase E. coli ML35 cells were washed and resuspended in 10 mM
PIPES-TSB. In triplicate, bacteria (5 � 106 cells/ml) were exposed to peptides in
the presence of 2.5 mM ONPG for 2 h at 37°C (8, 11, 40). The kinetics of ONPG
hydrolysis was measured by determining the absorbance at 405 nm using a
Spectra-Max plate spectrophotometer (Molecular Devices, Sunnyvale, CA). Pro-
Crp4, Crp4, and (R/K)-Crp4 were assayed at 6 �M for data shown in Fig. 4.
ProCrp4, RMAD-4, and (R/K)-RMAD-4 were assayed at 3 �M for data shown
in Fig. 7. Error bars denote standard deviations of the means.

RESULTS

Arg-to-Lys mutagenesis attenuates Crp4 bactericidal activ-
ity. Electropositive charge has been implicated as a determi-
nant of Crp4 bactericidal activity (36). As an initial test of the
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hypothesis that Arg is prevalent in �-defensins because it pro-
vides greater microbicidal activity than Lys at the same posi-
tion, (R/K)-Crp4 and (R/K)-proCrp4 peptide variants (Fig. 1)
(see Materials and Methods) were purified for analyses of in
vitro bactericidal peptide activity. Recombinant (R/K)-Crp4
and (R/K)-proCrp4 eluted as single peaks in C18 RP-HPLC,
but AU-PAGE analysis of the HPLC-purified molecules re-
vealed heterogeneity in the form of three differentially migrat-
ing peptide bands (data not shown). The peptide bands had
identical molecular masses consistent with those predicted for
(R/K)-Crp4 and (R/K)-proCrp4 monomers, respectively, sug-
gesting that the peptide preparations contained misfolded vari-
ants. Accordingly, the proteins were reduced, refolded, and
purified by analytical C18 RP-HPLC, and peptide homogeneity
was verified by AU-PAGE analyses (see Fig. S2 in the supple-
mental material). In addition, the disulfide pairing assignments
in (R/K)-Crp4 were verified by nuclear magnetic resonance
spectrometry (data not shown).

Lys replacements at Arg residue positions attenuated Crp4
bactericidal activity in in vitro bactericidal peptide assays.
Against Staphylococcus aureus 502A, Listeria monocytogenes,
and Vibrio cholerae, bacterial species that are sensitive to Crp4-
mediated killing, (R/K)-Crp4 and Crp4 exhibited similar over-
all bactericidal activities (Fig. 2A to C, respectively). On the
other hand, against less-sensitive bacterial species, such as E.
coli ML35 and wild-type S. Typhimurium 14028S cells, (R/K)-
Crp4 was markedly less bactericidal than native Crp4 (Fig. 2D
and E). (R/K)-Crp4 attenuation was particularly evident
against S. Typhimurium CS022, a phoP constitutive strain (Fig.
2F), the least �-defensin-sensitive strain tested (7, 10). The
data shown in Fig. 2 are representative of a minimum of three
independent assays against each organism performed on sep-
arate days. Previously, native Crp4 and a variant with two
Lys-for-Arg substitutions, (R16K/R18K)-Crp4, were shown to
have the same in vitro bactericidal activities (36), suggesting
that complete Arg3Lys replacement may be needed to detect
the observed attenuation of activity. Therefore, conversion of
all Crp4 Arg residues to Lys diminished peptide activity, espe-
cially against bacterial cell targets with low inherent sensitivity
to Crp4.

In vitro activation of (R/K)-proCrp4 by MMP-7. Native pro-
Crp420–92 lacks both bactericidal and membrane-disruptive ac-

tivities until cleaved by MMP-7 at Ser43 2 Ile44, which re-
moves charge-neutralizing acidic amino acids present in the
proCrp420–43 region (34, 40). To test whether the inhibitory
effects of proregion Glu and Asp residues may be lost when

FIG. 1. The primary structures of recombinant and synthetic �-defensins analyzed in these studies. Arg residue positions with Lys substitutions
are in bold font.

FIG. 2. Bactericidal activity of recombinant Crp4, proCrp4, and
mutants with Lys substitutions. Exponentially growing S. aureus (A), L.
monocytogenes (B), V. cholerae (C), E. coli ML35 (D), S. Typhimurium
14028S (E), or S. Typhimurium CS022 (F) was exposed to peptides at
37°C in 50 �l of PIPES-TSB buffer for 1 h (see Materials and Meth-
ods). Following peptide exposure, the bacteria were plated on TSB-
agar plates and incubated overnight at 37°C. Please note the higher
peptide concentrations used in assays against S. Typhimurium CS022
(F). Surviving bacteria were counted as CFU/ml at each peptide con-
centration, and count values below 1 � 103 CFU/ml signify that no
colonies were detected. Symbols: proCrp4, �; Crp4, F; (R/K)-pro-
Crp4, ƒ; and (R/K)-Crp4, E. (R/K)-Crp4 exhibited reduced activity,
particularly against S. Typhimurium strains.
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Crp4 Arg positions are replaced with Lys, the in vitro bacteri-
cidal peptide activity of (R/K)-proCrp420–92 was assayed (Fig.
2). (R/K)-proCrp4 lacks bactericidal peptide activity, even
against the Crp4-sensitive species V. cholerae and L. monocy-
togenes (Fig. 2A to E), similar to the absence of bactericidal
activity in native proCrp420–92 (8, 34, 40). Because pro-
Crp420–92 and (R/K)-proCrp420–92 both are inactive, we con-
clude that interactions between anionic proregion amino acids
and the Crp4 moiety are equally inhibitory, regardless of
whether the basic amino acids are Arg or Lys residues. Based
on these findings, it seems unlikely that Arg is under selection
to better maintain pro-�-defensins in an inactive state.

Mutagenesis of the canonical �-defensin salt bridge (Arg5-
Glu13) in HNP-2 induced sensitivity to neutrophil elastase pro-
teolysis (25). Also, because disulfide mutagenesis of Crp4 and
RMAD-4 and their precursors results in extensive degradation
by their respective convertases MMP-7 (20) and elastase (14),
we tested whether Lys substitutions induce peptide suscepti-
bility to proteolysis. (R/K)-proCrp4, (R/K)-Crp4, and corre-
sponding native peptides were exposed to MMP-7, and their
sensitivities to proteolysis were compared by AU-PAGE (Fig.
3). Consistent with Crp4 resistance to MMP-7 proteolysis (20),
MMP-7 did not cleave (R/K)-Crp4 in vitro, and the major
product of (R/K)-proCrp4 processing by MMP-7 was intact
(R/K)-Crp4 (Fig. 3). Therefore, in vitro activation of the pre-
cursor with Lys substitutions was normal, evidence that Crp4
stability against MMP-7 proteolysis is not determined by elec-
tropositive amino acid side chain chemistry.

Delayed permeabilization of E. coli ML35 by (R/K)-Crp4. To
test whether the bactericidal attenuation observed for (R/K)-

Crp4 (Fig. 2) results from impaired peptide-induced bacterial
cell permeabilization (18), Crp4 and (R/K)-Crp4 were com-
pared in ONPG conversion assays performed with live E. coli
ML35 cells (see Materials and Methods). �-Defensins gener-
ally induce bacterial cell death by target cell membrane dis-
ruption (11, 28, 29, 41), with eventual degradation of chemi-
osmotic gradients (18, 29). Membrane permeabilization of
�-Gal-constitutive E. coli ML35 cells enables diffusion of the
lactose analogue ONPG into the cells, where �-Gal converts
colorless ONPG to ONP, which absorbs at 405 nm (18). In
such assays, Crp4 induced rapid ONP production in E. coli
ML35 cells (Fig. 4). In contrast, permeabilization of E. coli by
6 �M (R/K)-Crp4 was delayed, requiring a minimum of 20 min
of (R/K)-Crp4 exposure before ONP was detected (Fig. 4).
Furthermore, (R/K)-Crp4-induced permeabilization was de-
fective at all concentrations (data not shown). In contrast to
the lag observed for (R/K)-Crp4, proCrp4 induced baseline E.
coli ML35 permeabilization throughout the assay, consistent
with its well-documented lack of bactericidal activity (8, 20, 34,
40) (Fig. 2D). The delayed permeabilization of E. coli ML35 by
(R/K)-Crp4 predicts that a prolonged period of exposure to the
variant peptide would be required to affect bacterial cell sur-
vival.

(R/K)-Crp4 bactericidal effects require extended peptide ex-
posure. As predicted by the delayed permeabilization of E. coli
by (R/K)-Crp4, extensive peptide incubation was required to
achieve bacterial cell killing. Bacterial cell survival was deter-
mined as a function of peptide exposure time by incubating E.
coli ML35 cells with (R/K)-Crp4 or Crp4 and assessing bacte-
rial cell survival by sampling at sequential 30-min intervals
(Fig. 5). No loss of bacterial cell viability was evident in sam-
ples removed immediately after combining peptides with cells
(Fig. 5A), and a 30-min exposure to 6 �M Crp4 reduced E. coli
ML35 cell numbers by 3 to 4 orders of magnitude. In contrast,
(R/K)-Crp4 had no measurable effect on bacterial cell survival
under the same conditions (Fig. 5B). Exposure of E. coli to
(R/K)-Crp4 for 60 min was associated with a loss of cell via-
bility, but the microbicidal effect was less than that of Crp4 at
all peptide concentrations tested (Fig. 5C and D). Thus, con-
sistent with the delay in ONPG conversion and despite having

FIG. 3. Products of MMP-7-mediated conversion of Crp4, pro-
Crp4, and mutants with Lys substitutions. Eleven �g of recombinant
proCrp4 and (R/K)-proCrp4 and 5 �g of Crp4 and (R/K)-Crp4 were
incubated with or without 0.5 molar equivalents of MMP-7 in 0.10-
strength HEPES buffer for 18 h at 37°C (see Materials and Methods).
The digests were resolved by AU-PAGE and stained with Coomassie
blue. The gray arrow denotes the MMP-7 band in lanes 2, 4, 6, and 8.
Lanes: 1, Crp4 (lower black arrow); 2, Crp4 plus MMP-7; 3, proCrp4
(upper black arrow); 4, proCrp4 plus MMP-7; 5, (R/K)-Crp4; 6, (R/
K)-Crp4 plus MMP-7; 7, (R/K)-proCrp4; 8, (R/K)-proCrp4 plus
MMP-7.

FIG. 4. E. coli ML35 permeabilization by Crp4, proCrp4, and (R/
K)-Crp4 at 6 �M. E. coli ML35 cells growing in log phase were exposed
to peptides as shown at 37°C in 100 �l PIPES-TSB buffer with 2.5 mM
ONPG. ONPG hydrolysis was measured by absorbance at 405 nm for
2 h. Symbols: proCrp4, �; Crp4; F; and (R/K)-Crp4, E. (R/K)-Crp4
displayed delayed E. coli ML35 permeabilization kinetics compared to
Crp4.
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an equivalent electropositive charge, (R/K)-Crp4 required
longer exposure times than Crp4 to have bactericidal effects
against E. coli. These findings are consistent with selection of
Arg relative to Lys to optimize �-defensin bactericidal peptide
activity, as has been reported for HNP-1 (45). However, com-
parable analyses of the primate �-defensin RMAD-4 do not
support this generalization.

RMAD-4 bactericidal activity is not attenuated by Arg-to-
Lys mutagenesis. To test whether Lys substitutions attenuate
RMAD-4 activity in a manner consistent with results for (R/
K)-Crp4, all Arg residue positions in RMAD-4 were replaced
with Lys to prepare (R/K)-RMAD-4 by solid-phase synthesis
(see Materials and Methods), and its biological activities were
compared to those of native RMAD-4. Unlike the case of Crp4
with Lys substitutions (Fig. 2 and 5), corresponding mutagen-
esis in RMAD-4 did not attenuate peptide function against
most bacterial species tested. Recombinant RMAD-4 and syn-
thetic, refolded (R/K)-RMAD-4 were judged to be homoge-
neous by analytical C18 RP-HPLC and AU-PAGE analysis (14,
35, 37) (see Fig. S2 in the supplemental material). Addition-
ally, the peptide masses were confirmed by matrix-assisted
laser desorption ionization–time-of-flight mass spectrometry
(data not shown; see Materials and Methods).

Consistent with the mutagenesis of Crp4, (R/K)-RMAD-4
had less activity than native RMAD-4 against S. aureus (Fig.
6A). However, in marked contrast to the attenuation of (R/
K)-Crp4 (Fig. 2 and 5), (R/K)-RMAD-4 was more bactericidal
than native RMAD-4 against V. cholerae, E. coli ML35, and the
phoP constitutive strain S. Typhimurium CS022 (Fig. 6C, D,
and F), and the native and variant peptides were equally active
against L. monocytogenes and S. Typhimurium 14028S (Fig. 6B
and E). The data shown in Fig. 6 are representative of no fewer
than three replicate dose-sensitivity assays for each target or-
ganism and were highly consistent (see Discussion). The re-
producibility of these assays was illustrated by performing five
replicate assays at three peptide concentrations against V. chol-
erae, an organism with greater sensitivity to (R/K)-RMAD-4
than to wild-type RMAD-4 (Fig. 6C; see also Fig. S4A in the
supplemental material). Consistent with that dose-sensitivity
curve, 0.75 �M (R/K)-RMAD-4 showed markedly greater po-
tency than RMAD-4, and the difference in activity was the
same as that shown in Fig. 6C, attesting to the reproducibility
of these assays (see Fig. S4A in the supplemental material).
Thus, Arg-to-Lys mutagenesis in (R/K)-RMAD-4 does not
have the same general attenuating effect it does in Crp4.

Increased permeabilization of E. coli ML35 by (R/K)-
RMAD-4. To test whether E. coli permeabilization kinetics
were inherently delayed due to Lys substitutions or were con-
sistent with bactericidal peptide activities, we measured (R/K)-
RMAD-4-induced E. coli ML35 cell permeabilization in the
ONPG conversion assay. Consistent with its enhanced bacte-

FIG. 5. E. coli ML35 cell survival in response to Crp4 and (R/K)-
Crp4 exposure time. E. coli ML35 cells were exposed to peptides at
37°C in 50 �l PIPES-TSB buffer (see Materials and Methods). Fol-
lowing peptide exposure for 0 (A), 30 (B), 60 (C), or 120 min (D), the
peptide and bacterial mixtures were assayed for bacterial cell survival
as for Fig. 2. Symbols: Crp4, F; (R/K)-Crp4, E. (R/K)-Crp4 required
longer periods of peptide exposure to affect bacterial cell survival.

FIG. 6. Bactericidal peptide activity of (R/K)-RMAD-4. Peptide
bactericidal peptide activity against exponentially growing S. aureus
(A), L. monocytogenes (B), V. cholerae (C), E. coli ML35 (D), S.
Typhimurium 14028S (E), or S. Typhimurium CS022 (F) was assayed
as for Fig. 2. Symbols: RMAD-4, f; (R/K)-RMAD-4, �; proCrp4, �;
Crp4, F; and (R/K)-Crp4, E. (R/K)-RMAD-4 exhibited variable ac-
tivity.
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ricidal activity, (R/K)-RMAD-4 permeabilized E. coli more
rapidly than RMAD-4, and higher levels of ONP were pro-
duced (Fig. 7). As expected, the proCrp4 negative control
peptide lacked permeabilizing activity (Fig. 4 and 7). These
outcomes, along with the (R/K)-Crp4 permeabilization data
from Fig. 4, show that the consequences of Lys-for-Arg sub-
stitutions depend on their context within individual �-defensin
primary structures and do not support the view that high Arg
content evolved to optimize �-defensin bactericidal activity.

Proteolytic sensitivity of �-defensins with Lys substitutions
to neutrophil elastase and trypsin. To determine whether Lys
substitutions induce �-defensin susceptibility to proteolysis in
vitro, proCrp4, Crp4, (R/K)-Crp4, RMAD-4, and (R/K)-
RMAD-4 were exposed to neutrophil elastase and trypsin, and
proteolysis was assayed by AU-PAGE analyses of peptide di-
gests (see Materials and Methods). As expected (14, 20), both
Crp4 and RMAD-4 withstood proteolytic digestion by both
elastase and trypsin, and trypsin cleaved proCrp4 to generate a
peptide that comigrated with Crp4 in AU-PAGE. The (R/K)-
Crp and (R/K)-RMAD-4 peptides both were insensitive to
elastase, but apparent cleavage was evident in trypsin digests of
(R/K)-RMAD-4 (see Fig. S3 in the supplemental material). In
addition, proCrp4 was cleaved by neutrophil elastase into frag-
ments, some of which did not comigrate with Crp4 (see Fig. S3
in the supplemental material). Because (R/K)-Crp4 was resis-
tant to both enzymes, the generalization that Lys substitutions
increase inherent proteolytic sensitivity is not supported. On
the other hand, the increased sensitivity of (R/K)-RMAD-4 to
trypsin suggests that Arg-to-Lys replacements in certain con-
texts may induce greater trypsin susceptibility, depending on
the positions of particular residues on the peptide surface.

Arg-to-Lys mutagenesis induces peptide inhibition by NaCl.
Because electrostatic conditions influence �-defensin bacteri-
cidal activity (17, 30, 31, 39), bactericidal peptide assays were
performed in the presence of varied NaCl concentrations to
determine whether Lys-for-Arg substitutions modulate sensi-
tivity to inhibition by NaCl. To test this notion, bactericidal
peptide assays were performed with E. coli ML35 and L.
monocytogenes in the presence of RMAD-4 (3 �M), (R/K)-
RMAD-4 (3 �M), Crp4 (6 �M), or (R/K)-Crp4 (6 �M) in

solutions of increasing NaCl concentrations (Fig. 8A). In a series
of consistently reproducible assays, variants with Lys substitutions
were more sensitive to NaCl inhibition than corresponding native
�-defensins. For example, although RMAD-4 was insensitive to
160 mM NaCl, (R/K)-RMAD-4 was highly attenuated at 80
mM NaCl (Fig. 8A), and when the NaCl concentration was
fixed at 80 mM, both variants with Lys substitutions were
inactive against E. coli ML35 (Fig. 8B, upper panel) and
more extensively inhibited against L. monocytogenes. The
data in Fig. 8 are representative of three independent de-
terminations for both organisms. The reproducibility of the
salt sensitivity findings was illustrated by performing five
replicate assays with 1.5 �M RMAD-4 or (R/K)-RMAD-4
against L. monocytogenes at different NaCl concentrations
(see Fig. S4B in the supplemental material). That experi-
ment showed that (R/K)-RMAD-4 bactericidal activity de-
creased more than 10-fold at 20 mM NaCl while RMAD-4
retained potent killing activity against L. monocytogenes (see
Fig. S4B in the supplemental material).

DISCUSSION

Electropositive charge is a determinant of �-defensin bacte-
ricidal peptide activity (36), and cationic charge in the peptide
family is contributed disproportionately by a molar ratio of
nine Arg residues for each Lys (Fig. 1; see Fig. S1 in the
supplemental material). However, despite the equivalent elec-
tropositive charges of (R/K)-Crp4 and Crp4, the (R/K)-Crp4
molecule had diminished bactericidal peptide activities against

FIG. 7. E. coli ML35 cell permeabilization by proCrp4, RMAD-4,
and (R/K)-RMAD-4 at 3 �M. E. coli ML35 cells were exposed to
peptides in 100 �l of PIPES-TSB buffer and 2.5 mM ONPG and
assayed for ONPG hydrolysis as for Fig. 4. Symbols: RMAD-4, f;
(R/K)-RMAD-4, �; proCrp4, �. (R/K)-RMAD-4 displayed increased
permeabilization kinetics for E. coli ML35 compared to results for
RMAD-4.

FIG. 8. NaCl attenuates bactericidal peptide activities of variants
with Lys substitutions. (A) E. coli ML35 (upper panel) or L. monocy-
togenes (lower panel) was exposed to 6 �M Crp4 or (R/K)-Crp4 or to
3 �M RMAD-4 or (R/K)-RMAD-4 at 37°C for 1 h in 50 �l PIPES-TSB
buffer supplemented with NaCl as shown. Bacterial cell survival was
quantitated as for Fig. 2. Variant peptides with Lys substitutions are
more sensitive to inhibition by NaCl. (B) E. coli ML35 cells were
exposed to the peptide concentrations shown for 1 h at 37°C in 50 �l
of PIPES-TSB buffer containing 80 mM NaCl, and cell survival was
assayed as described previously (see the legend to Fig. 2). Symbols:
RMAD-4, f; (R/K)-RMAD-4, �; Crp4, F; (R/K)-Crp4, E. Against E.
coli, the �-defensins with Lys substitutions were less active in 80 mM
NaCl than native �-defensins.
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diverse bacterial species (Fig. 2), delayed kinetics of E. coli cell
permeabilization (Fig. 4), and required prolonged exposure
times to have bactericidal effects on E. coli (Fig. 5). The Crp4
studies, therefore, supported the initial view that the conserved
high Arg-to-Lys molar composition of the �-defensin family
evolved to optimize microbicidal activities with short peptide
exposure times. This conclusion is in general agreement with the
outcome of Lys-for-Arg substitutions in HNP-1 (45). However,
comparable mutagenesis and analysis of RMAD-4 showed that
this conclusion does not apply across the peptide family in
general. Thus, as is apparent from these findings, selecting one
particular �-defensin molecule as representing the general
properties of the peptide family is not a useful concept.

The �-defensins share four canonical structural features.
Numbering residue positions in accordance with the Crp4 and
RMAD-4 mature peptide N termini, the conserved features
are the following: (i) the disulfide array, (ii) a salt bridge
formed by Arg7-Glu15 hydrogen bonds, (iii) a conserved Gly at
residue position 19, and (iv) the high Arg:Lys molar ratio
investigated in this report. Most efforts to identify the func-
tion(s) of these canonical �-defensin features have focused on
their roles as potential determinants of bactericidal activity. In
most instances, mutagenesis at these canonical residue posi-
tions did not alter in vitro bactericidal activity (11, 14, 20, 26).
For example, in the case of the disulfide array, the disulfide
bonds confer protection against proteolysis by the activating
convertases (14, 20). These collective findings suggest that the
salt bridge and the Gly19 position may have evolved to provide
a conserved function(s) in the peptide family that is indepen-
dent of bactericidal activity. Possibly, these structural features
are conserved to enable or facilitate efficient chaperone
interactions, peptide folding, trafficking in the endoplasmic
reticulum, protection against proteolysis, or receptor-medi-
ated events. Thus, it is possible, perhaps likely, that the high
Arg content contributes to aspects of �-defensin biology,
such as those noted, that we have not investigated here.

Complete Lys-for-Arg replacements in RMAD-4 did not
diminish bactericidal peptide activity (Fig. 6) or reduce the
kinetics of E. coli cell permeabilization (Fig. 7). To the con-
trary, Lys substitutions in RMAD-4 resulted in equivalent or
improved peptide activities against most bacterial cell targets,
with the exception of S. aureus. In contrast to comparisons of
HNP-1 and HNP-1 with Lys substitutions (45), in vitro bacte-
ricidal peptide assays of (R/K)-Crp4 and (R/K)-RMAD-4 in
the presence of NaCl showed that both peptides were more
sensitive to salt inhibition than the native molecules (Fig. 8).
Perhaps Arg abundance contributes to optimization of micro-
bicidal activities under higher NaCl concentrations. Thus, the
consequences of Arg-to-Lys replacements in these two �-de-
fensins do not support general conclusions applicable to the
peptide family but instead depend on the context of their
positions within specific peptide primary structures.

Why Crp4 but not RMAD-4 bacterial cell killing activity is
attenuated by Arg-for-Lys replacements remains unexplained.
For example, mutagenesis of Arg to Lys in Crp4 and RMAD-4
does not modify the overall cationic charge of the peptides, but
their activities are measurably altered in standard in vitro as-
says and by the presence of NaCl. Although Arg and Lys carry
equivalent cationic charges at physiological pH, the charge is
distributed differently by the two side chains. As previous au-

thors have noted (45), the Lys side chain is more hydrophobic
than that of Arg owing to its five methylene groups. Also, Arg
interacts mainly via its guanidinium group, which enables Arg
to form stronger electrostatic hydrogen bonding interactions,
including salt bridges and additional contacts. Possibly, the
dispersion of cationic charge over the guanidinium group may
allow for a greater area of interaction or more stable hydrogen
bonding interactions (21), and those stronger interactions may
improve affinity for electronegative microbial cell envelopes
and subsequent membrane disruption in media of higher ionic
strength. On the other hand, the cationicity of the Lys ε-amino
group is less dispersed, presenting a more-localized positive
charge that also may favor interactions with bacterial cell sur-
faces under certain conditions. An analysis of atom densities in
proteins (3) also reveals distinct properties of Arg and Lys in
protein structures. For example, as noted by Karlin and col-
leagues (3, 15), Asp and Glu exhibit stronger attractions for
Arg than Lys, Arg is a stronger base (higher pKa), and Arg is
more hydrophobic in that it forms salt bridges with acidic
residues in a buried state, in contrast to Lys, which has its
ε-amino group exposed on protein surfaces (15). Whether the
distinctive general biochemical features of these amino acids
determine their roles in peptides as small as �-defensins is
somewhat speculative but is open to investigation. In this re-
spect, the acquisition and comparison of solution structures for
the native and R/K �-defensins may be very useful in disclosing
how these different side chain chemistries modulate activity.
Structural determinations performed in the presence of model
membranes may be particularly valuable.

Modeling studies show that the distribution of charge on
the Crp4 and RMAD-4 peptide surfaces differs. For exam-
ple, solution structures of Crp4 show that the cationic
charge is distributed uniformly on one face of the peptide
surface (13, 26), but the basic residues in RMAD-4 are
positioned mainly in that region of the triple-stranded
�-sheet most distal to the N and C termini (M. J. Cocco et
al., unpublished data). Perhaps this more polarized distri-
bution of Arg residues in RMAD-4 concentrates electropos-
itive charge, which may become more localized upon their
replacement with Lys. One tentative prediction of these
studies is that when �-defensin cationicity is more broadly
distributed, Arg-to-Lys substitutions are attenuating, but
when Arg residues are clustered, as in RMAD-4, such re-
placements are neutral or even augment activity by further
charge localization. This possibility may be open to analysis
by study of a range of Arg/Lys replacement combinations
rather than substitutions at all positions to provide addi-
tional data for structural interpretation of these differential
effects. We also speculate that the more dispersed charge of
Arg may reduce the favorability of interactions with Na�

and Cl	 ions relative to that of Lys to diminish the inhibi-
tory effects of salts on bactericidal action.

The increased sensitivity of peptides with Lys substitutions
to inhibition by NaCl suggests that the prevalence of Arg as the
basic amino acid in �-defensins confers improved bactericidal
activity at higher ionic strength. However, in comparisons of
human HNP-1 with a variant containing three Lys-for-Arg
substitutions, native HNP-1 assayed against E. coli was more
sensitive to salt inhibition than the variant peptide. Although
this finding may be due to the low cationicity of HNP-1 relative
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to those of Crp4 and RMAD-4, it may be further evidence that
effects of �-defensin mutagenesis must be interpreted in the
context of individual peptide primary structures. Given these
findings and the diversity of �-defensin primary structures, the
effects of Lys-for-Arg substitutions in other �-defensins are
likely to induce a spectrum of effects ranging from attenuation
to gain of function, depending on the distribution of Arg res-
idues on peptide surfaces (see Fig. S1 in the supplemental
material). Such studies could be used to develop an �-defensin
topology map capable of predicting the consequences of Arg-
to-Lys replacements as well as substitutions to improve peptide
action.
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