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Abstract. Neutrophil-activating peptide 2 (NAP-2), corresponding to platelet basic protein
fragment 25-94, was prepared by chymotryptic digestion of its precursors, low affinity
platelet factor 4 or 3-thromboglobulin, followed by purification by high performance
liquid chromatography. NAP-2 (0.1-1.5 um) caused the release of human granulocyte
elastase from cytochalasin B-treated neutrophils in a dose-dependent manner. In the
same system, S-thromboglobulin, human platelet factor 4, S-pyridylethyl NAP-2, and
platelet basic protein C-terminal fragment (77-94) were inactive, whereas platelet basic
protein fragment 22-89 had low, but significant, activity. Sensitive immunological iden-
tification of NAP-2 based on nonequilibrium isoelectric focusing and immunoblotting is

described.

[P.S.E.B.M. 1992, Vol 199]

platelet o-granule protein that is the precursor of

low affinity platelet factor 4 (LA-PF,) and 3-
thromboglobulin (8TG) (1). These proteins differ only
in NH,-terminal amino acid sequence and isoelectric
point. PBP is synthesized in megakaryocytes, contains
94 amino acid residues, and is converted to LA-PF,
(which contains 85 amino acid residues) within mega-
karyocyte and platelet granules (1,2). 8TG itself (81
amino acid residues), as originally described (3), cannot
be detected in cell lysates prepared using trichloroacetic
acid. It probably results from NH,-terminal cleavage of
LA-PF, or PBP after cell secretion or lysis. Production
of BTG from PBP and LA-PF, can be demonstrated in
vitro by incubating the platelet release supernatant at
37°C (4) or, in a purified system, by limited cleavage

Platelet basic protein (PBP) is a highly specific
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with plasmin or trypsin (5). The three forms of 3TG
antigen are immunologically identical when compared
using rabbit polyclonal antibodies.

The biological activities of PBP and its derivatives
are not well understood. Castor et al. (6) proposed that
LA-PF, (referred to as connective tissue-activating pep-
tide III [CTAP-III]) is a weak mitogen for connective
tissue fibroblasts. Senior et al. (7) reported that 3TG
antigen promotes chemotaxis of fibroblasts. In recent
studies, Walz and Baggiolini (8-10) isolated a cleavage
product of STG called neutrophil-activating peptide
(NAP)-2, which was formed in cultures of stimulated
mononuclear cells and appeared to be a potent activator
of human neutrophils. NAP-2 was a 70-amino acid
peptide corresponding to the major carboxy-terminal
fragment of BTG. It showed 46% homology with neu-
trophil-activating peptide 1/interleukin 8. NAP-2 be-
haved as a typical chemotactic receptor agonist, induc-
ing cytosolic free calcium changes, chemotaxis, and
exocytosis, while PBP, LA-PF,, and platelet factor 4
(PF4) had little, if any, such activity (9). There is
evidence that NAP-2 interacts with NAP-1 receptor
(11).

In a previous study (12), we identified a stable,
highly basic fragment of TG in lysed platelets that had
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been sedimented from anticoagulated blood at 1g and
were, therefore, expected to be contaminated with neu-
trophils. Several lines of evidence suggested that cathep-
sin G from neutrophils was responsible for producing
this highly basic species (referred to as STG-F) by
cleaving 15 NH;-terminal residues from LA-PF.. 83TG-
F appeared structurally identical to NAP-2. In the
present paper, we describe a simple method for prepa-
ration of NAP-2 by means of chymotrypsin digestion
of purified LA-PF, or 8TG followed by isolation of
NAP-2 by reverse phase high performance liquid chro-
matography (HPLC). NAP-2 was identified in platelet
lysates by immunoblotting and was characterized by
amino acid sequence and molecular weight. The effects
of native PF4, 8TG, reduced and alkylated derivative
of NAP-2, and two other peptides derived from PBP
on the release of specific human granulocyte elastase
were compared.

Methods and Materials

Preparation of Human PF4, PBP, LA-PF,, and
BTG. Human platelet factor 4 was purified from out-
dated platelets supplied by the American Red Cross
(Philadelphia, PA). Briefly, platelet-rich plasma was
centrifuged and the supernatant was applied to a hep-
arin-agarose column, washed with 0.5 M NaCl, and
eluted with 1.5 M NaCl (13). For further purification,
a new approach was used. Samples were collected,
dialyzed against 0.01% trifluoroacetic acid (TFA), and
lyophilized. Crude PF4 was dissolved in 0.1% TFA and
applied on reverse phase HPLC using Vydac C-18
column (The Separation Group, Hesperia, CA), equil-
ibrated in 0.1% TFA, and eluted with a gradient with
0-80% acetonitrile over 50 min. PF4 was eluted at 45%
acetonitrile as a single peak. PF4 was identified by
sodium dodecyl sulfate (SDS) gels and enzyme-linked
immunosorbent assay using rabbit antihuman PF4 an-
tibody.

LA-PF. was prepared from a suspension of dis-
rupted human platelets. In brief, platelets from fresh,
citrated, platelet-rich plasma were pelleted and resus-
pended in 0.05 M Tris-HCI buffer and 0.02 M Na,H,
EDTA (pH 7.2). Platelets were disrupted by three cycles
of freezing (—=70°C) and thawing (room temperature).
Supernatant was lyophilized, dissolved in 0.1% TFA,
and fractionated by reverse phase HPLC (Vydac C-18
column). LA-PF, was eluted as a single peak with 0-
80% acetonitrile gradient over 50 min.

BTG was purchased from Bioprocessing Inc. ( Dur-
ham, U.K.), and further purified by means of reverse
phase HPLC. Both LA-PF, and 8TG were eluted at
42% acetonitrile. In addition. all the proteins were
identified by means of ELISA, SDS-polyacrylamide gel
electrophoresis (PAGE) using PhastGel (Pharmacia,
Uppsala, Sweden), NH,-terminal amino acid sequenc-
ing, and amino acid composition. LA-PF, obtained
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from fresh human platelets showed NLAKGKEE at
the NH, terminus, whereas 8TG showed the sequence
GKEE. PBP was obtained as described previously (1).

Preparation of PBP Fragments. PBP fragment
25-94 (NAP-2) was produced by digestion of 8TG or
LA-PF, with a-chymotrypsin (1/100 w/w) (Sigma, St.
Louis, MO) at 37°C for 3 hr in 0.05 M Tris-HCI and
0.15 M NaCl (pH 7.4) and subsequently purified using
reverse phase HPLC. PBP fragment 22-89 was gener-
ated by cleavage of 3TG with endoproteinase Asp-N
(Boehringer Mannheim, Chicago, IL) (1/100 w/w) at
37°C for 16 hr in 0.05 A sodium phosphate buffer (pH
7.8). The fragment was isolated from the digest by
reverse phase HPLC.

S-Pyridylethyl NAP-2 was prepared by reducing
purified NAP-2 (200 ug) in 0.1 Tris-HCI (200 nl, pH
8.5) containing 6 M guanidine HCl, 4 mM Na, EDTA,
and 3.3 mM dithiothreitol (Sigma) over 0.5-3.0 hr,
followed by incubation with 4-vinylpyridine (100%,
200 gl) for 30 min. The whole procedure was carried
out in the dark, at 22°C, under a blanket of nitrogen.
S-Pyridylethyl NAP-2 was purified from reaction mix-
ture by reverse phase HPLC. Reduction and alkylation
of NAP-2 resulted in cleavage of both disulfide bonds,
which have been shown to be Cys 29-Cys 55 and Cys
31-Cys 71 (3).

PBP(Y) 77-94 was custom synthesized by Penin-
sula Laboratories (Belmont, CA). It was 95% pure, as
determined by reverse phase HPLC. Amino acid se-
quences of the peptides derived from PBP are shown
in Figure 1.

Identification of PF4 and NAP-2 by ELISA. Peaks
from the HPLC column were identified by ELISA (14).
Briefly, 96-well microplates (Becton Dickinson & Co.,
Lincoln Park, NJ) were coated overnight with HPLC
fractions diluted in Voller’s buffer (15 mA/ Na,COs,
pH 9.6). Plates were washed with 0.02 M phosphate
buffer containing 0.05% Tween 20 (pH 7.2), and then
blocked with 5% nonfat dry milk. Rabbit antihuman
PF4 antibody or rabbit antthuman LA-PF, was used
(1/1000) as the first antibody (14) and alkaline phos-
phatase-conjugated goat antirabbit IgG (Sigma) (1/800)
was used as the second antibody. p-Nitrophenylphos-
phate in Zn-Mg buffer (13) was used as a substrate. The
reaction was stopped by the addition of 2 N NaOH and
the resulting color was quantitated at 405 nm in an
automated microplate reader (Bio-tek Instruments,
Inc., Winooski, VT).

SDS-PAGE. SDS-PAGE was performed using
PhastGel (Pharmacia) with 5% stacking gel and §-25%
gradient separation gel. Molecular mass standards were
rabbit muscle phosphorylase b (97.4 kDa), bovine
serum albumin (66.2 kDa), hen egg white ovalbumin
(45 kDa), bovine carbonic anhydrase (31 kDa), soybean
trypsin inhibitor (21.5 kDa), and hen egg white lyso-
zyme (14.4 kDa). They were run on each gel for molec-



ular mass calculation. Completed gels were stained by
either Coomassie brilliant blue or silver reagent (15).

Nonequilibrium Isoelectrofocusing and Immu-
noblotting. Nonequilibrium isoelectrofocusing was per-
formed using the method of Holt and Niewiarowski
(12). Briefly, a vertical polyacrylamide slab gel was
prepared containing 6% acrylamide, 0.16% methylene-
bisacrylamide, 1.6% (w/v) ampholytes (Ampholines,
pH 3.5-10; LKB, Uppsala, Sweden), 0.6 mg/ml of
ammonium persulfate, and 0.125% (v/v) TEMED.
Electrolytes were prepared as follows: upper reservoir
containing 9 mM phosphoric acid connected with an-
ode; lower reservoir containing 20 mA/ sodium hydrox-
ide connected with cathode. Gel and electrolytes were
equilibrated at 4°C before use. Approximately 20 ng of
purified protein or material corresponding to 107 plate-
lets was loaded. Cytochrome ¢ served as a visible marker
and as a carrier protein when samples contained very
low concentrations of protein. The gel was initially run
under constant current conditions at 2.5 mA. Every 30
min, the current was increased in increments of 0.5 mA
to an upper limit of 5 mA. The transfer of proteins
from the completed gel to nitrocellulose was allowed to
proceed by capillary action for 16 hr at 20-23°C. Pro-
teins were detected by using rabbit antihuman LA-PF,
antibodies (14), which recognize PBP and its degrada-
tion products, including LA-PF,, 3TG, and NAP-2.

Amino Acid Sequencing and Amino Acid Com-
position. Samples were subjected to NH,-terminal se-
quencing performed on a gas phase sequencer (model
470; Applied Biosystems, Inc., Foster City, CA) with
an online PTH analyzer (model 120; Applied Biosys-
tems, Inc.). Amino acid composition was determined
by the Protein Chemistry Facility at the Wistar Institute
(Philadelphia, PA) under the direction of Dr. D. W.
Speicher.

Preparation of Neutrophils and Human Granulo-
cyte Elastase Release Assay. Human blood was
obtained from healthy individuals with approval of the
Institutional Human Experimentation Committee at
Temple University (Philadelphia, PA). Neutrophils
were isolated by layering citrated blood on a solution
of sodium metrizoate and Dextran 500 (Polyprep; Ny-
comed, Oslo, Norway), followed by lysis of residual red
blood cells with isotonic ammonium chloride (16). The
viability of the cells was shown by trypan blue exclu-
sion, Release of human granulocyte elastase (HGE) was
measured by a modification of Janoff’s method (17).
Neutrophils were treated with 5 ug/ml of cytochalasin
B (Sigma) for 20 min, followed by stimulation with
selected agonists for 30 min. After centrifugation, elas-
tase released to the supernatant was measured in 96-
well microplates using the chromogenic substrate N-1-
Boc-Ala-Ala-p-nitrophenyl ester (Sigma). The resulting
color was quantitated at 405 nm in an automated
microplate reader (Bio-tek). The amount of HGE re-

leased by 0.025% Triton X-100 or by 10 nM chemo-
tactic peptide N-formyl-methionyl-leucyl-phenylala-
nine was accepted as 100%.

Results

Neutrophil-activating peptide 2, previously re-
ferred to as STG-F, was purified after digestion of 3TG
or LA-PF, with chymotrypsin. NAP-2 was identified in
fractions eluted from HPLC column as a single im-
munoreactive peak with antihuman LA-PF, antibody
in ELISA. Amino acid sequencing and amino acid
composition confirmed the predicted primary structure
of this peptide (Fig. 1). The recovery of NAP-2 was
about 60% of the initial amount of TG digested with
chymotrypsin, Figure 2 shows that NAP-2 was sepa-
rated from S8TG when both proteins were applied to
the HPLC column in equal concentrations. SDS-PAGE
demonstrated that NAP-2 migrated with greater elec-
trophoretic mobility than did TG (Fig. 3). Nonequilib-
rium isoelectric focusing of platelet releasate and plate-
let Iysate followed by immunoblotting demonstrated
that NAP-2 was more basic than TG, LA-PF,, and
PBP (Fig. 4).

The structural basis for the activity of NAP-2 was
further investigated by isolating a natural peptide very
similar to NAP-2, following limited proteolysis of LA-
PF, with endoproteinase Asp-N. The major component
obtained from the digest after reverse phase HPLC
fractionation (Fig. 5) was analyzed by amino acid se-
quencing and compositional analysis. The main NH-
terminal sequence was **Asp-Leu-Tyr-Ala. In two of
three preparations analyzed, an additional sequence,
¢ Asp-Gly-Arg-Lys, was present at approximately 25%
of the level of the main sequence. Cleavage at Asp-66
would not be expected to release a cleaved peptide,
because disulfide bond Cys 31-Cys 71 remained intact
(Fig. 1). The composition of the Asp-N fragment
matched residues 22-89 of PBP. Values for Asp, Glu,
Ser, and Ala were all consistent with the loss of 5
COOH-terminal residues compared with the PBP se-
quence. Figure 6 compares the release of human gran-
ulocyte elastase from neutrophils by human PF4 and
by three peptides derived from human PBP. NAP-2
caused release of HGE in a dose-dependent manner,
with about 70% release of HGE at 1.5 uM NAP-2. By
contrast, there was no significant release of HGE fol-
lowing incubation of neutrophils with similar concen-
trations of PF4, 8TG, and S-pyridylethyl NAP-2. PBP
22-89 at 1.5 uM showed significant activity, but this
was considerably lower than that of NAP-2. The C-
terminal fragment of platelet basic protein (PBP 77~
94) was inactive at a concentration of 18 uM (data not
shown). It is noteworthy that the activity of the chem-
otactic peptide N-formyl-methionyl-leucyl-phenylala-
nine was about 100 times higher than that of NAP-2
(data not shown).
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PBP 13-94 (BTG):
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KGKEESLD SDLYAELRCM CIKTTSGIHP KNIQSLEVIG KGTHCNQVEV IATLKDGRKI CLDPDAPRIK KIVQKKLAGD ESAD

PBP 25-94 (NAP2):

AELRCM CIKTTSGIHP KNIQSLEVIG KGTHCNQVEV IATLKDGRKI CLDPDAPRIK KIVQKKLAGD ESAD

PBP 22-89

DLYAELRCM CIKTTSGIHP KNIQSLEVIG KGTHCNQVEV IATLKDGRKI CLDPDAPRIK KIVQKKLAG

PBP 77-94

YPRIK KIVQKKLAGD ESAD

Figure 1. Amino acid sequence of peptides derived from platelet basic protein. Residues are numbered from the N terminus of PBP.
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Figure 2. Separation of TG and NAP-2 by means of reverse phase
HPLC by applying a mixture of purified 50 ug of 5TG and 50 g of
NAP-2. Collected samples of NAP-2 (*) and TG (**) were identified
by SDS-PAGE and ELISA.

Discussion

NAP-2, a proteolytic degradation product of PBP
and BTG, is of considerable interest, since it appears to
be a biologically important cytokine that may reflect
the contribution of platelets to inflammatory processes.
However, study of this peptide has been difficult be-
cause means for purification were laborious, involving
preincubation of suspensions of platelets with macro-
phages or neutrophils (8-10,18). In this paper, we de-
scribe a simple method of purification of NAP-2 from
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the chymotryptic digest of LA-PF, or 3TG. Chymo-
trypsin causes selective cleavage of one peptide bond in
BTG or LA-PF; between Tyr 24 and Ala 25 of PBP, an
observation consistent with the recent report by Castor
et al (19).

Walz et al. (9) reported that neither human PF4
nor PBP or LA-PF,, the precursors of NAP-2, activate
neutrophils. Our experiments confirm their report and
define other requirements for the expression of biolog-
ical activity of NAP-2, The removal of N-terminal
amino acids appears to be important, since STG was
not active and the molecule obtained by proteolytic
degradation of LA-PF, by endoproteinase Asp-N had
low activity, suggesting that the active domain of NAP-
2 might be hindered by the additional Asp-Leu-Tyr (D,
L, Y) at the N terminus of the molecule. The mecha-
nism by which these three amino acid residues hinders
the activity of the molecule is not known. We assume
that the removal of the five C-terminal amino acids by
endoproteinase Asp-N may not have any effect. The C-
terminal fragment of PBP containing the heparin-bind-
ing domain was not active, but it is not excluded that
this region of the molecule may affect the conformation
of the active site of NAP-2.

Loss of activity after reduction and alkylation sug-
gests the importance of the secondary structure of the
molecule determined by two pairs of cysteines linked
by disulfide bridges. It is noteworthy that a number of
low molecular weight proteins which are involved in
inflammation, tissue repair, and cell growth (referred
to as proteins encoded by small inducible genes or an
intercrine cytokine family) show a high degree of ho-
mology with platelet basic protein and its derivatives,
including identical alignment of four cysteines (20-23).
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Figure 3. SDS-PAGE of TG (lane A) and NAP-2 (Lane B). Each
sample (0.5 ng) was mixed with sample buffer containing 0.0625 M
Tris, 2% SDS, and 10% glycerine (pH 6.8), and run for 40 min on
precast PhastGel gradient 8-25% (Pharmacia) using PhastSystem
Separation and Control Unit (Pharmacia). Completed gels were de-
veloped with silver reagents using Development Unit (Pharmacia).

These proteins include neutrophil-activating peptide 1/
interleukin 8, RANTES, melanoma growth stimulatory
activity, and macrophage inflammatory proteins 1 and
2 (20-23).

Our experiments indicate that NAP-2 has highly
basic properties consistent with the loss of two Asp and
two Glu residues during truncation of the N-terminal
end of g-thromboglobulin. Accordingly, Castor et al.
(24) estimated, by means of preparative isoelectric fo-
cusing, that the isoelectric point of NAP-2 is pH 9.2.
The detection of NAP-2 by nonequilibrium isoelectric
focusing and immunoblotting appears to be a highly
specific method permitting detection of NAP-2 in
plasma or inflammatory exudates.

We suggest that in certain disease states, platelets
and neutrophils might interact to contribute to the
inflammatory process. Both cell types accumulate in
venous thrombi that are in close contact with the vein
wall along part of the surface of thrombi (25). In the
adult respiratory distress syndrome, platelet and leu-
kocyte aggregates have been observed in pulmonary
arterioles (26). Some degree of activation of platelets
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Figure 4. Immunobilot of nonequilibrium isoelectric focusing gel of (a)
platelet release supernatant, (b) purified LA-PF, (c) purified platelet
basic protein, (d) NAP-2 in lysed platelets sedimented at 1g, and ()
purified STG. Bands from the focusing gel were transferred to nitro-
cellulose and probed with antiserum to LA-PF,.
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Figure 5. Separation of PBP 22-89 by reverse phase HPLC following
incubation of 100 ug of 3TG or LA-PF, with 1.0 ug of endoproteinase
Asp-N at 37°C for 16 hr. Fragment PBP 22-89, identified by amino
acid sequencing and amino acid analysis, is indicated by an asterisk.

and of neutrophils is expected (27). The generation of
NAP-2 from LA-PF, by cathepsin G would be expected
in light of our observation of the formation of NAP-2
in a lysate of cells containing both platelets and neutro-
phils (12). NAP-2 so generated could induce secretion
of more cathepsin G, which would, in turn, stimulate
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Figure 6. Dose-dependent release of HGE following stimulation of
cytochalasin B-treated neutrophils by NAP-2 and related peptides.
(O--0) NAP-2 induced significant (P < 0.0001) HGE release at all
concentrations; (@--@) PBP 22-94 induced significant (P < 0.01) HGE
release at all concentrations; (V--¥) PF4, (¢--0¢) 8TG, and (H--H)
reduced NAP-2 induced no significant HGE release at all concentra-
tions. Data refer to mean values and SE from four experiments.
Statistical analysis was performed by using Student’s ¢ test.

more platelet secretion (28,29), thereby providing more
substrate for generation of more NAP-2. This would
constitute a positive feedback loop.

The concentration of NAP-2 causing near maximal
secretion of HGE from neutrophils was 0.5 uM, i.e.,
3.0 ug/ml (Fig. 6). Platelets contain 0.8-2.4 ug of 3TG
per 10® platelets (30). At a platelet count of 2 X 10® per
ml of blood, the release of all LA-PF, and its conversion
to NAP-2 would give rise to 0.7-2.1 ug of NAP-2.
However, the actual concentration of NAP-2 that might
accumulate would be influenced by several factors. It
would be reduced, because not all LA-PF, would be
secreted and not all that was secreted would be con-
verted to NAP-2, Furthermore, the concentration of
NAP-2 that would be reached could be influenced by
the site of release and cleavage. If NAP-2 were generated
in flowing blood, dilution and clearance would be ex-
pected to greatly reduce the concentration of the ago-
nist. If NAP-2 were generated in neutrophil-platelet
aggregates that adhered to or were trapped in blood
vessels, some of the NAP-2 might be trapped in inter-
cellular space and be protected from washout. Since
the number of platelets and neutrophils in a given
volume would be increased over that in blood or
plasma, the concentration of NAP-2 could reach a
sufficiently high level to cause neutrophil activation. It
might also affect nearby vessel wall cells. Van Osselaer
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et al. (18) found that intradermal injection of NAP-2
into rabbits caused increased vascular permeability.
Other cellular effects of NAP-2 remain to be investi-
gated.
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