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Human (3-defensin 3 (hBD3) is a highly basic 45-amino-acid protein that acts both as an antimicrobial agent
and as a chemoattractant molecule. Although the nature of its antimicrobial activity is largely electrostatic, the
importance of the molecular structure on this activity is poorly understood. Two isoforms of hBD3 were
synthesized: the first with native disulfide linkages and the second with nonnative linkages. In a third synthetic
peptide, all cysteine residues were replaced with a-aminobutyric acid, creating a completely linear peptide. A
series of six small, linear peptides corresponding to regions of hBD3 with net charges ranging from +4 to +8
(at pH 7) and lengths ranging from 9 to 20 amino acids were also synthesized. The linear full-length peptide
showed the highest microbicidal activity against Escherichia coli and Staphylococcus aureus, while all three
full-length forms showed equal activity against Candida albicans. The linear peptide also showed high activity
against Enterococcus faecium and Pseudomonas aeruginosa. Peptides corresponding to the C terminus showed
higher activities when tested against E. coli, with the most active peptides being the most basic. However, only
the peptide corresponding to the N terminus of hBD3 showed any activity against S. aureus and C. albicans.
Further, N-terminal deletion mutants of native hBD3 showed diminished activities against S. aureus. Thus, the

antimicrobial properties of hBD3 derivatives are determined by both charge and structure.

Defensins are small, cationic peptides, classified by their
pattern of conserved cysteines, that are primarily known for
their antimicrobial properties (6, 26). They also act as che-
moattractant agents for monocytes and dendritic cells in mam-
mals (36). Defensins in mammals are categorized into three
families—a-, B-, and 6-defensins—based on sequence homol-
ogy and disulfide pairing. In humans, there are currently six
a-defensins (known as neutrophil peptides 1 to 6 [hNP1 to
hNP6]) and four B-defensins (hBD1 to hBD4). 6-Defensins
were discovered in the rhesus monkey; the human homolog has
not yet been described (32).

Various defensins differ substantially in their antimicrobial
specificities. For example, hBD2 has considerable activity
against gram-negative bacteria and the fungus Candida albi-
cans but little to no activity against gram-positive bacteria (12).
The recently discovered hBD4 showed an MIC of ~4 pg/ml for
Staphylococcus carnosus and Pseudomonas aeruginosa, with
MICs of >100 wg/ml for Escherichia coli, Saccharomyces cer-
evisiae, Staphylococcus aureus, Streptococcus pneumoniae, and
Burkholderia cepacia in conventional dilution assays (9). On
the other hand, hNP1, hNP5, hBD1, and hBD3 display broad
antimicrobial activity against gram-negative and gram-positive
bacteria, fungi, and adenovirus (1, 7, 11, 13, 25).

Human defensins are of significant interest recently due to
their antimicrobial and immunomodulatory activities, coupled
with their inherent immunological compatibility. The practical
therapeutic use of human defensins is impaired, however, by
their size, complexity of disulfide pairing, and inflammatory
actions. Also, the antimicrobial activity of defensins is attenu-
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ated significantly by elevated ionic strength. Studies of peptide
fragments and cyclic analogs of defensins have shown some
promise for engineering novel, salt-insensitive antimicrobial
agents (22, 38).

The defensin hBD3 was found to have considerable salt-
independent potency toward gram-positive bacteria (8, 13, 19).
Recently, it has been shown that the antimicrobial activity of
hBD3 is independent of its pattern of disulfide pairings (35a).
Furthermore, replacement of cysteine residues in hBD3 with
a-aminobutyric acid rendered the peptide chemotactically in-
active, yet with enhanced antimicrobial activity (35a). In an
attempt to further characterize this effect, as well as to mini-
mize the region necessary for antimicrobial activity of the lin-
earized hBD3 peptide, we synthesized a set of peptides, de-
rived from the hBD3 sequence, of various sizes and with
different disulfide pairings and charges, and we tested them
against E. coli, P. aeruginosa, Enterococcus faecium, S. aureus,
and C. albicans.

MATERIALS AND METHODS

Peptide synthesis. Peptides (all sequences shown in Table 1) hBD3 (full-length
hBD3 with native disulfide pairings Cys''-Cys*’, Cys'8-Cys?, and Cys®*-Cys*!),
hBD3, (full-length hBD3 with disulfide pairings Cys''-Cys*!, Cys'8-Cys*’, and
Cys?*-Cys**), ABU-hBD3 (full-length hBD3 with cysteine residues replaced by
a-aminobutyric acid), hBD3AS (residues 8 to 45 of hBD3 with native disulfide
pairings), and hBD3A10 (residues 10 to 45 of hBD3 with native disulfide pair-
ings) were synthesized as described elsewhere (35a). In brief, the peptides were
prepared in solid phase by using a custom-modified chemistry tailored based on
the published in situ neutralization protocols for Boc solid-phase peptide syn-
thesis (28). All peptides were purified to homogeneity by reversed phase high-
pressure liquid chromatography (RP-HPLC), and their molecular weights veri-
fied by electrospray ionization mass spectrometry (ESI-MS). The peptides were
refolded and oxidized via a rapid sixfold dilution of fully reduced peptides
dissolved at 1.5 mg/ml in 6 M GuHCl into a final buffer solution containing 0.1
M NaHCOj3, 1 M guanidine HCI, 3 mM cysteine, and 0.3 mM cystine (pH 8.1).
The folding reaction typically proceeded at room temperature overnight in a
sealed vial with gentle stirring.
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TABLE 1. Peptides used in this study

Peptide Sequence” Disulfide connectivity Net charge (am];rfgg;?i ds)
hBD3 G | NTLOKYYCRVRGGRCAVL SCLPKEEQ GKCSTRGRKCCRRKK 1-5, 2-4, 3-6 +11 45
hBD3, G | NTLOKYYCRVRGCGRCAVL SCLPKEEQN GKCSTRGRKCCRRKK 1-6, 2-5, 3-4 +11 45
hBD3AS8 KYYCRVRGGRCAVL SCLPKEEQ GKCSTRGRKCCRRKK 1-5, 2-4, 3-6 +11 38
hBD3A10 YCRVRGCGRCAVL SCLPKEEQN GKCSTRGRKCCRRKK 1-5, 2-4, 3-6 +10 36
ABU-hBD3 G | NTLOKYYaRVRGGRaAVL SaL PKEEQN GKaSTRGRKaaRRKK +11 45
STRCO06 KEEQ GKSSTRGRKSSRRKK +7 20
CHRGO01 KSSTRGRKSSRRKK +8 14
CHRGO02 RGRKSSRRKK +7 10
CHRGO04 RGRKSSRRK +6 9
CHRGO06 KYYSRVRGGRSAVL SSLPK +5 19
CHRGO07 G | NTLOKYYSRVRGGER +4 17

“ a, a-aminobutyric acid.

In order to define disulfide bond linkages, the synthetic strategy using revers-
ible protection of selected Cys residues by acetamidomethyl (Acm) groups was
employed. For hBD3 with six Cys residues, there are a total of 15 possible
isoforms with distinctive disulfide pairings. Protection of two of six Cys residues
by Acm reduces the number of oxidation products from 15 to 3, thus significantly
simplifying the separation and subsequent determination of the disulfide con-
nectivity. Residues Cys'! and Cys*! were protected for peptides hBD3, hBD3AS,
and hBD3A10, whereas residues Cys'' and Cys*’ were protected for peptide
hBD3,. Thus, six oxidation products, each containing two disulfide bridges, were
obtained from two fully reduced Cys''(Acm)/Cys*’(Acm) and Cys''(Acm)/
Cys*'(Acm) peptides.

Prior to carrying out the full-scale protocol, we subjected the fractions purified
by preparative HPLC to enzymatic digestion with trypsin and chymotrypsin to
determine the disulfide connectivity. Because mass spectrometric identification
of tryptic fragments yielded a chemically identical, two-disulfide-bridged tryptic
fragment of 1,846.9 Da, the ambiguity was resolved by subsequent enzymatic
digestion with chymotrypsin. All of the common and unique fragments generated
by trypsin and chymotrypsin were identified and accounted for by analytical
RP-HPLC and ESI-MS. Deprotection and spontaneous oxidation of Cys'!/Cys*’
or Cys'!/Cys*! was achieved through treatment with I, at acidic pH according to
the published protocols (31). Final products were verified by ESI-MS, yielding an
observed mass value of 5,155.5 Da, which is in agreement with the expected value
of 5,155.2 Da, calculated based on the average isotope compositions of folded
hBD3. To demonstrate chromatographic purity, samples were analyzed on RP-
HPLC.

Peptides STRC01, CHRGO1, CHRG02, CHRG04, CHRG06, and CHRGO07
were synthesized by the ICBR Protein Chemistry and Biomarkers Core Facility,
University of Florida College of Medicine, Gainesville, Fla. All of the cysteine
residues in the short peptides were replaced with serine to eliminate disulfide
formation. The identity and purity of all peptides was confirmed by ESI-MS and
RP-HPLC.

Antimicrobial assays. The microorganisms assayed included E. coli ATCC
25922, S. aureus ATCC 29213, C. albicans 99788 (amphotericin B resistant), E.
faecium 1438, and P. aeruginosa PAO1. Assays for antimicrobial activity are
essentially those previously described for defensins (14). The microorganisms
were grown to mid-logarithmic phase in tryptic soy broth and then diluted to 10°
CFU/ml in 10 mM potassium phosphate-1% tryptic soy broth (pH 7.4). For salt
dependence assays, either 150 mM NaCl or 1 mM MgCl, plus 2 mM CaCl, were
included in the dilution buffer. Then, 100-wl portions of cells were incubated in
the presence of different concentrations of peptides for 3 h at 37°C. The cells
were then diluted serially in the same buffer, plated on Luria broth plates, and
incubated for 18 h at 33°C, and the colonies were counted. Microbicidal activity
was expressed as the ratio of colonies counted to the number of colonies on a
control plate. The 90% lethal concentration (LCyy) is the concentration of
peptide at which 90% of the viable cells are killed. The results are shown in Table
2. Plates of dilutions with >500 colonies were not counted. All assays were done
in triplicate, and error bars are indicated in Fig. 1 to 4. Generally, the differences
in the number of colonies counted on identical plates (with between 20 and 500
colonies on each plate) varied between 20 and 30%.

RESULTS

Native hBD3 showed approximately the same antimicrobial
activity against E. coli, S. aureus, and C. albicans as hBD3 4
(LCyys of ~5 pg/ml for E. coli, ~12 pg/ml for S. aureus, and
~15 pg/ml for C. albicans) (Fig. 1). ABU-hBD3 somewhat
showed higher activity against both E. coli and S. aureus (LCyys
of ~1 and ~5 pg/ml, respectively), whereas it had about the

TABLE 2. LCys of peptides

Mean LCy (png/ml) = SD against:

Peptide
E. coli S. aureus C. albicans P. aeruginosa E. faecium
hBD3 6*+14 10 £ 45 1732
hBD3, 5+0.8 14 £89 15+5.1
hBD3AS8 6+04 16 £5.4 ND?
hBD3A10 619 17 £10.2 ND
ABU-hBD3 1+£02 5+0.7 17+ 3.1 4+18 2*05
STRCO06 20 = 4.6 >20 >20
CHRGO1 1+0.1 >20 >20 4+04 >20
CHRGO02 4+03 >20 >20
CHRG04 10 = 2.8 >20 >20
CHRGO06 9*18 >20 >20
CHRGO07 19 =34 17+ 3.4 15 =21 2x07 316

“ Based on three independent assays.
> ND, not done.
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FIG. 1. Antimicrobial activity of full-length hBD3 peptides. Sym-
bols: m, hBD3; [0, hBD3; %, ABU-hBD3. (A) E. coli; (B) S. aureus;
(C) C. albicans.
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same activity for C. albicans as native hBD3 (LC,, value of

~17 pg/ml).

When tested against E. coli, peptides corresponding to the
C-terminal region showed the highest antimicrobial activity
(Fig. 2). Peptide CHRGO1, with a net charge of +8, was as
potent as ABU-hBD3 (LC,, of ~1 wg/ml), and CHRGO2 (net
charge of +7) was almost as potent as CHRGO1 and ABU-
hBD3 (LCy, of ~4 pg/ml). The other peptides, with net
charges ranging from +4 to +7, showed decreased activity.
Consequently, peptide CHRGO07, with a net charge of +4,
showed the least activity, reflected by an LC,y, of ~19 pg/ml.
An exception to the trend seen (higher positive charge and
C-terminal region) was found for STRC06 (net charge of +7),
which was characterized by an LCgy, of ~20 pg/ml, an LCy,
similar to that for CHRGO7.

The only peptide that showed any antimicrobial activity
against both pathogens in the concentration range tested was
CHRGO7 (net charge of +4). This peptide has considerable
hydrophobic character and, in the native hBD3, forms an a-he-
lix, as seen in the nuclear magnetic resonance solution struc-
ture (27). The hydrophobicity may play a role, since another
peptide—CHRGO06, with the same number of hydrophobic
residues as CHRGO7 (including the tyrosine residues)—shows
activity against S. aureus only at concentrations of >20 pg/ml
(data not shown).

The peptide CHRGO07 contains seven additional residues
compared to those found in CHRGO06. To test the significance
of these additional residues for antimicrobial activity, two trun-
cated forms of hBD3 were synthesized, hBD3AS8 (residues 8 to
45) and hBD3A10 (residues 10 to 45). Both peptides were
oxidized selectively to form native disulfide pairings. As shown
in Fig. 3, the truncation has no effect on activity against E. coli,
while having an effect against S. aureus only at the highest
concentration tested. Thus, whereas the N-terminal region
likely plays a dominant role in mediating activity against S.
aureus, there are probably multiple regions important for ac-
tivity.

In order to investigate more closely the importance of elec-
trostatic interactions for activity, we incubated peptides with E.
coli and S. aureus in the presence of either 150 mM NaCl or the
mixture of 1 mM MgCl, and 2 mM CaCl, (Table 3). The
antimicrobial activity of ABU-hBD3 was resistant to both 150
mM NaCl and low concentrations of Mg and Ca for E. coli, but
NaCl attenuated its activity against S. aureus. Under similar
conditions, the activities of both hBD3 and hBD3, against E.
coli were greatly diminished. The activities of both peptides,
CHRGO1 and CHRGQO7, in assays with either E. coli and S.
aureus, were also decreased in the presence of NaCl or Mg and
Ca.

To extend the findings to additional pathogens, peptides
CHRGO01 and CHRGO07, as well as ABU-hBD3, were tested
against the gram-positive bacterium E. faecium and the gram-
negative bacterium P. aeruginosa (Fig. 4). The activities of
ABU-hBD3 against both bacteria were comparable to those
observed earlier in assays with E. coli and S. aureus (LCy, of ca.
2 to 4 ng/ml). The peptide CHRGO1 was active only against P.
aeruginosa (LCy, of ~4 pg/ml), with no activity seen against E.

faecium, whereas the peptide CHRGO07 was equally active
against both bacterial species (LCy, of ca. 2 to 3 pg/ml).
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FIG. 2. Antimicrobial activity of hBD3-derived peptides. Symbols: %,
ABU-hBD3; solid pentagons, CHRGO01; open pentagons, CHRGO02; 4,
CHRGO04; ¢, CHRGO06; ¥, CHRGO07; @, STRC06. (A) E. coli; (B) S.
aureus; (C) C. albicans.
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FIG. 3. Antimicrobial activity of truncated hBD3. Symbols: m,
hBD3; A, hBD3AS8; A, hBD3A10; %, ABU-hBD3; ¥, CHRGO7. (A) E.
coli; (B) S. aureus.

DISCUSSION

The antimicrobial mechanism of defensins involves the dis-
ruption of negatively charged membranes, leakage of cellular
contents, short-circuiting of the proton gradient and ultimately
the destruction of the cell by osmolysis. Defensins have been
shown to integrate and pass through such membranes, but the
details of interactions with membranes vary between defensin
molecules. Several mechanisms of antimicrobial activity of de-
fensin have been postulated in the past. They involve distinct
pore formation (5, 35) and local surface oligomerization (16,
21), as well as nonspecific electrostatic neutralization and volt-
age-dependent ion gating (4, 17, 23). Evidence indicates that
intracellular components are also involved in these processes
(10, 29).

The specificity of defensin interactions with microbial mem-
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FIG. 4. Antimicrobial activity of selected peptides. Symbols: *,
ABU-hBD3; solid pentagons, CHRGO01; ¥, CHRGO07. (A) P. aerugi-
nosa; (B) E. faecium.

branes is not well understood. While defensin molecules are
attracted to negatively charged membranes typically found in
microorganisms, additional factors may play roles in generat-
ing differential specificity. In particular, the structural features
of these proteins likely contribute to their potency and speci-
ficity. Whereas all mammalian defensins share the same topol-
ogy of a small B-sheet cross-linked by three disulfide bonds,
only B-defensins contain an a-helix at the N terminus. Because
of the small size of defensins, it is thought that the disulfides
are critical in maintaining the three-dimensional fold and
structure of the molecule. The current study has shown that, in
the case of hBD3, disulfides are not completely necessary for
antimicrobial activity against the microorganisms investigated.
Further, under physiological salt conditions (150 mM NaCl),
only ABU-hBD3 showed significant activity against E. coli (Ta-
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TABLE 3. Salt dependence of activity

Mean LCy, (png/ml) + SD*

. E. coli with: S. aureus with:
Peptide
1 mM Mg and 1 mM Mg and

150 mM NaCl 2 mM Ca 150 mM NaCl 2 mM Ca
hBD3 — — ND ND
hBD3, - - ND ND
ABU-hBD3 11 +21 2+05 - 6*+12
CHRGO1 - - ND ND
CHRGO07 - - - -

“ —, no measurable activity within the range of concentrations measured. ND,
not done.

ble 3). Whereas it has been shown that ABU-hBD3 does not
hold any single, stable tertiary structure in solution (35a), its
regions may transiently accommodate the native fold without
disulfide cross-linking. Also, the environment in a lipid mem-
brane may allow alternate structures with similar functional
activity.

HBD3 was discovered and isolated on the basis of its activity
against S. aureus (13). However, it displays broad specificity
against a number of microorganisms. Therefore, the hBD3
molecules can interact with a wide variety of membranes from
multiple microbial species. It has been shown that the compo-
nents of lipid membranes play a dominant role in discriminat-
ing interactions with different defensins. These components
include lipopolysaccharides (3, 30), cardiolipin (18), teichoic
acids (24), and sphingolipids (33). Also important in mitigating
antimicrobial activity is AW (4, 20, 37). Perhaps the hBD3
molecule consists of separate regions capable of interacting
with membrane components from multiple species.

We showed here that the activity of ABU-hBD3 can be
mimicked by shorter peptides, although with altered specific-
ities. Although the net charge of the peptide seems to play a
role in its antibacterial activity against E. coli, this observation
does not hold up with all microbial species. Other than the net
charge, the features of hBD3 must therefore play roles in
interacting with the membranes of S. aureus, P. aeruginosa, E.
faecium, and C. albicans. This observation is clearly reflected
for the peptide CHRGO7. Amphilicity was cited as the key
property of hNP-1 for its antimicrobial activity (15, 34). The
presence of arginine residues and aromatic side chains was also
shown to be important for antibacterial activity of small pep-
tides (2, 27). The activity of CHRGO7 might thus stem from the
presence of two tyrosine residues and the hydrophobic N ter-
minus, as observed for hBD3A8 and hBD3A10. The findings
that the disulfides of hBD3 are irrelevant for antimicrobial
activity under the conditions in the present study and that
shorter peptides derived from the native sequence have full
activity may help in designing a novel class of small-molecule
antibiotics with broad specificity. Furthermore, the fact that
hBD3 is a natural human protein shows promise for nonreject-
able peptide-based antibiotics.
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