INFECTION AND IMMUNITY, Dec. 1992, p. 5042-5047

0019-9567/92/125042-06$02.00/0

eNAP-2, a Novel Cysteine-Rich Bactericidal Peptide from
Equine Leukocytes

MARCELO A. COUTO,* SYLVIA S. L. HARWIG,? JAMES S. CULLOR,? JOHN P. HUGHES,!
AND ROBERT 1. LEHRER?

Departments of Reproduction® and Clinical Pathology,® School of Veterinary Medicine, University of California,

Davis, California 95616, and Department of Medicine, Division of Hematology/Oncology, University of
California Los Angeles, Center for the Health Sciences, Los Angeles, California 90024*

Received 22 June 1992/Accepted 21 September 1992

We purified a novel cysteine-rich antibiotic peptide, eNAP-2 (M,, ~6,500), from acid extracts of equine
neutrophils by sequential gel filtration and reversed-phase high-performance liquid chromatography and
determined its partial N-terminal amino acid sequence. Although its cysteine motif distinguished eNAP-2 from
all other currently known endogenous antibiotic peptides, including defensins and granulins, it showed
substantial sequence similarity to WDNM1, a putative member of the four-disulfide-core protein family that
also includes animal and human antiproteases, snake venom neurotoxins, and rat and mouse whey proteins.
The antibacterial properties of eNAP-2 were tested against several equine uterine pathogens, namely,
Streptococcus zooepidemicus, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae. Killing of
S. zooepidemicus was very efficient, as evidenced by a 94% decrease in numbers of CFU per milliliter after
exposure to 100 pg of eNAP-2 per ml (—~15 pM) for 2 h. Exposure of E. coli and P. aeruginosa to 200 pg of
eNAP-2 per ml for 2 h resulted in 90.2 and 77.6% reduction, respectively, in the numbers of CFU per milliliter.
Bacteriostasis, without bactericidal activity, occurred after K. pneumoniae was incubated with 200 pg of
eNAP-2 per ml. Additional studies will be required in other species and cell types to determine whether eNAP-2
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is restricted to equine neutrophils or is the index member of a larger family of endogenous antibiotics.

Polymorphonuclear leukocytes (PMN) play a crucial de-
fensive role in the innate immune system by ingesting and
killing invading microorganisms. The microbicidal arsenal of
reactive oxygen intermediates and antibiotic proteins and
peptides of the neutrophil effects postphagocytic killing of
ingested bacteria and fungi by oxidative and/or nonoxidative
mechanisms (3, 35). The granule-associated antimicrobial
peptides and proteins of human PMN include azurocidin,
bacterial permeability-increasing protein, cathepsin G, lyso-
zyme, lactoferrin, and defensins (19). We recently isolated a
novel cysteine-rich antimicrobial peptide, eNAP-1 (equine
neutrophil antibiotic peptide 1), from acid extracts of equine
neutrophil granules (5). Although this peptide was structur-
ally distinct from defensins, its sequence exhibited >78%
identity with one of the human granulins, a family of
peptides recently reported to exist in human and rat neutro-
phils (1). We now report the identification and purification
from equine PMN granules of an additional cysteine-rich
antibiotic peptide that is structurally unrelated to either
defensins or eNAP-1 (granulin). This peptide, eNAP-2,
exerted appreciable antibacterial activity against selected
pathogens that cause clinical endometritis in mares.

MATERIALS AND METHODS

Equine neutrophil isolation. Horses were housed at the
University of California Davis Equine Research Laboratory,
and a protocol for animal use and care was obtained. Jugular
blood was collected from 24 normal mares, and neutrophils
were isolated on a discontinuous Percoll density gradient
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(Pharmacia LKB, Piscataway, N.J.) as described previously
(5). Percoll-purified neutrophils were suspended in 20 ml of
0.34 M sucrose (Fisher Scientific, San Francisco, Calif.) (pH
7.4), and aliquots were removed for PMN count and purity
and viability analyses. Neutrophils were also collected from
sterile uterine exudates after the induction of an acute,
sterile endometritis by the intrauterine infusion of a Strep-
tococcus zooepidemicus filtrate, as reported earlier (4, 6).
Purification of eNAP-2. A preparation rich in neutrophil
cytoplasmic granules was prepared by differential centrifu-
gation of nitrogen cavitation-disrupted equine PMN, as
described previously (4, 5). Briefly, the granule-rich pellets
were extracted for 18 h in 10% acetic acid, on ice, and
cleared by centrifugation at 27,000 X g for 20 min at 2°C. The
extract was subsequently concentrated (SpeedVac; Savant,
Hicksville, N.Y.), fractionated by gel permeation on a
Bio-Gel P-10 chromatography column (1.0 by 50 cm) (Bio-
Rad Laboratories, Richmond, Calif.), and the eluate was
monitored for 4,g,. Every third P-10 fraction was analyzed
by acid-urea-polyacrylamide gel electrophoresis (AU-
PAGE) (24) for protein content and complexity. On the basis
of their antimicrobial activity against S. zooepidemicus (see
below), selected P-10 fractions were further purified by
reversed-phase high-performance liquid chromatography
(RP-HPLC) with a C,4 column (0.46 by 25 cm) (Vydac, The
Separations Group, Hesperia, Calif.) on an M45/680 binary
solvent delivery system (Millipore-Waters, Bedford, Mass.)
(5)- A linear gradient of 0 to 60% acetonitrile (Fisher) in
water, containing 0.1% trifluoroacetic acid (Fisher), over 60
min, was employed to elute the proteins from the C,g
column. The eluting proteins were monitored spectrophoto-
metrically by A,,, or A,,5 and 4,5, and were analyzed by
AU-PAGE. To estimate the molecular mass of eNAP-2,
aliquots of the purified peptide were analyzed by sodium
dodecyl sulfate-tricine polyacrylamide gel electrophoresis



VoL. 60, 1992

21 2620 BB B3 36 39 42 45

— -
S

FIG. 1. Initial purification of eNAP-2; AU-PAGE analysis of
P-10 column fractions. An acetic acid extract of equine neutrophil
granules was chromatographed as described in the text, and every
third fraction was analyzed by AU-PAGE. Lysozyme (L) and
eNAPs (E) coeluted between fractions 30 and 45.

(SDS-TPAGE) on 0.75-mm-thick minigels (Hoefer Scientific
Instruments, San Francisco, Calif.) containing 16.5% poly-
acrylamide in the resolving layer and 4% polyacrylamide in
the stacking layer (30).
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Amino acid composition analysis. Purified eNAP-2 was
hydrolyzed in vacuo in 5.6 N HCI for 40 h at 115°C. Cysteine
was quantified as cysteic acid after performic acid oxidation
of a sample aliquot (22). After hydrolysis, amino acid resi-
dues were derivatized with phenylisothiocyanate (Pierce
Laboratories, Rockford, Ill.) (2, 15), and separated and
quantified by RP-HPLC as described earlier (14, 33).

Sequence determination and analysis. Purified eNAP-2 was
reduced and alkylated with 4-vinylpyridine (Aldrich Chemi-
cals, Milwaukee, Wis.) or iodoacetamide (Sigma Chemical
Co., St. Louis, Mo.) in 6.0 M guanidine HCI-0.5 M Tris HCI
(pH 8.1)-0.2 mM EDTA (14). Modified eNAP-2 was desalted
by RP-HPLC and subjected to automated gas-phase Edman
degradation on a model 475A Applied Biosystems sequencer
(34). Although our initial attempts at sequencing eNAP-2
indicated that it was N-terminally blocked, the peptide was
deblocked by treating approximately 20 pg of purified car-
boxyamidomethylated eNAP-2 with pyroglutamyl ami-
nopeptidase (Boehringer Mannheim Biochemicals, India-
napolis, Ind.) in a 0.1 M sodium phosphate buffer (pH 8.5)
containing S mM dithiothreitol, 10 mM EDTA, 5% glycerol,
and 1 pg of the enzyme (27). Samples were flushed with
nitrogen for 2 h at room temperature and stored overnight at
4°C. The reaction was terminated by the addition of 50 pul of
acetic acid and lyophilization. The efficiency of the deblock-
ing reaction was monitored by AU-PAGE. Unblocked pep-
tide samples were subsequently desalted by RP-HPLC and
sequenced as described above. Amino acid sequences were
analyzed for similarity to those of known proteins, by using
the FASTA algorithm (25) and multiple computer data bases,
e.g., GenBank 70.0, EMBL 29.0, Swiss-Prot 19, and Gen-
Pept 70.0.

Antibacterial assays. Logarithmic-phase metabolically ac-
tive S. zooepidemicus, Escherichia coli, Pseudomonas
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FIG. 2. Purification of eNAP-2. Selected fractions were subjected to RP-HPLC with an acetonitrile gradient (dotted line). This was
fraction 42 shown in Fig. 1. The positions of eNAP-2 and lysozyme (LZM) are indicated.
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aeruginosa, and Klebsiella pneumoniae, each originally ob-
tained from the uteri of mares with clinical endometritis,
were used as target organisms in antimicrobial assays of
eNAP-2 (4, 6). Assays were performed as described previ-
ously (5, 13). Briefly, frozen isolates, maintained in nutrient
broth containing 10% glycerol, were streaked on appropriate
agar plates and incubated at 37°C for 24 to 48 h. A single
colony was cultured for 18 h in broth at 37°C, after which 1
ml of this stationary-phase culture was transferred to 40 ml
of fresh broth and incubated for an additional 4 h. This
mid-log-phase culture was washed by centrifugation in 10
mM sodium phosphate buffer (pH 7.4), and the bacterial
concentration was adjusted spectrophotometrically by A
by using previously determined standard values. The incu-
bation mixtures contained 5 x 10* bacterial CFU/ml in 10
mM sodium phosphate buffer (pH 7.4) and 100 or 200 pg of
eNAP-2 per ml in a 0.01% sterile acetic acid vehicle. Control
mixtures, lacking eNAP-2, contained a comparable volume
of 0.01% sterile acetic acid. After the mixtures were incu-
bated for 2 h in a 37°C shaking water bath, aliquots were
removed, diluted 10- and 100-fold, and plated in duplicate on
nutrient agar plates, by using a spiral plater (Spiral System
Instruments, Bethesda, Md.). Inoculated plates were incu-
bated at 37°C for 24 to 48 h to allow for any colony
development. Assays were performed in duplicate, and the
data were analyzed by Student’s ¢ test. Ninety-five and 99%
confidence intervals were built for each time point for both
control and treated samples. Sample values were deemed to
differ significantly when nonoverlapping 95% confidence
intervals existed for a given time point between control and
treated samples. The coefficient of variation of values was
<5%. Antibacterial activity was expressed both as the
percentage of input CFU per milliliter remaining after incu-
bation, and as the log,, reduction of input CFU per milliliter
after exposure to eNAP-2 (5).

RESULTS

Neutrophil preparation. Typical neutrophil preparations
exhibited high purity (>99% neutrophils) and viability
(>90% viable neutrophils). Transmission electron micro-
scopic appearance of the 27,000 X g sediment (starting
material for our peptide purification) revealed an abundance
of cytoplasmic granules, with only minor contamination by
other subcellular components (5).

Identification and purification of eNAP-2. Gel permeation
analysis of the equine neutrophil granule extract, followed
by gel electrophoresis and antimicrobial testing (see below),
identified a P-10 peak with bactericidal activity against S.
zooepidemicus. This peak, spanning 15 fractions, contained
several antimicrobial polypeptides, including eNAP-1 (5),
eNAP-2 (described herein) and equine neutrophil lysozyme.
eNAP-2 eluted with lysozyme from the Bio-Gel P-10 column
within 70% of its total bed volume (Fig. 1). This P-10 peak
was further resolved by RP-HPLC. eNAP-2 eluted from the
C,5 column at an acetonitrile concentration of 28%, while
eNAP-1 eluted at 22% and lysozyme eluted at 45% (Fig. 2).
Figure 3 shows the appearance of HPLC-purified eNAP-2 by
SDS-TPAGE (Fig. 3a) and AU-PAGE (Fig. 3b). eNAP-2
revealed itself as a relatively abundant gene product of
equine PMN. From Coomassie-stained AU-polyacrylamide
gels (e.g., Fig. 1), we estimated that it was approximately 5
to 10% as abundant as lysozyme, whose content was re-
ported to be 3.2 + 0.2 mg (mean + standard error of the
mean) per 10° equine PMN (28). By SDS-TPAGE, the
molecular mass of eNAP-2 was ca. 6.5 kDa. eNAP-2 exhib-
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FIG. 3. Purified eNAP-2. (a) Silver-stained 16.5% SDS-tricine
polyacrylamide gel. Lanes: 1, eNAP-2 (~0.3 pg); 2, equine neutro-
phil granule extract (~10° cell equivalents). (b) Coomassie brilliant
blue-stained acid-urea-12.5% polyacrylamide gel. Lanes: 1, equine
neutrophil granule extract (~107 cell equivalents); 2, eNAP-2 (~0.6
ng). (c) Coomassie brilliant blue-stained acid-urea-12.5% polyacryl-
amide gel. Lanes: 1, N-terminally blocked carboxyamidomethylated
eNAP-2 (CAM eNAP-2); 2, CAM eNAP-2 after treatment with
deblocking buffer (control); 3, CAM eNAP-2 after deblocking with
pyroglutamyl aminopeptidase (see text).

ited a markedly cathodal migration on acid-urea gels. This
was consistent with its relatively small size and suggestive of
a polycationic structure.

Amino acid composition. Amino acid analysis of eNAP-2
revealed that glycine and proline constituted approximately
16 and 12 mol%, respectively, of the total residues and that
the molecule was relatively rich in cysteine (Table 1). The
amino acid composition analysis also revealed an absence of
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TABLE 1. Amino acid analysis of eNAP-2

Amino acid Amt (nmol) Mol%
Alanine 0.4724 6.84
Arginine 0.3724 5.39
Asp(x)* 0.3371 4.88
Cysteine? 0.6893 (calc)® 9.98
Glu(x)* 0.4788 6.93
Glycine 1.1087 16.05
Histidine 0.4112 5.95
Isoleucine 0.041 0.59
Leucine 0.3203 4.64
Lysine 0.397 5.75
Methionine TU¢ TU
Phenylalanine 0.0852 1.23
Proline 0.801 11.60
Serine 0.4036 5.84
Threonine 0.469 6.79
Tryptophan ND* ND
Tyrosine 0.00 0.00
Valine 0.5169 7.48
Total 6.9039 99.94

“ Asp(x), aspartic acid plus asparagine; Glu(x), glutamic acid plus glu-
tamine.

b Cysteine was measured as cysteic acid in a separate performic-acid-
oxidized sample.

€ calc, calculated.

4 TU, technically unsatisfactory.

€ ND, not determined.

tyrosine that was consistent with the low A,gy/4,,5 ratio
exhibited by eNAP-2 (data not shown).

Deblocking and sequencing of eNAP-2. As anticipated,
unblocked eNAP-2 exhibited a more-cathodal migration, by
AU-PAGE, than its blocked counterpart (Fig. 3c). Approx-
imately 400 pmol of unblocked eNAP-2 that had been
carboxyamidomethylated was subjected to partial N-termi-
nal sequence analysis by automated Edman degradation
The first 10 residues, VERKHPLGGS, were recovered in
the following amounts (in picomoles): 481, 223, 25, 246, 20,
159, 186, 57, 101, and 74, respectively. Overall, the average
repetitive yield was 88.39% =+ 0.62 (mean * standard error
of the mean). Substantial sequence similarity existed be-
tween eNAP-2 and WDNMI, a putative member of the
previously described four-disulfide-core family of proteins
(9) (see below), and a significant gene product of nonmeta-
static rat mammary adenocarcinoma cells (7). The degree of
sequence identity is illustrated in Fig. 4.

Antibacterial assays. The antimicrobial activity of eNAP-2
was assessed on several equine pathogens (Table 2). S.
zooepidemicus was killed at a concentration of 100 pg/ml
within 2 h. While the input numbers of CFU of E. coli and P.
aeruginosa per milliliter were significantly reduced within 2
h, the strain of K. pneumoniae tested was unaffected by
exposure to 200 pg of eNAP-2 per ml. Overall, eNAP-2
appeared to be as active as eNAP-1 (5) against these gram-
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eNAP-2 EVERKN LGGSR VIPPIGTF
RatWONM1 HNITVALFS TKLEK NP PIRS I
1

I LI

ANTIBACTERIAL PROPERTIES OF eNAP-2 5045

TABLE 2. Antibacterial activity of eNAP-2 against
test organisms®

Mean CFU/ml” in: Log,, reduction of
Organism Control Treated input C.FU/ mlc.(%)d
samples samples after incubation
S. zooepidemicus® 1.5 x 10° 2.99 x 10> 1.70 * 0.22 (94.0)
E. coli 1.3 x 10° 4.89 x 10° 1.42 + 0.23 (90.2)
P. aeruginosa 1.0 x 10° 1.12x 10* 0.95%0. 0 (77.6)
K. pneumoniae 5.0 x 10° 1.94 x 10°

< After 2 h of incubation at 37°C in the presence of 200 ug of eNAP-2 per ml.
® The input was 5 x 10* CFU/ml.

€ Mean * standard error of the mean.

4 Mean.

€ Tested with 100 pug of eNAP-2 per ml.

7 NR, no reduction.

negative bacteria but somewhat less active against the
gram-positive S. zooepidemicus.

DISCUSSION

Although several nonoxidative endogenous bactericides
have been defined in neutrophils of humans (13, 19) and
other animal species (10, 33, 34), remarkably little is known
about comparable components from equine PMN. We pre-
viously reported that although equine PMN lack defensins,
other microbicidal polypeptides are present in their granules,
including eNAP-1 (5) and lysozyme (4). Both eNAP-2, the
subject of this report, and eNAP-1 were cysteine rich,
relatively small (~6.5 and ~7.2 kDa, respectively), and
represented the most cathodally migrating protein species in
acid-extracted equine PMN granules. Although eNAP-2
resembled eNAP-1 in its size, charge, and cysteine-rich
nature, no structural homology existed between the two
peptides. Whereas eNAP-1 is present in equine neutrophils
in very low quantities, eNAP-2 is a major gene product of
equine neutrophils (or their myeloid precursors). Although
eNAP-2 showed no amino acid sequence similarity to other
known antimicrobial species (e.g., eNAP-1, defensins), it
exhibited a remarkable similarity to WDNM]1, a gene prod-
uct of nonmetastatic rat mammary carcinoma cells (7). It has
been proposed that WDNMI is a member of the four-
disulfide core family of proteins (9). This group consists of
several cysteine-rich proteins containing a common core of
eight similarly positioned cysteines. This highly conserved
cysteine motif is presumed to be important in the overall
folding pattern of the protein and in stabilizing small hydro-
phobic domains (9). Members of this family include proteins
of diverse, or unknown, functions such as human antileuko-
proteases (32), a basic protease inhibitor of Red Sea turtles
(17), whey acidic proteins of rats and mice (16), wheat germ
agglutinin (31), and snake venom neurotoxin (20).

eNAP-2 exhibited the greatest sequence identity to
WDNM1, as illustrated in Fig. 4. Note, however, that there
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FIG. 4. N-terminal sequence of eNAP-2. Note that eNAP-2 is homologous to the WDNMI gene product, in that 21 of 46 (45.6%) of the
sequenced residues (boxed) are identical. The two nonaligning cysteines are indicated by asterisks. Abbreviations: A, alanine; C, cysteine;
D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N,

asparagine; P, proline; Q, glutamine; R, arginine; S, serine;

T, threonine; V, valine; W, tryptophan;

X, unassigned residue; Y, tyrosine.
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was one nonaligning cysteine residue (eNAP-2 Cys-29;
WDNM]I1 Cys-40; Fig. 4). Curiously, the corresponding
replacement amino acid residue was in both instances glu-
tamic acid. Although the homology between eNAP-2 and
WDNM]1 is strong, it is imperfect, and studies at the DNA
level will be required to clarify the relationship between
eNAP-2 and the four-disulfide core family of proteins. The
mRNA of WDNM1 from nonmetastatic cells was found to be
expressed at a level 20-fold higher than in their metastatic
counterparts (7). Dear et al. (7) hypothesized that the mod-
ulation in the levels of the putative proteinase inhibitor
WDNMI could influence the invasiveness and metastatic
potential of adenocarcinomatous cells. Considering the se-
quence similarity between eNAP-2 and several four-disulfide
core antiproteases, we reasoned that, in addition to its direct
antibacterial function, eNAP-2 might also have anti-
proteinase activity. Indeed, in recent experiments, we have
shown that eNAP-2 is a potent inhibitor of both subtilisin
and proteinase K (5a), suggesting that it is likely to be one of
the three equine neutrophil cationic peptides (molecular
masses of ~6.3, 7.1, and 7.4 kDa) exhibiting selective
antiprotease activity against subtilisin and proteinase K
(communicated by Pellegrini et al. [26]). However, since no
amino acid composition or sequence data were presented in
that report, the relationship of these antiprotease peptides
with eNAP-1 and -2 remains unclear. We have not yet tested
eNAP-1 for antiprotease properties.

On the basis of its antibacterial activity at concentrations
of 100 to 200 pg/ml, we believe that eNAP-2 is likely to
contribute to the overall oxygen-independent intracellular
killing by equine neutrophils. This conclusion is based on the
following assumptions: (i) the volume containing 10° equine
PMN, like that of their human counterparts, is ~0.35 ml; (ii)
the granules of equine PMN occupy no more than 10% of the
cytoplasmic compartment; and (iii) 10° equine PMN contain
~160 to 320 pg of eNAP-2 (i.e., 5 to 10% of their lysozyme
content, assumed to be 3.2 mg as described by Rausch and
Moore [28]). These assumptions lead to the conclusion that
the concentration of eNAP-2 within equine PMN granules
approximates 4.5 to 9.0 mg/ml.

Further studies will be required to determine if eNAP-2
homologs occur in cells other than equine neutrophils. Given
the widespread distribution of cysteine-rich antimicrobial
peptides in diverse host defense cells of animals (8, 10-13,
18, 21, 23, 29, 33, 34), we expect that eNAP-2 will prove to
be the index member of a larger family of antimicrobial
peptides that will contain its unique cysteine motif.
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