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We purified three proline-rich antimicrobial peptides from elastase-treated extracts of sheep and goat
leukocytes and subjected two of them, OaBac5a and ChBac5, to detailed analysis. OaBac5a and ChBac5 were
homologous to each other and to bovine Bac5. Both exhibited potent, broad-spectrum antimicrobial activity
under low-concentration salt conditions. While the peptides remained active against Escherichia coli, Pseudo-
monas aeruginosa, Bacillus subtilis, and Listeria monocytogenes in 100 mM NaCl, they lost activity against Staph-
ylococcus aureus and Candida albicans under these conditions. ChBac5 was shown to bind lipopolysaccharide,
a property that could enhance its ability to kill gram-negative bacteria. Proline-rich Bac5 peptides are highly
conserved in ruminants and may contribute significantly to their innate host defense mechanisms.

Various antimicrobial peptides enhance the ability of mam-
malian neutrophils to overcome microbial incursions (5, 12).
Among these are cathelicidins (31), propeptides containing a
highly conserved N-terminal “cathelin” domain (17) and a
C-terminal domain with antimicrobial properties. The second-
ary (specific) granules of human neutrophils contain a single
cathelicidin, hCAP-18, the precursor of an a-helical antimicro-
bial peptide called LL-37 (7, 26). In contrast, bovine neutro-
phils contain many cathelicidins (31), including molecules
whose antimicrobial domains encode a cyclic dodecapeptide
(18), a tryptophan-rich tridecapeptide, indolicidin (2, 21), pro-
line- and arginine-rich Bac5 and Bac7 peptides (4), and several
a-helical peptides (20, 24, 29). Many of these peptides have
been well studied at the peptide level.

There is cDNA evidence (1, 9, 13) for at least eight cathelin-
associated peptides in the sheep; however, relatively little is
known about their antimicrobial properties. We treated leuko-
cyte extracts from sheep (Ovis aries) and goats (Capra hirca)
with neutrophil elastase to generate antimicrobial moieties
from their cathelicidin precursors. This report describes the
purification, compositions, and antimicrobial properties of two
proline-rich antimicrobial peptides, ovine (Oa)Bac5a and ca-
prine (Ch)Bac5.

MATERIALS AND METHODS

Preparation of leukocytes. With institutional approval, 250 to 300 ml of venous
blood was obtained from healthy sheep and goats and anticoagulated with ci-
trate. Leukocytes were prepared by lysing the erythrocytes with 0.83% ammo-
nium chloride (2 cycles), followed by brief exposure to cold 0.22% saline. Goat
leukocyte preparations contained 80.2% 6 2.4% neutrophils (mean 6 standard
error of the mean; n 5 10), and sheep preparations contained 77.3% 6 4.0%
neutrophils (n 5 12). The final number of neutrophils obtained per collection
was (1.18 6 0.14) 3 109 from goats and (0.74 6 0.12) 3 109 from sheep (mean 6
standard error of the mean).

Purification of OaBac5a and ChBac5. Initially, we attempted to purify neu-
trophil antimicrobial peptides from phorbol myristate acetate (PMA)-induced
leukocyte secretions, but this approach yielded insufficient amounts of processed

cathelicidins. Consequently, we generated the peptides described in this report
by treating extracts of goat and sheep leukocytes with human neutrophil elastase
(ART Biochemicals, Athens, Ga.), essentially as described by Panyutich et al.
(15). Briefly, leukocytes were centrifuged at 225 3 g for 10 min, resuspended in
10% acetic acid, sonicated, and extracted overnight at 0 to 4°C. The extracts were
clarified at 3,000 3 g for 30 min at 4°C, and the supernatants were lyophilized for
storage. This material was dissolved in 0.1 M Tris-0.15 M NaCl buffer (pH 7.5)
and treated with 1.5 to 2.0 mg of elastase/mg of protein for 30 min at 37°C.
Proteolysis was stopped by adding acetic acid to a final concentration of 5%.
After passage through a YM-10 filter (Amicon, Beverly, Mass.), the ultrafiltrates
were concentrated by vacuum centrifugation and desalted on a Sep-Pak light C18
cartridge (Waters Millipore, Milford, Mass.). The recovered material was dried,
resuspended in 1 ml of 0.5% acetic acid containing 3 M urea, and subjected to
preparative continuous electrophoresis (8). Fractions containing 3- to 5-kDa
peptides were identified by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), pooled, and purified by reversed-phase high-pressure
liquid chromatography (RP-HPLC) on a Vydac C18 column by using linear
gradients of 0 to 60% acetonitrile in 0.1% trifluoroacetic acid or 0.13% hexaflu-
orobutyric acid.

Biochemical analyses. Purified goat and sheep peptides or secretates were
analyzed by MALDI and/or ESI mass spectrometry. Amino acid sequences were
determined by gas-phase Edman degradation with a Porton Model 2090E in-
strument by using 300 to 500 pmols of purified peptide. Protein concentrations
were measured by the bicinchoninic acid procedure (Pierce, Rockford, Ill.).

cDNA cloning. Bone marrow was obtained from a young male goat, and a
custom cDNA library was constructed in a Uni-ZAP XR vector (Stratagene, La
Jolla, Calif.). The P1 sense primer 59-GCTAATCTCTACCGCCTCCTGG-39
(nucleotides [nt] 168 to 189 of BtBac5) and P2 antisense primer 59-CCACACA
CTGTTTCACCAGCC-39 (nt 319 to 339 of BtBac5) were derived from a con-
served sequence of bovine Bac5 cDNA (32). To obtain 59 side sequences, we
used P2 and the vector SK primer to amplify goat bone marrow cDNA. To get
39 side sequences, P1 and vector primer T7 were used. There was a 172-bp
sequence overlap between the two PCR products. The amplified PCR products
were cloned into PCR2.1-TOPO vector (Invitrogen, Carlsbad, Calif.), sequenced
by the fluorescein-labeled dideoxynucleotide termination method, and analyzed
on an ABI-373 Sequencer (Perkin-Elmer, Palo Alto, Calif.).

Western blots. A rabbit polyclonal antibody against porcine cathelin (23) was
obtained from Jishu Shi and Tomas Ganz of the University of California, Los
Angeles, and was found to react with goat and sheep cathelins. Goat anti-rabbit
immunoglobulin G conjugated to alkaline phosphatase was purchased from
Bio-Rad (Hercules, Calif.). SDS-PAGE gels of neutrophil extracts were electro-
transferred to Immobilon-P membranes (Millipore, Bedford, Mass.). The mem-
branes were blocked for 1 h with 3% gelatin and 1% bovine serum albumin in 0.5
M NaCl and 20 mM Tris, pH 7.5, and then washed with 0.05% Tween 20 in 0.5
M NaCl and 20 mM Tris, pH 7.5. The membranes were probed with anticathelin
antibody (1:1,000), washed, and then probed with a second antibody (1:500). A
mixture of 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazo-
lium in a solution of 100 mM NaCl, 5 mM MgCl2, and 100 mM Tris (pH 9.8) was
used for color development.
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Antibacterial assays. The peptides were tested for antimicrobial activity
against Escherichia coli ML-35, Salmonella typhimurium 14028S, Pseudomonas
aeruginosa MR 3007, Listeria monocytogenes EGD, Bacillus subtilis, Staphylococ-
cus aureus 930918-3, and Candida albicans 820 by a two-stage radial diffusion
technique (27). Briefly, approximately 4 3 106 CFU of mid-logarithmic-phase
organisms were dispersed in a 10-ml volume of underlay gel that contained 10
mM sodium phosphate, 0.3 mg of trypticase soy broth powder (Difco, Detroit,
Mich.) per ml, and 1% (wt/vol) agarose (Sigma A6013) with or without 100 mM
NaCl. Peptide concentrations were established by quantitative amino acid anal-
ysis. Serial peptide dilutions were prepared in 0.01% acetic acid containing 0.1%
human serum albumin, and 8-ml peptide samples were applied. Overlay gels (10
ml of trypticase soy agar, 60 g/liter) were poured 3 h after the peptide samples
were added. The clear zones were measured to the nearest 0.1 mm after over-
night incubation and were expressed in units (1 mm 5 10 U) after subtracting the
well diameter. Dose response studies were also performed by conventional col-
ony counting.

In radial diffusion assays, the MIC is defined by the x intercept of a regression
line through zone diameters obtained from a series of serially diluted peptide
samples. An a-defensin, NP-1, purified from the leukocytes of rabbits was used
as a control. The experiments were performed under low and high concentra-
tions of salt. In low concentrations of salt, the underlay gels contained 10 mM
sodium phosphate buffer without added NaCl (pH 7.4). For high concentrations
of salt, underlay gels also contained 10 mM sodium phosphate buffer plus 100
mM NaCl.

LPS binding. Peptides of interest were dried in 1.5-ml sterile polypropylene
microcentrifuge tubes by vacuum centrifugation and were resuspended in endo-
toxin-free, 0.01% acetic acid. Polymyxin B (7,600 U/mg) (Sigma) was used as a
positive control. Assays were performed in flat-bottom 96-well tissue culture
plates (catalog no. 3596; Costar, Cambridge, Mass.) with a Quantitative Chro-
mogenic Lysate kit (Bio Whittaker, Walkersville, Md.) as previously described
(30). Standard curves generated with graded amounts of lipopolysaccharide
(LPS) were linear between 0.5 and 0.0625 endotoxin units (EU)/assay (r 5
0.997); consequently LPS binding was assumed to be proportional to the inhi-
bition of procoagulant activation.

RESULTS

Peptide purification. SDS-PAGE of acetic acid extracts of
untreated goat and sheep leukocytes revealed a paucity of
peptides smaller than 7 to 8 kDa (Fig. 1), suggesting that 3- to
4.5-kDa defensins were absent. Multiple 15- to 19-kDa peptide
species that reacted with an anticathelin antibody were present
in both species (data not shown). Because bovine cathelicidins
are processed by neutrophil elastase (19), we used this enzyme

(15) to treat goat and sheep cathelicidins in vitro. Figure 1 also
shows the elastase-processed components of goat and sheep
neutrophils and the purified Bac5 peptides described in this
report. Figure 2 shows stages in the purification of OaBac5a,
one of the peptides described in this report.

Quantitative aspects of the process were as follows. A crude
acetic acid extract from 3 3 109 sheep leukocytes contained
31.2 mg of protein, representing 15.6% of the extract’s dry
weight. After elastase cleavage, approximately two-thirds of
the protein (19.8 mg) was recovered in the YM-10 filtrate. Of
this, we recovered 3 mg of protein by eluting the Sep-Pak
cartridge with 60% acetonitrile. Subjecting this material to
preparative electrophoresis followed by three cycles of RP-
HPLC yielded 45 to 50 mg of highly purified ovine OaBac5a.
Handled in the same manner, 1.3 3 109 goat leukocytes (12.2
mg of total protein) yielded approximately 30 mg of highly
purified ChBac5. Our largest-scale purification of goat Bac5
began with 407 mg of total protein and yielded 229 mg of highly
purified ChBac5.

Characterization and cDNA cloning of ChBac5. By using
primers derived from bovine Bac5 cDNA and vector to amplify
a goat bone marrow cDNA library, we obtained the full cDNA
sequence of ChBac5 (Fig. 3). The 528-nt open reading frame
predicted a 176-residue prepropeptide with a 29-residue sig-
nal sequence. The cDNA sequence corresponding to mature
ChBac5 was at the 39 end of the open reading frame. Its de-
duced sequence matched the amino acid sequence determined
at the peptide level. The 46-residue (postcathelin) peptide en-
coded in goat cDNA had a calculated molecular mass of
5,531.6 Da. Since our purified peptide had a measured mass of
5,160.2 Da, we concluded that it was a 43-residue amidated
form (calculated mass, 5,161.2 Da). Overall, 40 of the 46 (87%)
residues in goat ChBac5-GRR were identical to those in bo-
vine Bac5-GRR, and another 4 of the 46 (8.7%) represented
conservative substitutions (Fig. 4).

Figure 4 compares the N-terminal peptide sequence of ovine
OaBac5a to the OaBac5 sequence established by cloning (9).
All of the N-terminal residues identified by peptide sequencing
corresponded to those encoded by the cDNA. The 46-residue
postcathelin peptide encoded in ovine OaBac5 cDNA had a
calculated mass of 5,539.7 Da, whereas an amidated peptide
that contained 43 residues and lacked the C-terminal GRR

FIG. 1. SDS-PAGE gel. The lanes contain the following: 1, mass standards;
2, acid extract of goat leukocytes (45 mg of protein); 3, goat leukocyte extract,
post-elastase treatment (25 mg of protein); 4, purified ChBac5 (1 mg of protein);
5, acid extract of sheep leukocytes (45 mg of protein); 6, sheep leukocyte extract,
post-elastase treatment (25 mg of protein); and 7, purified OaBac5a (1 mg of
protein). The gel was stained with Coomassie blue.

FIG. 2. Purification of OaBac5a. The inset photographs are of silver-stained
SDS-PAGE gels. Photograph a shows the composition of fractions 21 to 25,
obtained after continuous preparative electrophoresis (8). The masses of two
standards (3.0 and 6.2 kDa; Std) are shown. The main figure shows a chromato-
gram of the RP-HPLC purification of electrophoretic fractions 22 and 23. Note
the prominent peak (OaBac5a) that emerged at approximately 34% acetonitrile.
Photograph b shows this peak.

VOL. 67, 1999 OVINE AND CAPRINE Bac5 4107



should have a mass of 5,169.3 Da. Since the measured mass of
purified OaBac5a peptide was 5,157.5 Da, OaBac5a was prob-
ably a 43-residue amidated variant of OaBac5 with a primary
sequence that diverged from that encoded in the cDNA in at
least one residue. We obtained experimental evidence for fur-
ther heterogeneity of ovine Bac5 by isolating an additional
peptide, OaBac5b, in the processed sheep leukocyte extracts
(Fig. 4). OaBac5b was approximately 20 to 30% as abundant as
OaBac5a, differed from it in 2 of 17 corresponding residues
that were defined by N-terminal sequencing, and was 38 Da
smaller. OaBac5b was antimicrobial, but we lacked sufficient
quantities for extensive testing.

PMA-induced secretions. We stimulated goat neutrophils
(5 3 107 cells/ml) with 1 mg of PMA per ml and examined the
supernatants for cathelicidin precursors and processed antimi-
crobial peptides. Precursors were recognized by their apparent
molecular mass on SDS-PAGE gels and by their reactivity with
antibody against cathelin. Consonant with earlier studies on
bovine neutrophils (32), goat secretates contained mostly in-
tact cathelicidin precursors. However, when the secreted ma-

terial was subjected to RP-HPLC, we detected trace amounts
of a 5,160-Da molecule by analyzing HPLC fractions that
eluted at between 34 and 36% acetonitrile (data not shown).

Antimicrobial activity. Because limited amounts of OaBac5a
and ChBac5 were available for study, we used a two-stage
radial diffusion assay for most studies (11, 27, 30). Under low
concentrations of salt, the MICs of each peptide against E. coli
ML-35p and L. monocytogenes EGD were less than 2.5 mg/ml
(Fig. 5a and b). OaBac5a and ChBac5 appeared slightly more
potent than rabbit defensin NP-1. High concentrations of salt
reduced the activity of NP-1 against E. coli (MIC ' 25 mg/ml)
without affecting its potency against L. monocytogenes (Fig. 5c
and d). High concentrations of salt did not impair the activities
of OaBac5a and ChBac5 against either organism.

Under low concentrations of salt, OaBac5a, ChBac5, and
NP-1 had approximately equal activity against P. aeruginosa,
with MICs less than 2 mg/ml (Fig. 6b). The presence of 100 mM
NaCl had little effect on OaBac5a or ChBac5 but decreased
the activity of NP-1 considerably (Fig. 6d). ChBac5 was also
active against two other strains of P. aeruginosa derived from
patients with cystic fibrosis. The MICs for a highly mucoid
strain were 1.2 and 5.2 mg/ml in the media containing low and
high concentrations of salt, respectively. The MICs for the
other strain were 0.5 and 3.6 mg/ml in these respective media.

Figure 6a and c show that NP-1 was active against S. typhi-
murium 14028S under low concentrations of salt (MIC , 1
mg/ml) but lost efficacy in 100 mM NaCl (MIC . 100 mg/ml).
In contrast, OaBac5a was equally active (MIC , 1 mg/ml)
against S. typhimurium under both sets of conditions, but
ChBac5 showed reduced activity (MIC 5 10 mg/ml) in high
concentrations of salt.

Figure 7 shows that NP-1 and both Bac5 peptides killed
B. subtilis effectively under low (MIC 5 1 to 2 mg/ml) and high

FIG. 3. cDNA and deduced amino acid sequences of ChBac5. All boldface
and underlined amino acid residues were confirmed by peptide-level sequencing,
with the exception of the arginine residue in parentheses. The arrow shows the
putative cleavage site for the signal peptide. The predicted sequence of mature
ChBac5 is shown in bold type, and the stop codon is marked by asterisks. Our
peptide-level mass measurements indicated that the C-terminal GRR residues
are removed, presumably when the peptide undergoes amidation.

FIG. 4. Amino acid sequences of Bac5 peptides. Row a compares the se-
quences of goat ChBac5 and bovine BtBac5 (4). Rows b and c show the N-
terminal sequences of ovine Bac5a and -b, determined at the peptide level, with
the differences in boldface. X signifies an unidentified residue. Row d shows the
inferred sequence of prepro-OaBac5, as described by Huttner et al. (9). Below
this is the N-terminal sequence of OaBac5a as determined in this study. Identical
residues are connected with lines.

FIG. 5. Activity against E. coli and L. monocytogenes. The antimicrobial ac-
tivities of OaBac5a, ChBac5, and rabbit defensin NP-1 were measured in radial
diffusion assays against E. coli ML-35p (a and c) and L. monocytogenes EGD (b
and d). The tests were performed under low (a and b) and high (c and d) con-
centrations of salt, as described in the text. The x intercepts of the least mean
square regression lines through the respective data points define the minimal
inhibitory concentration.

4108 SHAMOVA ET AL. INFECT. IMMUN.



concentrations of salt (MIC 5 0.3 to 0.75 mg/ml). NP-1 re-
tained activity (MIC 5 1.5 mg/ml) against S. aureus in 100 mM
NaCl, but OaBac5a and ChBac5 were inactive under these
conditions. OaBac5a, ChBac5, and NP-1 were effective against
C. albicans (MIC 5 1.5 to 3 mg/ml) under low concentrations
of salt but not in 100 mM NaCl (MIC . 100 mg/ml) (data not
shown).

LPS binding. The ability of ChBac5 and polymyxin B to bind
is shown in Fig. 8. Although polymyxin B had a higher affinity
for E. coli 0111:B4 LPS than did ChBac5, the binding isotherm
of ChBac5 was much steeper (Fig. 8a), consistent with positive
cooperativity, an inference supported by the Hill plot, which
gave a slope of 2.56 for the data (Fig. 8b). We did not test the
ability of OaBac5 to bind LPS. More limited experiments per-
formed with OaBac5 revealed that this peptide also bound LPS
(data not shown).

DISCUSSION

Given the abundance of b-defensins in bovine neutrophils
(22), we were surprised to see the lack of defensins in sheep
and goat neutrophils (see Fig. 1). In this respect, ovine and
caprine neutrophils resemble those of pigs (10) and mice (3),
which also lack defensins. For the neutrophils of such animals,
cathelicidins may constitute the principal repository of antimi-
crobial peptides, with b-defensins restricted to nonmyeloid
tissues, such as epithelia and glands.

OaBac5a and ChBac5 were highly active against gram-neg-
ative bacteria (E. coli, S. typhimurium, and P. aeruginosa), ex-
hibiting MICs of approximately 1 mg/ml under low concentra-
tions of salt. At 100 mM concentration NaCl had little effect on
their activities against E. coli and P. aeruginosa but reduced the

efficacy of ChBac5 against S. typhimurium. Skerlavaj et al.
reported that bovine Bac5 acted optimally against E. coli under
low-ionic-strength conditions (25) and speculated that the
early interaction of bovine Bac5 with gram-negative target cells
involved its electrostatic binding to negatively charged surface
molecules, such as LPS. Bac5 molecules may retain their ac-
tivity against gram-negative bacteria in physiologic salt solu-
tions by forming multiple hydrophobic interactions between
LPS and the apolar residues in the repeated tetrameric motif.

Gennaro et al. (6) performed microdilution assays to exam-
ine the susceptibility of S. aureus, Staphylococcus epidermidis,
and Streptococcus agalactiae to bovine Bac5 and reported that
these gram-positive organisms were resistant to that protein
(MIC . 200 mg/ml). We also tested three gram-positive or-
ganisms (S. aureus, L. monocytogenes, and B. subtilis) in the
present studies. All were highly susceptible to OaBac5 and
ChBac5 under low concentrations of salt (MIC , 2 mg/ml), but
S. aureus was highly resistant under high concentrations of salt
(100 mM NaCl). Since the Mueller-Hinton and Iso-Sensitest
broths used by Gennaro et al. have high NaCl concentrations,
our findings with S. aureus are consistent with theirs.

Of the eight cathelicidin genes previously described in
sheep, four encoded the proline- and arginine-rich peptides
designated OaBac5, OaBac6, OaBac7.5, and OaBac11 (9). The
goat and sheep Bac5 peptides described in this report were
very similar to each other and resembled the previously de-
scribed bovine Bac5 peptide. ChBac5 and OaBac5a contained
10 and 11 arginine residues, respectively, and were highly cat-
ionic (pI . 13.0). They were also unusually proline rich, be-
cause nearly their entire length contained a repeated PPXR
motif (with X representing an apolar amino acid—phenylala-
nine, isoleucine, or valine). This tetrameric motif is also found
in bovine Bac5 (4).

FIG. 6. Activity against S. typhimurium and P. aeruginosa. The antimicrobial
activities of OaBac5a, ChBac5, and rabbit defensin NP-1 were measured in
radial diffusion assays against S. typhimurium 14028S (a and c) and P. aeruginosa
(b and d). The tests were performed under low (a and b) and high (c and d)
concentrations of salt, as described in the text. The x intercepts of the least mean
square regression lines through the data points define the minimal inhibitory
concentration.

FIG. 7. Activity against S. aureus and B. subtilis. The antimicrobial activities
of OaBac5a, ChBac5, and rabbit defensin NP-1 were measured in radial diffu-
sion assays against S. aureus (a and c) and B. subtilis (b and d). The tests were
performed under low (a and b) and high (c and d) concentrations of salt, as
described in the text. The x intercepts of the least mean square regression lines
through the data points define the minimal inhibitory concentration.
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Although we did not examine the structures or mechanisms
of ovine and caprine Bac5, such information exists from studies
of bovine Bac5 and related proline-rich antimicrobial peptides
(14, 16, 28). The repeating tetrapeptide motif of Bac5 (also
found in the goat and sheep peptides) assumes a polyproline II
helical conformation when it interacts with acidic phospholip-
ids (14, 16), and residues 7 to 22 of Bac5 (highly conserved in
the goat and sheep peptides) appear to mediate its candi-
dacidal activity (16). Gram-negative bacteria treated with bo-
vine Bac5 displayed rapid decreases in respiration rate, trans-
port, macromolecular syntheses, ATP content, and membrane
integrity (25).

Although the precursor of OaBac5 was previously delin-
eated at the nucleotide level (9), the corresponding peptide has
not previously been purified and tested. While our experimen-
tal use of elastase to process cathelicidin precursors in vitro
could be questioned, the in vitro-in vivo studies performed by
Panyutich et al. with porcine protegrins offer strong support for
this approach (15). The mass spectrometric measurements of
elastase-generated ChBac5 indicate that its processing in-
cludes C-terminal trimming and amidation—features found in
several other cathelin-associated antimicrobial peptides, in-
cluding bovine indolicidin and porcine PR-39 and prophenin.
It is noteworthy that the three residues (GKR) removed from
the carboxy terminus of PR-39 propeptide when it is processed
and amidated (see SwissProt accession no. P80054) are very
similar to the GRR residues removed from the OaBac5
propeptide.

In summary, the present studies showed that Bac5 peptides
from sheep or goats bind LPS and kill gram-negative bacteria
in concentrations of NaCl similar to those found in extracel-
lular fluids. Overall, these findings suggest that Bac5 peptides
may contribute substantially to host defense against gram-neg-
ative bacterial infection in ruminants.
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