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We recently isolated from pig intestine and characterized a 31-residue antibacterial peptide named 
cecropin PI with activity against Escherichia coli and several other Gram-negative bacteria. The 
isolation involved a number of batch-wise steps followed by several chromatography steps. The 
continued investigation of these antibacterial peptides has now yielded another antibacterial peptide 
with high activity against both E. coli and Bacillus megatrrium. Amino acid analysis showed a very 
high content of proline (49 mol%) and arginine (26 mol%), an intermediate level of phenylalanine 
and low levels of leucine, tyrosine, isoleucine, and glycine. The primary structure was determined by 
a combination of Edman degradation, plasma desorption mass spectrometry and C-terminal sequence 
analysis by carboxypeptidase Y degradation using capillary zone electrophoresis for detection of 
liberated residues. The calculated molecular mass was 4719.7 Da, which is in excellent agreement 
with 4719 Da  obtained by plasma desorption mass spectrometry. The peptide was named PR-39 
(proline-arginine-rich with a size of 39 residues). The lethal concentration of the peptide was deter- 
mined against six Gram-negative and four Gram-positive strains of bacteria. 

The small intestine has been a rich source for the isolation 
of physiologically active peptides (Mutt, 1986). Since the 
stomach and the upper part of the small intestine, during 
normal healthy conditions, contain few bacteria, we predicted 
that these organs should produce antibacterial peptides. A 
search in different pools, generated during the isolation of 
intestinal hormones, revealed several fractions with activity 
against both Esclierichia coli and Bacillus megaterium, two 
suitable assay organisms. From one such porcine fraction we 
isolated a peptide, cecropin P1, with an unexpected similarity 
to the insect cecropins (Lee et al., 1989). We have continued 
our search for new antibacterial factors from pig intestine and 
have now characterized a 39-residue peptide exceptionally 
rich in proline and arginine, and consequently named PR-39. 
Cecropins (Boman and Hultmark, 1987) and defensins 
(Lehrer and Ganz, 1990; Lehrer et al., 1991) were the first 
antibacterial peptides discovered but, since the finding of the 
magainins in 1987 (Zasloff, 1987), the field is rapidly growing 
and a review of the subject appeared recently (Boman, 1991). 

MATERIALS AND METHODS 
Materials 

CM-cellulose (carboxymethyl-cellulose CM 23) was from 
Whatman (Kent, UK). Sephadex G-25 fine from Pharmacia 
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(Uppsala, Sweden). Trypsin (treated with L-(tosylamido 2- 
pheny1)ethyl chloromethane was obtained from Worthington 
(Freehold, NJ, USA), and carboxypeptidase Y from Boehrin- 
ger Mannheim (Mannheim, FRG). 

Antibacterial assays 

Activity was recorded by the inhibition zone assay in thin 
agarose plates seeded with Eschericlzici coli D21 (Hultmark et 
al., 1983). A standard curve was made from known amounts 
of synthetic cecropin A; 1000 units was defined as an activity 
equal to that of 1pg of cecropin A. The chromatographic 
fractions were lyophilized and a sample of each fraction was 
redissolved in water, giving solutions with 10 mg/ml of which 
3 pl were used for each assay. For comparison of activities 
against different bacteria, lethal concentrations (LC values) 
were calculated (Hultmark et al., 1983) and are given together 
with the diameter of the maximum inhibition zone. 

Purification 

The starting material was a concentrate of thermostable 
intestinal peptides prepared from the upper part of the porcine 
small intestine (Chenet a]., 1988; Mutt, 1959). It was dissolved 
in water, treated with ethanol and the peptides which were in 
neutral aqueous ethanol were adsorbed onto alginic acid, 
eluted with 0.2 M HCI and precipitated by saturation with 
NaCl (Lee et al., 1989). The precipitate, dissolved in 0.2 M 
acetic acid, was chromatographed on Sephadex G-25 fine. 
The eluate corresponding to fraction I1 in Mutt (1978) was 
precipitated by saturation with NaCI. The precipitate was 
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dissolved in water, reprecipitated with NaCl at pH 4.0 and 
extracted with methanol (50 ml/g). The mixture was filtered, 
the solution brought to pH 7.5 and precipitated material dis- 
carded. After adjustment to pH 2.7, ether (3 vol.) was added. 
The precipitate that formed was recovered by suction fil- 
tration, dissolved in water, and reprecipitated with NaCl to 
saturation. After a desalting step, the material was chro- 
matographed on CM-cellulose at pH 8.0 (Said and Mutt, 
1972). The fraction indicated by a bar, denoted post-secretin, 
was rechromatographed on CM-cellulose in 22.5 mM sodium 
phosphate pH 6.4 with a linear gradient 0-0.3 M NaCl as 
described (McDonald et al., 1983). The final material, eluted 
by 0.2 M HCI, contained antibacterial activity, later found to 
be due to PR-39. We first tried to purify this material by 
reverse-phase HPLC but found that the method was unsuit- 
able. It was, however, possible to purify it by conventional 
chromatography on CM-cellulose. 

Structural analysis 

The purity of the peptide was ascertained by thin-layer 
chromatography on silica gel plates (Riedel de Haen, 
Hannover, FRG) in 1-butanol/acetic acid/water/pyridine 
(I 5: 3: 12: 10, by vol.) and by capillary electrophoresis (Berg- 
man et al., 1991). Cleavage with trypsin was performed in 1 % 
ammonium bicarbonate for 6 h at 37°C with an enzyme/ 
substrate ratio of 2 - 3 : 5. Tryptic fragments were separated 
by HPLC on Vydac 218 TP (5 pm; 4.6 x 250 mm; Separations 
Group, Hesperia, CA, USA). 

Sequencer degradations were carried out with an Applied 
Biosystems 470A instrument, utilizing a Hewlett Packard 1090 
HPLC for identification of phenylthiohydantoins with a so- 
dium acetate/acetonitrile gradient as described (Kaiser et al. 
1988). For C-terminal sequence analysis, the peptide was 
cleaved with carboxypeptiddse Y in pyridine acetate pH 6.0 
at 37'C (1.6 pg protease/nmol peptide). At the indicated time 
the reaction was terminated by boiling. Aliquots were 
analyzed by capillary zone electrophoresis with a Beckman P/ 
ACE system 2000 (Bergman et al., 1991). Capillaries were of 
fused silica (Beckman), inner diameter 75 pm, total length 
57 cm and 50 mM phosphate pH 2.5 was employed as electro- 
lyte. Samples were injected by pressure for 20 s. 

Total compositions were determined with Beckman 121 M 
and LKB 4151 Alpha Plus amino acid analyzers after hydroly- 
sis in evacuated tubes with 6 M HCl/O.5% phenol at 110°C 
for 20 h. 

Molecular masses were determined by plasma desorption 
mass spectrometry using a BioIon 20 mass spectrometer (Bio- 
Ion, Uppsala, Sweden, now Applied Biosystems). Samples 
were dissolved in 0.1 % trifluoroacetic acid containing 50% 
ethanol, applied to aluminium foil covered by nitrocellulose 
and dried in a stream of nitrogen. Data were accumulated for 
15 min at I5 kV acceleration voltage. Hydrogen and sodium 
or nitrous oxide were used as internal standards for cali- 
bration. About 10 nmol of the peptide was used for methyl 
esterification (0rskov et al., 1989) and an aliquot was analyzed 
by plasma desorption mass spectrometry. 

RESULTS 

Isolation of the antibacterial peptide from pig intestine 

The purification starts from a crude peptide fraction as 
described in Materials and Methods following the scheme 
outlined in Fig. I .  From the penultimate step (CM-cellulose 
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Fig. 1. Purification scheme for the porcine antibacterial peptide PR-39. 
Details of the different precipitations are given in Materials and 
Methods. 

chromatography at pH 6.4), fraction VIII (30 mg) was dis- 
solved in 1 ml water and adjusted to pH 8.0 with a few drops 
0.2 M ammonia. The clear solution was applied to a column 
with CM-cellulose (0.6 x 40 cm) and the peptides were eluted 
step-wise with 0.02 M, 0.05 M, 0.1 M, 0.2 M, 0.3 M, 0.4 M, 
0.5 M ammonium bicarbonate at pH 8.0, and finally with 
0.2 M ammonia. The early steps gave only small peaks but 
the 0.2-0.4 M steps gave higher peaks as seen from Fig. 2. 
The total eluate, divided into 11 fractions, was lyophilized and 
assayed for antibacterial activity against E. coli. Fraction VI 
contained 40 units/lg, while fraction VII contained 340 units/ 
pg, and fraction VIl1 slightly less. Maximum specific activity, 
700 units/kg, was found in fraction IX (Fig. 2) and corre- 
sponded to the latter part of the peak eluted with 0.4 M 
ammonium bicarbonate. The material in this peak was found 
to be essentially homogeneous by the following criteria : only 
one spot was detected with ninhydrin on silica gel thin-layer 
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Fig. 2. The final step in the purification of PR-39, rechromatography on CM-cellulose. The starting material was fraction VIII from step 6 in 
Fig. 1 .  Elution was stepwise with different concentrations of ammonium bicarbonate as indicated by arrows. The eluate was pooled as shown 
by the bars. PR-39 was present in pure form in the latter part of the last peak eluted by 0.4 M ammonium bicarbonate. 
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Fig. 3. Capillary zone electrophoresis of PR-39 with an insert showing thin-layer chromatography on a silica gel plate. Electrophoresis conditions 
were 25 kV, 2YC in 50 mM phosphate pH 2.5; the amount of PR-39 applied was 10 pmol; 2 nmol PR-39 was applied to the silica gel plate. 

chromatography, only one symmetric peak obtained with ca- 
pillary zone electrophoresis (Fig. 3 )  and structural analysis 
gave one amino acid sequence. 

Determination of the primary structure 

Table 1 shows the amino acid composition of PR-39 re- 
vealing it to contain only seven different amino acids and 
being very rich in proline (49 mol%) and arginine (26 mol%). 
The remaining five amino acids (tyrosine, leucine, phenylala- 
nine, isoleucine and glycine) are predominantly hydrophobic. 
The frequent repeats of a few residues complicated degrada- 
tions and several attempts at  direct sequence analysis failed to 

establish the entire primary structure. The only enzyme giving 
a fairly stoichiometric cleavage of the peptide was trypsin, but 
only at  a high enzyme/substrate ratio (2 - 3 : 5 ) .  The tryptic 
fragments were separated on reverse-phase HPLC and the 
material corresponding to four peaks (T2, T3, T5, and T6; 
Fig. 4) were analyzed for amino acid composition and se- 
quence. Fig. 5 depicts the sequence deduced from several 
degradations of the intact peptide and tryptic fragments. Both 
the isolation and structure of T6 and the sequencer degrada- 
tion of intact PR-39 show that residue 37 is arginine. Further- 
more, mass spectroscopy indicated a molecular mass of 
4719 Da  compatible with a C-terminal at  position 39. If so, 
tryptic digestion should liberate a dipeptide, which would be 
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Table 1. Amino acid composition of PR-39. Values shown are molar 
ratios from acid hydrolysis and, within pareniheses, those from Ihe 
sequence analysis. 

Amino acid Amount 

mol/mol 
Pro 18.8 (19) 
Arg 9.6 (10) 

Leu 1.9( 2) 
GIY 1.4( 1)  

Phe 4.7 ( 5 )  

Ile 0.9 ( 1) 
TY r 1.0 ( 1) 

R R R P R P P Y L P R P R P P P F F P P  

-TZ----I -T3- 
\ PR39 

R L P P R I P P G F P P R F P P R F P-NH _ _ _  PR39 
ti + T4- -2 -T5--1 + T 6 4  

-CPY----I 

Fig. 5. Amino acid sequence of PR-39. Residucs 1 - 37 of intact PR-39 
and its tryptic fragments T2, T3, T5 and T6 were obtained by direct 
sequence analysis (solid lines). The C-terminus was deduced from 
digestion with carboxypeptidase Y (solid line). The remaining regions 
(dashed lines) wcre proven by total composition and mass spec- 
trometry. Composition of PR-39: Pro 48.7 mol%; Arg 25.6 mol%; 
Phe 12.8 mol%; Leu 5.1 molyo; Tyr, Ile, Gly 2.6 mol% each. 

Antibacterial spectra for PR-39 
Purified PR-39 was assayed for antibacterial activity 

against six Gram-negative and four Gram-positive strains of 
bacteria. Table 3 shows that lethal concentrations of 0.3 pM 
were obtained, both with E. coli K12 and a pig pathogenic 
strain of the same bacterium. This is also the activity pre- 
viously found for porcine cecropin PI (Lee et al., 1989) and 
for the insect cecropins A and B (Boman and Hultmark, 
1987). Of the other Gram-negative organisms Salmonellu 
typhimurium and Acinetobacter calcoaceticus were also quite 
sensitive to PR-39, while Pseudomonas aeruginosa and Protrus 
vulgaris were resistant. Two Gram-positive bacteria, Bacillus 
meguterium and Streptococcus pyogenes, were both sensitive, 
while Bacillus subtilis was somewhat sensitive and Stnphylo- 
coccus aureus quite resistant. Our results are in good agree- 
ment with the data for two bovine proline-arginine-rich 
peptides from neutrophils, which acted on E. coli and S .  
typhimurium, while P. vulgaris and Ps. aeruginosu were found 
to be resistant (Gennaro et al., 1989). 

I 

20 30 LO 

V O L U M E  [ m l i  

Fig. 4. Reverse-phase HPLC separation of tryptic fragments obtained 
from PR-39. Elution was by a 90-mIn gradient of acetonitrile (0- 
60% ; 1 ml/min). Both solvents contained 0.1 YO trifluoroacetic acid. 

difficult to detect on HPLC. We established the C-terminal 
residues by amino acid analysis after digestion with 
carboxypeptidase Y. Fig. 6 shows the separation and Table 2 
thc amounts of four liberated components, prolinamide (Pro- 
NH2), Pro, Phe and Arg, as detected by capillary zone 
electrophoresis. This method was found to be useful, rapid 
and provided the necessary high sensitivity (Bergman et al., 
1991). The results with carboxypeptidase Y show that a non- 
stoichiometric deamidation of a C-terminal Pro-NH, can oc- 
cur, explaining the release of both Pro and Pro-NH2 in 
amounts equimolar to those of the penultimate Phe. Conse- 
quently, residues 38 and 39 are concluded to be Phe and 
Pro-NH2, respectively, and Arg to occupy position 37. This 
structure corresponds to a molecular mass of 4719.7 Da, a 
value in good agreement with 4720 Da and 4718 Da obtained 
by two different plasma desorption mass spectrometer instru- 
ments. Methylation of PR-39 did not change in molecular 
mass (which is consistent with a blocked C-terminus) while a 
parallel methylation experiment with secretin produced the 
expected mass increase. 

DISCUSSION 

The determination of the primary structure of PR-39 was 
complicated, largely because of the monotonous sequence and 
the limited sensitivity of the peptide to enzymic degradation 
The C-terminal portion and the C-terminal amide were 
especially difficult to establish and the final remedy was capil- 
lary zone electrophoresis for direct detection of liberated Pro- 
NH2 (Bergman et a]., 1991). Notably, difficulties have been 
reported also in the analysis of two proline-arginine-rich anti- 
bacterial peptides from bovine neutrophils (Frank et al.. 
1990). Other proline-rich proteins are often structural, as i n  
the case of collagen or the secretory protein corresponding tc 
the Balbiani rings of Chironomus (Wieslander et al., 1984). 
Proline-rich proteins have also been isolated from parotid 
saliva (Kauffman et al., 1991), but their function is not yet 
known. A common feature of most proline-rich proteins is the 
presence of repeated motifs. 

Many of the antibacterial peptides so far isolated fall intc 
one of four chemically distinct groups, the cecropins, the 
defensins, the magainins and the proline-rich peptides. The 
cecropins may be considered as two-helix molecules (Holak 
et a]., 1988), the magainins as one-helix compounds (Marion 
et al., 1988), both being devoid of cysteine. The defensins on 
the other hand have three intramolecular disulfide bridges in 
29 - 34 residues (Selsted and Harwig, 1989) and have a crystal 
structure with dimeric p-sheets (Hill et al., 1991). 

Several proline-rich antibacterial peptides have recently 
been characterized. One group, isolated from honey bees. 
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Table 2. Digestion of PR-39 with carboxypeptidase Y. Amino acids liberated during the reaction were analyzed by capillary zone electrophoresis 
(Bcrgman et al., 1991). The amino acids were detected underivatized and differ greatly in absorbance a t  200 nm; Pro-NH, and Pro arc 
therefore more difficult to quantify at  very low amounts, especially in relation to Phe, explaining the uncertain and low Pro and Pro-NH, 
cstimates at early times (20 s and 5 min). 

Amino acid Amount liberatcd after incubation for 

20 s 5 min 15 min 30 min l h  2 H  

pmol 

__--~-__-_____-~-- ____ -__ 

ProNH < I  < I  2 
Pro < 5  < 5  21 
Phe 7 14 20 
Arg 5 9 14 

3 
28 
27 
28 

6 8 
42 42 
49 48 
33 48 

0.0100 

E 
0 

c a 
w u 
z 
a 
m 

m 
a 

LT 

I? Phe 

JL Ar1r9 
prn-1 I 

,--,- 

I I I I 
0 5 10 15 

T I M E  i m i n i  

Fig. 6.  Analysis of C-terminal residues in PR-39 by capillary zone 
elcctrophoresis after digestion with carboxypeptidase Y. The liberated 
amino acids were undcrivatized and differed greatly in absorbance at  
200 nm. Thc amounts liberated a t  diffcrent times are given in Table 2. 
The two first peaks and those a t  7-9 min are artifacts present in 
controls. 

contains about 29 mol% Pro and only about 11 mol% basic 
residues (Casteels et al., 1989, 1990). A second group, isolated 
from bovine neutrophils (Gennaro et al., 1989), contains as 
much as 45 and 47 mol% Pro and Arg (23 and 28 mol%) as 
the only basic residue. The structure of these two peptides 
(Frank et al., 1990) and our results in Fig. 5 show that the 
members of this group of peptides have very similar and 
qualitalively related amino acid compositions. We therefore 
suggest that they should be called PR peptides with a number 
indicating the number of residues (in case of an  equal number 
of residues a letter will have to be added in the future). For 
comparison, Fig. 7 gives the amino acid sequences of our 
PR-39 and the two bovine peptides, BacS and Bac7, which 
may now be named as PR-42 and PR-59. There is no obvious 
overall homology among the three peptides, and they differ 
with respect to minor components. In the larger of the bovine 
peptides (PR-59) the motif Pro-Arg-Pro is repeated 12 times, 
while it is absent in the shorter peptide (PR-42). In PR-39 this 
motif is present twice. Furthermore, the smaller bovine PR-42 
contains 18 or 19 Pro residues as Pro-Pro repeats, while in the 
porcine PK-39, 14 of 19 Pro residues are in such repeats. In 
the larger of the bovine peptides, there is only one pair of Pro- 
Pro repeats. Thus, from one aspect (the P-R-P motif), our 
peptide is related to the larger of the bovine peptides; in the 

Table 3. lnhibition zone assay of PR-39 with nine different bacteria. 
The maximum concentration of PR-39 was 2.5 mM;  3 p1 was applied 
to each well (3 mm in diameter) in thin agarose plates seeded with test 
bacterium. Lethal concentrations, calculated as described (Hultmark 
et al., 1983), were obtained from dilution series as the lowest concen- 
tration killing the respective bacteria. E. coli Bd2221/75 is a clinical 
isolate, pathogenic for piglets (obtained from Olof Soderlund, SVA, 
Uppsala). 

Organism Strain Maxi- Lethal 
mum conc. 

mm pM 
E. coli K12 D21 18.3 0.3 
E. coli Bd2221175 17.6 0.3 
S. typhimurium LT2 15.2 1 
P .  vuljiuris Pvl l  3.5 300 
Ps. uuruginosu OT97 4.5 200 
A.  calccouceticus Acl 1 12.5 3 
B. megoturium Bmll  17.4 0.3 
B. subtilis Bsll 10.3 15 
Staph. aureus Cowan I 3.7 200 
Strep. pyogmes - 14.9 2 

PR-39 : RRRPRPPYLP RPRPPPFFPP RLPPRIPPGF PPRFPPRFP-NH2 

Bac5 (PA-42) : RFRPPIRRPP IRPPFYPPFR P P I R P P I F P P  IRPPFRPPLR FP 

Bac7 (PR-59) : RRIRPRPPRL PRPRPRPLPF PRPGPRPIPR PLPFPRPGPR 

P I P R P L P F P R  PGPRPIPRP 

Fig. 7. Comparison of PR-39 (from Fig. 5) and two peptides, BacS and 
Bac7, from Frank et al. (1990). The sequence of Bac7 is continued in 
the last linc. 

other (the P-P motif) to the smaller of the bovine peptides. 
We believe that the repeats may be a chemical necessity for 
the functional conformation of these peptides. 

Solution N M R  has been used to determine the helical 
structures both ofcecropins (Holak et al., 1988) and magainins 
(Marion et al., 1988). It would also be interesting to study the 
three-dimensional structure of  proline-arginine-rich peptides 
since their extreme and repetitive compositions are likely to 
produce special conformational properties. Moreover, solid- 
state NMR spectroscopy was recently used to study the orien- 
tation of two amphipathic peptides in a lipid bilayer 
(Bechinger et al., 1991). Magainin, an  antibacterial frog 
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peptide, was found to lie in the plane of' the bilayer, while a 
helical segment of the nicotinic acetylcholine receptor was 
found to span the membrane, perpendicular to the bilayer. It 
would be interesting if this methodology can be applied also to 
the proline-arginine-rich peptides with antibacterial activity. 
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