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FIG. 1. Alignment of prepro-6-defensins. (A) BTD-a to -d amino acid sequences predicted from cDNA are aligned manually with RTD1a to
-¢, and human 6-defensin pseudogene (HTDp). Dots in aligned sequences denote amino acids identical to those in BTD-a, the asterisk symbol
denotes the position of termination codon, and the # symbol denotes a stop codon that prematurely terminates translation. (B) Cyclic structures

of 10 deduced BTD peptides derived from cDNA sequences.

gelada baboons. RT-PCR analysis of bone marrow RNA from a
single olive baboon disclosed three 6-defensin mRNAs (BTD-a,
-b, and -c), each having 93 to 97% identity to orthologous genes
(RTDla, -1b, and -1c) in the rhesus monkey. Analysis of bone
marrow RNA from a second baboon disclosed expression of a
fourth 6-defensin precursor, BTD-d.

Figure 1A shows the deduced amino acid sequences of the
BTD precursors aligned with those of rhesus macaques and
that encoded by a human 6-defensin pseudogene wherein the
open reading frame is interrupted by a stop codon (at residue
17). The 0-defensin genes encode polypeptide precursors with
highly conserved signal and prosegment sequences followed by
C-terminal dodecapeptide sequences that are more variable.
Each of the BTD cDNA sequences shown in Fig. 1 was also
identified following RT-PCR of RNA from baboon peripheral
blood leukocytes. The differential (homodimeric and het-
erodimeric) pairing of BTD-a to BTD-d-derived nonamers

would theoretically produce 10 cyclic peptides, BTD-1 to BTD-
10, shown schematically in Fig. 1B (sequences and character-
istics of the 10 BTDs shown in Table 1).

Purification of BTDs. Acid extracts of baboon leukocytes
were subjected to sequential gel filtration (Fig. 2A, inset)
and HPLC purification (Fig. 2) steps as described in Mate-
rials and Methods. Putative 6-defensins were identified by
MALDI-TOF MS before and after reduction and alkylation,
allowing for the identification of tridisulfide peptides with
masses matching one or more of those peptides shown in
Fig. 1B. Each of the putative 6-defensins was found to comi-
grate with a synthetic version of one of the previously char-
acterized rhesus 6-defensins. Homogeneous preparations of
five baboon 6-defensins (Fig. 2B) were obtained by sequen-
tial HPLC steps (see Materials and Methods). Amino acid
analysis was performed on samples of each peptide, and the
amino acid compositions obtained (Table 2) allowed for the

TABLE 1. Characterization of baboon 6-defensin sequences

Deduced peptide sequence

Native peptide mass S-CAM peptide mass?

pp [precursor cDNA(s)} Charee Theor.? Exptl® Theor. Exptl
1 RCVCTRGFCRCVCRRGVC(a+b) +5 2,054.58 2,055.69 2,402.94 2,404.21
2 RCVCRRGVCRCVCRRGVC(b+b) +6 2,061.61 2,062.72 2,409.97 2,411.73
3 RCVCTRGFCRCVCTRGFC(a+a) +4 2,047.54 2,048.38 2,395.90 2,396.98
4 RCVCTRGFCRCICLLGIC(a+c) +3 1,996.57 1,996.57 2,344.93 2,344.45
5 RCVCRRGVCRCICLLGIC(b+c) +4 2,003.61 ND ND ND
6 RCICLLGICRCICLLGIC(c+c) +2 1,945.61 ND ND ND
7 RCVCTRGFCRCFCRRGVC(a+d) +5 2,102.62 2,103.70 2,450.98 2,452.29
8 RCVCRRGVCRCFCRRGVC(b+d) +6 2,109.66 ND ND ND
9 RCICLLGICRCFCRRGVC(c+d) +4 2,051.66 ND ND ND
10 RCFCRRGVCRCFCRRGVC(d+d) +6 2,157.70 ND ND ND

“ The letters in parentheses designate the two precursor cDNA(s) from which the mature peptide sequence was derived (Fig. 1). For example, the two precursor

c¢DNAs for BTD-1 were BTD-a and BTD-b, which is shown as (a+Db).

® Theor., theoretical. The calculated mass (Daltons) of the native or S-carboxamidomethylated (S-CAM) cyclic peptide is shown. ND, not determined.

¢ Determined by MALDI-TOF MS. ND, not determined.

9 Tsolated peptides were reduced with DTT and S-carboxamidomethylated (CAM) with iodoacetamide.
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FIG. 2. Purification of BTDs from leukocytes. (A) Acid extracts of peripheral blood leukocytes were chromatographed using a Bio-Gel P-60
gel filtration column (inset) equilibrated in 5% acetic acid. Fractions denoted by the bracket contain 6-defensin molecular masses. These fractions
were pooled and rechromatographed by semipreparative RP-HPLC on a Vydac C,g4 column (10 by 250 mm). Numbers above the peaks indicate
baboon 6-defensins. (B) BTD-1, -2, -3, -4, and -7 were purified to homogeneity, and 0.5 pg of each BTD was observed by analytical C;3 RP-HPLC.

BTD-2 is synthetic.

identification of five 6-defensins (BTD-1 to -4 and BTD-7)
shown in Fig. 1B.

We further confirmed that the baboon peptides were indeed
0-defensins by determining the sequence of BTD-7. An a-chy-
motrypsin digestion product of the peptide was fractionated by
RP-HPLC, and purified peptide fragments were characterized
by Edman degradation. The sequences of two nonoverlapping
peptide fragments (CRCFCRRGVCR and CVCTRGF) ac-
counted for all residues identified by amino acid analysis.
When the two sequences were laid head to tail, the entire
sequence matched the primary structure and mass of BTD-7
(Table 1 and Fig. 1B). Analysis of the BTD-7 sequence indi-
cates that it is composed of nonapeptides derived from the
BTD-a and BTD-d precursors (Fig. 1B). Similarly, BTD-1 to -4
are produced by homodimeric or heterodimeric splicing reac-
tions. BTD-1 and BTD-4 are the products of heterodimeric
splicing of the BTD-a nonapeptide with BTD-b and BTD-c
nonapeptides, respectively. BTD-2 and BTD-3 are produced
by the homodimeric splicing of BTD-b- and BTD-a-derived
nonapeptides, respectively (Table 1 and Fig. 1B). The relative
abundance of the five 6-defensins in leukocyte preparations
(based on recovery during purification) was approximately 150:
110:55:15:1 (BTD-1/ BTD-3/ BTD-7/ BTD-4/ BTD-2), indicat-
ing a wide range of expression of individual 6-defensins. We

TABLE 2. Amino acid compositions of purified BTDs

Amino acid composition in:

Amino
acid BTD-1 BTD-2 BTD-3 BTD-4 BTD-7
Arg 479(5)  6.00(6)  436(4)  326(3)  4.96(5)
Cys® 6.00 (6)  6.00 (6) 6.00 (6) 6.00 (6)  6.00 (6)
Gly 1.98(2) 2982 2742 233(2) 2602
Ile 0 (0) 0 (0) 0 (0) 1.85(2)  0(0)
Leu 0 (0) 0 (0) 0 (0) 220(2)  0(0)
Phe 1.00(1)  0(0) 2.00 (2) 1L15(1)  1.89(2)
Thr 1.02(1)  0(0) 1.95 (2) 114 (1)  1.00(1)
Val 254(3)  3.67(4) 2.06 (2) 1.00 (1)  1.65(2)

“ Cysteine content was determined by reduction and alkylation, followed by
MALDI-TOF MS.
b Values are greater than expected due to glycine contamination.

failed to detect peptides corresponding to putative BTD-5, -6,
-8, -9, or -10 (Fig. 1B) in leukocytes.

Characterization of synthetic and natural BTDs. BTD-1, -2,
-3, -4, and -7 were synthesized and purified for further studies.
Purified linear peptides were oxidized in room air and cyclized
as described above (Materials and Methods). Synthetic BTD
preparations were 95 to 100% pure and equivalent to the
corresponding natural peptides in RP-HPLC, AU-PAGE, and
antimicrobial assays. As shown in Fig. 3, natural and synthetic
BTD-1 behaved identically in each analysis. Characterization
of the remaining synthetic peptides and comparison with the
corresponding natural peptides gave equivalent results (data
not shown).

Immunolocalization of 0-defensin peptides in baboon leu-
kocytes and bone marrow cells. Antibody produced against a
polymerized form of RTD-1 was evaluated for its immunore-
activity with each of the baboon 6-defensins. Peptides were
separated by AU-PAGE and analyzed by Western blotting
with goat anti-RTD-1 antibody. As shown in Fig. 4, the anti-
body recognized all five synthetic BTDs (lanes 2 to 6) as well as
RTD-1 to -3 (lane 7). Immunoreactivity was also observed in
an extract of baboon leukocytes (lane 1), detecting a band that
comigrated with BTD-1 and -7.

BTD cellular expression and localization were evaluated by
immunostaining cytocentrifuge preparations of baboon blood
leukocytes with anti-RTD-1 IgG. Cytoplasmic staining of gran-
ules in neutrophils and monocytes, but not eosinophils, was
observed (Fig. 5A). This pattern closely resembles the staining
of a- and 6-defensins in rhesus macaque leukocytes (20, 21)
and of a-defensins in human neutrophils (14). Immunostaining
of baboon bone marrow cells showed BTD expression in
myeloblasts as well as band and segmented neutrophils (Fig.
5C). These data indicate that 6-defensins are produced early in
myelopoiesis, similar to 6-defensins in rhesus monkeys (21).

Antimicrobial activities of BTDs. Synthetic BTDs were eval-
uated for microbiostatic and microbicidal activities against
gram-positive (S. aureus 502a) and gram-negative (E. coli
ML35) bacteria and a fungus (C. albicans 16820) (Fig. 6 and 7).
Data shown are representative of duplicate experiments. Like
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FIG. 3. Comparison of natural and synthetic BTD-1. (A) Analytical
RP-HPLC of 0.5 pg of natural BTD-1 (N), 0.5 g of synthetic BTD-1
(S), and 0.5 pg of a 1:1 mixture of natural and synthetic BTD-1 (M).
(B) Silver-stained AU-PAGE of 4 X 10° cell equivalent leukocyte
extract (E) or 0.5 pg each of natural BTD-1 (N), synthetic BTD-1 (S),
and a 1:1 mixture of natural and synthetic BTD-1 (M). (C) Agar
diffusion assays of synthetic and natural BTD-1. Results shown are
representative of duplicate experiments.

rhesus 0-defensins, baboon 6-defensins inhibited microbial
growth in a dose-dependent manner, and both RTD-1 and
BTD-1 had identical bacteriostatic activities against S. aureus
and E. coli (data not shown). The five BTD peptides tested
here produced nearly identical zones of clearing against S.
aureus (Fig. 6, left). Somewhat greater activity variation was
observed in assays against E. coli (Fig. 6, middle), with BTD-2
and BTD-3 being somewhat more effective than the other
0-defensins. Even greater differences in BTD activities were
seen in diffusion assays against C. albicans (Fig. 6, right). The
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FIG. 4. Western blotting of baboon and rhesus 6-defensins. Acid
extracts of 4 X 10° baboon leukocytes (lane 1), 1 g each of synthetic
BTD-1, -2, -3, -4, and -7 (lanes 2 to 6, respectively), and a mixture of
RTD-1, -2, and -3 (lane 7) were resolved on a 12.5% AU-polyacryl-
amide gel, transferred to a nitrocellulose membrane, and immuno-
blotted with goat anti-RTD-1 IgG.

most potent peptide was BTD-2, which was approximately
twice as active as BTD-4, the least active 0-defensin.

We previously showed that the microbicidal activities of
rhesus monkey 6-defensins were markedly affected by the ionic
milieu of the incubation medium (22). Therefore, we evaluated
BTD microbicidal activities using two buffering solutions, 10
mM PIPES (pH 7.4) containing 5 mM glucose (Fig. 7, left
panels) or 10 mM Tris-HCI (pH 7.4) containing 5 mM glucose
(Fig. 7, right panels). In both buffer systems, all five BTDs were
able to kill >90% of all microorganisms tested at 8 pg/ml, the
highest concentration tested. Overall, the greatest microbicidal
effect was against S. aureus where >3 log units of killing was
obtained with 4 pg/ml in PIPES buffer and with 1 pg/ml in Tris
buffer (Fig. 7, top two panels). BTD killing of E. coli was
similar in PIPES and Tris buffers (Fig. 7, middle panels);
BTD-4 was the least active BTD against E. coli, but it still
showed 90 to 100% killing at 8 pg/ml. Each of the baboon
0-defensins except BTD-4 killed >3 log units of C. albicans at
4 to 8 pg/ml in Tris buffer, but only BTD-2 and BTD-7 (at 8
pg/ml) killed to this degree in PIPES buffer (Fig. 7, bottom
panels). Overall, BTDs exhibited somewhat greater microbicial
activity in Tris buffer than in PIPES buffer against C. albicans,
especially at 4 to 8 pg/ml. These data are consistent with results
seen from diffusion assays and demonstrate that baboon 6-de-
fensin activities vary depending on the target microorganism
and the buffer system employed.

BTD permeabilization of E. coli ML35. BTDs were analyzed
for their mechanism of E. coli killing by determining the extent
of bacterial permeabilization produced in the ONPG hydroly-
sis assay described in Materials and Methods. As indicated in
Fig. 8A, each peptide elicited dose-dependent efflux of ONP
from E. coli. Previously we demonstrated that rhesus macaque
0-defensins enter the cytoplasm of E. coli ML35 where they
inhibit B-galactosidase to various degrees. To correct for BTD-
mediated inhibition of B-galactosidase, purified enzyme was
incubated with each peptide, and ONPG conversion was de-
termined (Fig. 8B). A corrected rate of ONPG hydrolysis was
then calculated as described in Materials and Methods and
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FIG. 5. Immunohistochemical staining of BTDs. (A) Peripheral blood leukocytes stained with anti-RTD-1 IgG localized BTDs to the
cytoplasmic granules of neutrophils (arrowheads) and monocytes (hollow arrows), but not eosinophils (yellow arrows). (B) Preimmune IgG
staining of peripheral blood leukocytes. (C) Bone marrow cells show cytoplasmic staining of BTDs in neutrophilic precursors (hollow arrows) and
neutrophils (arrowheads), but not eosinophils (yellow arrows). (D) Preimmune IgG staining of bone marrow cells.

plotted as a function of peptide concentration (Fig. 8C). At low
peptide concentrations (<1 pg/ml), the rate of ONPG hydro-
lysis was similar for BTD-1, -3, -4, and -7, whereas BTD-2 was
1.5- to 3-fold more active than the other BT Ds. In addition, the
concentration at which the rate of ONPG hydrolysis plateaued
varied substantially among the five peptides (Fig. 8C), indicat-
ing that the interaction with the cell envelope differs among the
BTDs.

DISCUSSION

Investigations of rhesus macaque leukocytes led to the dis-
covery of the macrocyclic 6-defensin peptide family and re-
vealed a unique biosynthetic pathway that produces the mature
octadecapeptide (12, 21, 23). Subsequently, genetic studies by
Nguyen and colleagues (15) demonstrated the presence of
0-defensin precursor genes in a number of Old World Mon-
keys (rhesus and pigtail macaques and colobus monkeys),
siamangs (a lesser ape), and orangutans (a great ape), whereas
New World Monkeys and prosimians lacked 6-defensin genes.
Of note was the finding that humans, gorillas, bonobos, and

chimpanzees possess only pseudogenes in which a conserved
premature stop codon interrupts the open reading frame in the
0-defensin precursor signal peptide. In the same report, data
on two Old World Monkeys, the gelada baboon and the silver
leaf langur, appeared to lack either intact genes or pseudo-
genes encoding 6-defensins. This finding was at variance with
our studies indicating that 6-defensin precursor mRNAs were
expressed in bone marrow of olive and gelada baboons. We
therefore undertook studies to evaluate the expression of 6-de-
fensin mRNAs and peptides in these Old World species.
Analysis of RT-PCR products derived from olive baboon
bone marrow disclosed the presence of four 6-defensin
mRNAs (Fig. 1), and these data facilitated the isolation of five
6-defensins from peripheral blood leukocytes. On the basis of
previous findings in rhesus monkeys, we predicted that baboon
0-defensins would be composed of 18 amino acids that would
derive from binary combinations of the BTD-a to -d nonapep-
tides highlighted in Fig. 1. Of the 10 possible 6-defensin prod-
ucts thus generated, 5 were isolated. The identity of each
peptide was confirmed by synthesizing the deduced structure
and/or by direct sequencing of the natural peptide. This is only
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FIG. 6. Microbiostatic activities of BTDs. Synthetic BTD-1, -2, -3, -4, and -7 were tested for their antimicrobial activities against the indicated
organisms in an agar diffusion assay. Zones of clearing were measured after incubation for 18 to 24 h. Results shown are representative of duplicate

experiments.
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FIG. 7. Microbicial activities of BTDs. Synthetic BTDs were incubated with 2 X 10° CFU of each organism for 2 h at 37°C using two buffering conditions,
10 mM PIPES (pH 7.4) and 5 mM glucose (left panels) or 10 mM Tris-HCI (pH 7.4) and 5 mM glucose (right panels). The numbers of CFU were determined
after the plates were incubated at 37°C for 18 to 24 h. The limit of detection (1 colony/plate) was equal to 1 X 10* CFU/ml in the incubation mixture.

the second animal species from which naturally occurring cy-
clic peptides have been isolated, thus confirming the binary
excision/ligation biosynthetic pathway previously characterized
in rhesus monkeys.

The sequences of the 6-defensins expressed in baboons and
rhesus monkeys are very similar, but no single peptide is ex-
pressed by both species. The net charges among the peptides
(either isolated or predicted) range from +2 to +6 for both
species, and there is a wide range of expression levels among
the peptides. Five of the six predicted macaque 6-defensins
have been purified from myeloid tissues (23; unpublished
data), but only 5 of the 10 predicted baboon peptides have
been isolated thus far. This may be a reflection of expression

levels and/or efficiency of the steps involved in purifying indi-
vidual peptides.

The relative abundance of the BTDs isolated in this study
reflects the ratios resulting from combining the leukocytes
from 10 baboons, and the relative BTD levels may differ in
individual animals. As noted, RT-PCR analysis of bone mar-
row RNA from one olive baboon failed to amplify BTD-d
cDNA, whereas it was present in others. Thus, it is likely that
BTD gene copy number is polymorphic, similar to that ob-
served with primate a- and B-defensins (1, 5, 6, 13). In addi-
tion, Leonova et al. identified the rhesus 6-defensin gene,
RTDl1a, in only two of four monkeys examined (12).

Like the 6-defensins in rhesus monkeys, baboon 6-defensins
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FIG. 8. E. coli ML35 permeabilization by BTDs. (A) Synthetic BTDs were incubated with 2 X 10° CFU E. coli in 10 mM PIPES (pH 7.4) and
3 mM ONPG, and ONP efflux was monitored spectrophotometrically at 405 nm. (B) BTD inhibition of purified B-galactosidase (B3-gal) was
determined by monitoring the rates of ONPG hydrolysis in a cell-free system. (C) The adjusted rates of ONPG hydrolysis were calculated using
the inhibition coefficients determined from panel B to correct the values in panel A. Results shown are representative of duplicate experiments.

were immunolocalized to cytoplasmic granules in neutrophils
and neutrophilic progenitors in the bone marrow. Like other
granule components, they are mobilized for delivery to the
phagosome following phagocytosis by granulocytes. In the
phagolysosome, they interact with ingested organisms as
components of a complex mixture of antimicrobial effector
molecules. While the relative contribution of 6-defensins to
vacuolar killing is not yet known, our in vitro experiments
demonstrate that each of the peptides possesses antimicrobial
activity and that much of this activity is microbicidal. Each of
the peptides tested had similar antibacterial activities as mea-
sured in diffusion plate assays, whereas antifungal activities
were more variable. Since the readout in diffusion assays does
not differentiate between microbiostasis and killing per se, we
tested for bactericidal and fungicidal activities of each peptide.
Despite the finding that all 6-defensins killed >95% of each
organism at concentrations of <8 pg/ml (~4 wM), there were
clear differences in peptide potency; of note was the finding
that BTD-4, the least cationic (net charge of +3) of the 6-de-
fensins tested was the least active peptide in each antimicrobial
assay. However, previous studies have shown there to be only
weak correlation between antimicrobial efficacy and cationic
charge (4, 20). Therefore, differences in BTD antimicrobial
activities are likely the result of other factors, such as the ability
to traverse the cell envelope as discussed below. As observed
previously (22), the selection of assay markedly affected the
microbicidal activity, pointing to the importance of under-
standing the microenvironment of the phagolysosome and
other microenvironments where defensins are believed to
function in vivo.

The results of permeabilization assays provided additional
insights into the interaction of the peptides with bacteria. Each
baboon 6-defensin disrupted the E. coli cell envelope as evi-
denced by influx of ONPG and its hydrolysis by cytoplasmic
B-galactosidase. A first approximation of the dose-dependent
permeabilization (Fig. 8A) demonstrated large differences in
the potency of the five 8-defensins. However, previous studies
showed that rhesus 6-defensins directly inhibit B-galactosidase
by entering the E. coli cytosol and inhibiting the enzyme in situ
(22). It was therefore necessary to adjust for B-galactosidase
inhibition by each 6-defensin (Fig. 8B) allowing for an estimate

of the actual permeabilization mediated by each peptide (Fig.
8C). It should be noted that the corrected rates of ONPG
hydrolysis must be considered estimates because the extent of
0-defensin uptake at each concentration is not known. How-
ever, the shape of the curve(Fig. 8C) for each peptide is con-
sistent with previous permeabilization studies using E. coli
ML35 as the target cell (10, 22). Moreover, there is generally
a good correlation between the rate of ONPG hydrolysis (Fig.
8C) and the microbicidal activity (Fig. 7) of each peptide
against E. coli.

The olive baboon is a primate model frequently used to
study human diseases. However, it is well-known that baboons
and humans respond very differently to microbial antigens (8).
We hypothesize that the lack of 6-defensins in humans may
underlie some of the differences in innate immune responses
observed in humans and baboons.
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