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ABSTRACT 

The synthesis of porcine plasma kallikrein @PK) segment (1 l-23), of sequence Phe-Phe-Arg-Gly-Gly-Asp-Val-Ser-Ala-Met-Tyr- 
Thr-Pro, present in the first tandem repeat sequence of the regulatory chain of PK, has been accomplished following the peptide 
fragments (5 + 4 + 4) condensation strategy in solution, as well as by fluorenylmethoxycarbonyl solid-phase chemistry. This and another 
synthetic PK segment of residues (328-343) present in the fourth tandem repeat sequence [Cys(ACM)-Ser-Leu-Arg-Leu-Ser-Thr-Asp- 
Gly-Ser-Pro-Thr-Arg-Ile-Thr-Tyr] and synthesized by a solid-phase method, were fully characterized by ‘H nuclear magnetic reso- 
nance, fast atom bombardment mass spectrometry, amino acid composition and reversed-phase high-performance liquid chromatogra- 
phy. Proteolysis of these peptides by either rat PK (rPK) or trypsin resulted in cleavages between ArglGly for pPK (1 l-23) and between 
ArglLeu and ArglIle for rPK (328-343). Kinetic studies revealed that for peptide pPK (1 l-23), the catalytic efficiency (k,,,/K,) of rPK 
is -9-fold higher than that of trypsin, but for the other peptide, rPK (32%343), k,,,/K, of trypsin is =49-fold higher than that of rPK. 
The facile cleavage of pPK (1 l-23) by rPK conlirms the Arg131Glyi4 position as the site of autolytic degradation of PK and also 
explains its special preference for Phe-Phe-Arg sequence. 

* Corresponding author. 

* This paper was presented in part at the 33rd Annual Meeting of the Canadian Federation of Biological Societies, Halifax. June 1990, 
Abstract No. 224, p. 73. 
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Using a synthetic 31-amino acid segment of high-molecular-mass kininogen (HMK-31), representing the most effective PK binding 
region, we were able to demonstrate that of the two peptides rPK (328-343) and pPK (1 l-23) only the latter exhibited any significant 
affinity towards HMK (N 30%). This and other data suggested that although none of the above two peptide segments appeared to 
represent the true physiological structural domain necessary for optimum binding to HMK, the segment pPK (11-23) partially 
possesses the structural features for the protein recognition. 

INTRODUCTION 

The role of plasma kallikrein (PK) along with 
other proteins, like factor XI, factor XII and 
high-molecular-mass kininogen (HMK) (a non- 
enzymatic cofactor) in surface-dependent activa- 
tion of blood coagulation, fibrinolysis, activation 
of plasminogen to plasmin, kinin generation and 
inflammation are well documented in the litera- 
ture [l-6]. It is known that both PK and factor 
XI circulate in the blood as a complex with 
HMK. The binding site of HMK (a 31-amino 
acid segment, representing residues 194-224) for 
PK has recently been located [7-91 but a similar 
domain in PK for HMK has not yet been fully 
characterized although like factor XI [lo], the 
heavy chain of PK has been implicated in such 
binding [ 11,121. Furthermore, PK is known to 
undergo autolytic degradation producing a num- 
ber of lower-molecular-mass bands on sodium 
dodecyl sulphate polyacrylamide gel electropho- 
resis [1,2,10,13-151 and this is again believed to 
occur in the heavy chain. One autolytic site was 
presumed to be between Argi3JGly14 since an 
N-terminally truncated form of PK beginning 
with the sequence Gly14-Gly’S-Asp’6- has re- 
cently been isolated [15]. Based on this consid- 
eration, a segment, pPK(1 l-23), present in the 
first tandem repeat sequence and containing the 
proposed autolytic site, was chosen to further test 
the evidence of the autolytic cleavage of PK and 
at the same time to perform comparative binding 
studies towards HMK with another PK segment 
peptide (residues 328-343), located in the fourth 
tandem repeat sequence [ 111. Since there is exten- 
sive homology in sequence among the PKs isolat- 
ed from rat (rPK), porcine (pPK) and human 
(hPK) [ 1, 1 1,16,17], segments were selected irre- 
spective of their sources of origin. Thus in our 
current studies, one of the segments selected be- 
longs to pPK and the other to rPK sequence. The 
chemical syntheses. characterization and the re- 

sults pertaining to the above studies are present- 
ed in the current paper. 

EXPERIMENTAL 

Materials 
All the amino acid derivatives (Institute Ar- 

mand Frappier, Laval, Canada, and Chemical 
Dynamics, NJ, USA) are of the L form. Thin- 
layer (TLC) analyses were performed on precoat- 
ed silica gel G plates (250 pm, E. Merck), and the 
peptides were revealed with ammonium molyb- 
date-sulfuric acid, ninhydrin or Sakaguchi color 
reaction [ 181. The following solvent systems were 
used for ascending TLC (all v/v): chloroform- 
methanol (2: 1) (A), (4: 1) (B), (8: 1) (C), (12: 1) (D), 
(20: 1) (E), n-butanol-acetic acid-water (4: 1: 1) 
(F), (4:1:5, upper phase) (G), n-butanol-acetic 
acid-water-ethyl acetate (1: 1: 1: 1) (H). Optical 
rotations were measured with a Perkin-Elmer 141 
polarimeter in a l-cm cell at 25°C. Melting points 
were uncorrected and recorded in digital elec- 
trothermal model. The solid-phase peptide syn- 
thesis was carried out using the Pharmacia Bio- 
lynx 312 model. 

The products were purified by chromatogra- 
phy on silica gel (230400 mesh, 60 A, Aldrich) or 
by semi-preparative high-performance liquid 
chromatography (HPLC). The semi-preparative 
runs were performed on Gilson equipment 
(Model 302) consisting of pumps (6000A and 
M45), a programmer (720), and a semi-prepara- 
tive Vydac Cls reversed-phase column (30 cm x 
1.0 cm I.D.), with a linear gradient of acetoni- 
trile-trifluoroacetic acid (TFA) (0.025%), a flow- 
rate of 3.0 ml/min, and UV detection at 225 nm. 
For analytical runs a flow-rate of 1 .O ml/min and 
a Vydac Cis analytical column (30 cm x 0.5 cm 
I.D.) were employed and even a microgram 
quantity of a peptide could be easily detected at 
0.05 a.u.f.s. 

The amino acid analyses were carried out on a 
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Beckman 120C automatic analyzer following hy- 
drolysis in 6 M HCl-phenol for 20 h at 110°C in 
sealed evacuated tubes. 

‘H- Nuclear magnetic resonance (NMR) spec- 
tra were recorded on a Varian Assoc. Bruker 400- 
MHz spectrometer in [2H]dimethylsulphoxide 
unless otherwise stated. Mass spectrometry (MS) 
was performed on MS-50 HMTCTA in the fast 
atom bombardment (FAB) mode. The enzymatic 
activity is expressed in nmol/h of D-Phe-L-Phe- 
Arg-MCA (MCA is 4-methylcoumaryl-7-amido) 
hydrolyzing activity measured on a Perkin-Elmer 
MPF-3 1 spectrofluorimeter using initial rates. 
The protein contents were determined by Bio- 
Rad assay [19]. 

The following buffer systems were employed in 
the current study: buffer A: 100 mM 2-[bis(2-hy- 
droxyethyl)amino]ethanesulfonic acid (BES) plus 
1 mM EDTA, pH 8.0; buffer B: 25 mit4 
NaH2P04 - Hz0 plus 1 mM EDTA, pH 6.0; 
buffer C: 10 mM BES plus 1 mM EDTA, pH 8.0. 

Phe P 

BOC 

BOC 

,N”, 
>I4 

PO, 
DH H 

PO, 
BOC 

BOC 

BOC 

Fig. 1. Synthetic scheme for pPK(I l-23) 

BOC OH 

Syntheses of peptides 
A liquid-phase method [18] (shown schemat- 

ically in Fig. 1) was adopted for the synthesis of 
pPK( 1 l-23) of sequence Phe-Phe-Arg-Gly-Gly- 
Asp-Val-Ser-Ala-Met-Tyr-Thr-Pro-OH. The fol- 
lowing protecting groups were used during the 
synthesis: Boc (butyloxycarbonyl) for amino ter- 
minal, NO2 for Arg, OBz (/3-0-benzyl) for Tyr, 
Ser, Thr hydroxyl and Asp carboxyl groups. 

N-tert.-Butyloxycarbonyl-phenylalanyl-phenyl- 

alanine (I) 
Coupling of Boc-Phe-OH (2.65 g, 1.0 mmol) 

with Phe-OH (1.65 g, 1 mmol) in tetrahydrofuran 
(THF)-water-KHCOJ with dicyclohexylcarbo- 
diimide (DCC)-N-hydroxysuccinimide (NHSu) 
yielded crystalline I (ethyl acetate-hexane, 3.41 g, 
83%), m.p. 143-144°C RFB 0.42, [a]n. - 1.8” 
(~6.8, methanol). 
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N-tert.-Butyloxycarbonyl-phenylalanyl-phenyl- 
alanyl-o-nitroarginyl-glycylglycine (III) 

Boc-Phe-Phe-OH (I, 2.06 g, 5 mmol) on fur- 
ther coupling with H-Arg(N02)-OH (1.1 g, 5 
mmol) produced N-tert.-butyloxycarbonyl- 
phenylalanyl-phenylalanyl-o-nitroarginine (II) 
as crystal (ethyl acetatediethyl ether, 2.25 g, 
73%), m.p. 148150°C RFB 0.21. This (2 g, 3.26 
mmol) was again coupled with H-Gly-Gly-OH 
(0.43 g, 3.26 mmol) to yield upon silica gel col- 
umn chromatography [26 cm x 2.5 cm I.D., elut- 
ed with chloroform-methanol( 1: l)] crystalline III 
(ethanol-diethyl ether, 0.8 g, 42%,), m.p. 147- 
149°C [a]n -9.11” (~6.2, methanol), RFA 0.21; 
‘H NMR consistent with its structure; FAB-MS, 
m/z 684 (M+ + H - COZ). 

N-tert.-Butyloxycarbonyl-fi-O-benzyl-aspartyl- 
valyl+benzyl scryl-alanine ( VI) 

Two dipeptides, N-tert.-butyloxycarbonyl- 
fi-0-benzyl-aspartyl-valine (IV) and N-tert.- 
butyloxycarbonyl-p-0-benzyl-seryl-alanine (V), 
were first prepared separately from Boc-Asp 
(OBz)-OH + TFA . H-Val-OH and Boc-Ser 
(OBz)-OH + alanine, respectively, following car- 
bodiimide-mediated reaction. V (4.75 g, 9.4 
mmol) was deprotected with TFA-dichlorometh- 
ane (DCM) (1:l) and coupled to IV (3.3 g, 7.82 
mmol) to furnish N-tert.-butyloxycarbonyl-P_O- 
benzyl-aspartyl-valyl+benzyl-seryl-alanine (VI) 
as crystalline solid (ethyl acetate-hexane, 3.5 g, 
67%), m.p. 155-16O”C, [aIn -20.5” (~8.45, meth- 
anol), RFC 0.39; ‘H NMR, 6 8.36 (d, J = 7.7 Hz, 
CONH), 8.20 (br m, lH, COOH), 7.68 (m, 2H, 
CONH), 7.41 (s, 5H, arom), 7.38 (s, 5H, arom), 
7.12 (d, lH, J = 4 Hz, BocNH), 5.12 (s, 2H, Asp 
COOCZf2Ph), 4.52 (s, J = 6.2 Hz, 2H, Ser 
OCHzPh), 4.32 (br m, 2H, Asp and Val aH), 3.92 
(m, 2H, Ser and Ala aH), 2.62 (d, lH, J = 8.8 
Hz, Asp /?H), 2.05 (octet, lH, Val /?H), 1.37 (s, 
9H, Boc), 1.18 (d, 3H, J = 6.9 Hz, Ala Me), 0.83 
(d, 3H, J = 6.5 Hz, Val Me), 0.79 (d, 3H, J = 6.5 
Hz, Val Me); FAB-MS, m/z 671 (M+ + H). 

N-tert.-Butyloxycarbonyl-methionyl-P-O-benzyl- 
tyrosyl-P-0-benzyl-threonyl-proline benzyl ester 

(IX) 
Boc-Thr(OBz)-OH (3.09 g, 10 mmol) on cou- 

pling with H-Pro-OBz . HCl (2.42 g, 10 mmol) 
using DCC-l-hydroxybenzotriazole (HOBT) 
yielded N-tert.-butyloxycarbonyl+O-benzyl- 
threonyl-proline benzyl ester (VII). This was then 
deprotected with TFA-DCM and coupled to 
Boc-Tyr(OBz)-OH. The tripeptide thus obtained 
was similarly deprotected and joined to Boc-Met- 
OH to furnish N-tert.-butyloxycarbonyl- 
methionyl-fl-O-benzyl-tyrosyl$-O-benzyl- 
threonyl-proline benzyl ester (IX) as crystal 
(ethyl acetate-hexane, 1.1 g, 64%), m.p. 121- 
122°C [aIn - 35.4” (~4.0, methanol), RF~ 0.41; iH 
NMR (CDC13), 6 7.7 (m, 2H, 2 CONH), 7.37 (s, 
15H, arom), 7.16 (d, 2H, J = 8.1 Hz, Tyr3,5 H), 
6.87 (d, 2H, J = 8.2 Hz, Tyrz,a H), 6.5 (br m, lH, 
BocNH), 5.19 (s, 2H, Pro COOCH2Ph), 5.02 (s, 
2H, Tyr 0CH2Ph), 4.55 (finely splitted d, 2H, 
Thr OCHzPh), 4.5-4.8 (m, 4H, Met, Tyr, Thr, 
Pro aH), 4.3 (br m, lH, Thr /?H), 3.77 (m, 2H, 
Pro 6H), 2.95 (br d, 2H, J = 6 Hz, Tyr PH), 2.44 
(t, 2H, J = 6.5 Hz, Met yH), 2.09 (s, 3H, Met 
SCH& 1.8-2.1 (m, 2H, Met PH), 1.79 (br s, 4H, 
Pro PyH), 1.48 (s, 9H, Boc), 1.19 (d, J = 6.5 Hz, 
3H, Thr Me); FAB-MS, m/z 881 (M+). 

N-tert.-Butyloxycarbonyl-P-O-benzyl-aspartyl- 
valyl-P-O-benzyl-seryl-alanyl-methionyl-~-O- 
benzyl-tyrosyl-P-0-benzyl-threonyl-proline ben- 
zyl ester (X) 

Boc-Met-Tyr(OBz)-Thr(OBz)-Pro-OBz (0.3 g, 
0.3 mmol) was deprotected with TFA-DCM and 
coupled to Boc-Asp(OBz)-Val-Ser(OBz)-Ala-OH 
(VI, 0.206 g, 0.30 mmol), with DCC-HOBT to 
furnish upon silica gel chromatography (3 1 cm x 
2 cm I.D., eluted with 2% methanokhloroform) 
crystalline X (methanol-chloroform, 0.202 g, 
46%), RFD 0.54, m.p. 230-235°C [aIn -2.60” 
(~3.15, water); lH NMR consistent with its struc- 
ture; amino acid analysis: Asp 0.98 (l), Val 0.97 
(l), Ser 1.01 (l), Ala 1.0 (l), Met 0.80 (l), Tyr 
0.90 (l), Thr 1.10 (l), Pro 0.96 (1); FAB-MS, m/z 
1435 (M+ + H). 
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N-tert.-Butyloxycarbonyl-phenylalanyl- 
phenylalanyl-w-nitroarginyl-glycyl-glycyl-P-O- 
benzyl-aspartyl-valyl-~-O-benzyl-seryl-alanyl- 
methionyl-&O-benzyl-tyrosyl-&O-benzyl- 
threonyl-proline benzyl ester (XI) 

Octapeptide (X, 0.1 g, 0.069 mmol) on depro- 
tection with TFA-DCM and coupling to Boc- 
Phe-Phe-Arg(NOz)-Gly-Gly-OH (III, 50 mg, 
0.069 mmol) furnished upon silica gel column 
chromatography (26 cm x 1.8 cm, I.D., eluted 
with 20% methanol+hloroform) XI, (0.72 g, 
48%), RFc 0.38, m.p. 228-230°C. ‘H NMR spec- 
trum is fully consistent with its structure. 

Deprotection and purification of the final peptide 
The protected tridecapeptide (XI, 17 mg) on 

hydrogenolysis [Hz/Pd-black (50 mg) for 16 h] in 
N,N-dimethylformamide (DMF)-methanol-ace- 
tic acid (1: 1 :O. 1) and reversed-phase HPLC yield- 
ed XII [retention time (tR) 46.7 min, 6 mg, 52%], 
RFG 0.61, [a]n - 16.8“ (~3.15, water); ‘H NMR, 6 
8.5-7.8 (br m, 11 CONH), 7.35-7.15 (m, IOH, 
arom), 6.98 (m, 2H, Tyr3,5 H), 6.9 (s, lH, 
BocNH), 6.59 (br s, 2H, Tyrzva H), 4.7-4.1 (m, 
lOaH), 3.75 (br s, 4H, 2Gly NH), 3.60-3.57 (m, 
3H, Ser and Thr PH), 3.15 (br s, 2H, Arg 6H), 
3.07 (m, 2H, Tyr PH), 2.82* (m, 4H, 2Phe PH), 
2.66* (m, 2H, Pro 6H), 2.60* (m, 2H, Asp PH), 
2.13-2.0 (m, 3H, Met PH + Val PH), 2.09 (m, 
2H, Met yH), 1.90 (s, 3H, Met SCH3), 1.85 (m, 
4H, Pro PyH), 1.70-l .45 (m, 4H, Arg PyH), 1.27 
(s, 9H, Boc), 1.19 (br s, 3H, Thr Me), 1.10 (s, 3H, 
Ala Me), 0.81 (near q, 6H, Val 2Me), (*inter- 
changable); FAB-MS, m/z 1547 (M+ + H). 

The protecting Boc group was finally removed 
to furnish pPK(1 l-23) (XIII), identical by 
HPLC, ‘H NMR and FAB-MS with that pre- 
pared by solid-phase method using fluorenyl- 
methoxycarbonyl (Fmoc) chemistry where the 
protecting groups employed were 
4-methoxy-2,3,6-trimethylbenaenesulfonyl (Mtr) 
for Arg and tert.-butyl for Asp, Ser, Thr and Tyr. 
Reversed-phase HPLC: TV = 26.3 min. Amino 
acid analysis: Phe 2.03 (21, Arg 1 .I38 (11, Gly 2.03 
(2), Asp 1.13 (l), Val 1.08 (1). Ser 0.97 (l), Ala 
1.09 (I), Met 1.23 (l), Tyr 0.82 (l), Thr 0.98 (l), 
Pro 0.85 (1). 

Synthesis of rPK(328-343) 
This peptide, H-Cys(ACM)-Ser-Leu-Arg-Leu- 

Ser-Thr-Asp-Gly-Ser-Pro-Thr-Arg-Ile-Thr-Tyr- 
OH, was synthesized by a solid-phase method, 
purified and characterized by reversed-phase 
HPLC (g = 34.1 min); FAB-MS, m/z 1841 (M+ 
+ H); amino acid analysis: Asp 1.0 (l), Thr 2.92 
(3),Ser2.84(3),Pro1.02(1),Gly1.12(1),Cys0.6 
(l), Ile 0.97 (l), Leu 1.98 (2), Tyr 0.86 (1) and Arg 
2.11 (2). 

Synthesis of HMK-31 
This peptide of sequence Ser-Asp-Asp-Asp- 

TrpIle-Pro-Asp-lle-G~-~-~~~~~n-Gly-~u- 
Ser-Phe-Asn-Pro-Ile-Ser-Asp-Phe-Pro-Asp-Thr- 
Thr-Ser-Pro-Lys (molecular mass = 3567) was 
also prepared by solid-phase chemistry and char- 
acterized by amino acid analysis and MS. 

Immobilization of HMK-31 on a@-Gel 1.5 
HMK-31 (11 mg, 3.08 pmol) was immobilized 

at 4°C on at&Gel 15 (5 ml packed gel, active ester 
content 9 pmol/ml) in 0.1 M KHC03 (5 ml) ac- 
cording to the manufacturer’s procedure. The 
coupling was followed by reversed-phase HPLC 
and was found to be complete in 2 h. This yielded 
a gel containing 30.60 pmol HMK-31 per ml. 

Aj%tity of HMK-31 immobilized gel towards rPK 
activity 

Partially purified crude preparations of rPK 
[15] (enzymatic activity = -4500 nmol/h) was 
shaken with HMK-31 immobilized gel (1 ml, 
concentration of ligand 0.6 pmol/ml) at 4°C for 
2h. The binding was monitored by following the 
enzymatic activity in the supernatant at each 15- 
min interval. 

Determination of kinetic parameters K,,,, V,,,., and 
kCat for the enzymatic digestions of the synthetic 
peptides 

Rate assays for the determination of kinetic 
constants for the digestions of the Bynthetic pep 
tides were started by the addition of 20 ~1 of solu- 
tion containing - 75 ng of active trypdn or - 250 
ng to 3 pg of active rBK to 480 ~1 of buffer A or 
buffer B containing various amounts of the syn- 
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thetic peptides ranging from 2 to 320 ,ug. The 
amount of reactions, terminated after 3 h of di- 
gestion at 25°C by adding 100 ,ul of 50% TFA- 
buffer, was determined by HPLC and K,,, and 
I’,,, were estimated by Michealis-Menten kinet- 
ics following the computer-assisted algorithm as 
described [20]. k cat was calculated by dividing 
I’,,, with the molar concentration of active en- 
zyme. Active site titration [21] of trypsin indicat- 
ed it to be about 80% active by mass. For rPK, 
the amount of active enzyme was estimated from 
our earlier work [15,17]. 

Radioiodination of rPK(328-343) and Boc-pPK- 
(11-23) 

Both the synthetic peptides, rPK(328-343) and 
pPK( 1 l-23), were radioiodinated [ 12,131 and pu- 
rified by reversed-phase HPLC. The tR for cold 
and hot Boc-pPK(ll-23) were 46.7 min (52% 
acetonitrile) and 47.2 min (52% acetonitrile) re- 
spectively, whereas for cold and hot rPK(328- 
343) they were 34.1 min (39% acetonitrile) and 36 
min (41% acetonitrile), respectively. 

Enzymatic digestion of syntheticpPK(Il-23) and 
rPK(328-343) by rPK and trypsin in the absence 
or presence of HMK-31 

Synthetic Boc-pPK( 1 l-23) or rPK(328-343) 
(7.8 nmol) was incubated at 25°C for 3 h with 
either trypsin or rPK (enzymatic activity = 600 
nmol/h) in buffer A (for PK) or buffer B (for 
trypsin) (500 ~1). The digestion of rPK( 328-343) 
by trypsin was followed after every hour. In the 
rest of the cases, the digestions were monitored 
after each successive addition of enzymes (activ- 
ity = 600 nmol/h) at intervals of 3,6,9 and 18 h. 
For evaluation of the reaction, 100 ~1, equivalent 
to -5 pg of the peptide, were injected into the 
HPLC column. 

The extent of above digestions were also in- 
vestigated by reversed phase HPLC after 3-h pri- 
or incubations of the peptides (7.8 nmol) with 
HMK-31 (7.8 nmol). 

AJinity of pPK(ll-23), rPK(328-343) and the 
corresponding 1 ’ 5 I-labeled materials to wards 
HMK-31-bound afi-Gel 

Boc-pPK( 1 l-23), rPK(328-343) (~0.6 pmol) 
or their ‘251-labeled materials (N 1 - lo6 cpm of 
radioactive counts representing N 16 pmol) were 
shaken separately overnight in either buffers A or 
C, pH 6.0 or 8.0 (1.0 ml) with HMK-31 immobi- 
lized on affi-Gel 15 (1 .O ml packed gel, concentra- 
tion = -0.60 pmol of ligand per ml of gel) in a 
rotary shaker at 4°C. The percentage of peptide 
bound was measured either by reversed-phase 
HPLC (for cold material) or by radioactive 
counts (for ‘251-labeled material) of an aliquot of 
the supernatant. 

Eflects of synthetic pPK(ll-23) and rPK(328- 
343) on the binding aflnity of rPK to a&Gel 15- 
HMK-31 column 

rPK (5 ~1, N 0.28 pg, - 45 10 nmol/h enzymatic 
activity) in buffer A plus 50% glycerine (500 ~1) 
was shaken with HMK-3 l-bound a&Gel 15 (1 
ml packed gel) at 25°C for 3 h, centrifuged, and 
an aliquot of 100 ~1 was withdrawn from the su- 
pematant for enzymatic assay. The above experi- 
ment was repeated with 3 h prior incubation of 
the gel with either synthetic pPK( 1 l-23) or rPK 
(328-343) (0.6 pmol), and the progress of binding 
was followed by both HPLC and enzymatic as- 
say. A control experiment was also performed us- 
ing ethanolamine-bound affi-Gel 15 column. 

RESULTS AND DISCUSSION 

FAB-MS data 
Boc-pPK( 1 l-23) (XII) exhibited a weak (M+ 

+ H) peak at m/z 1547, commensurate with its 
molecular structure (Table I). The weak intensity 
is explained by its relatively high hydrophobicity 
value ( - 139.0, based on Bull and Breese index 
model [22]). XII also displayed important peaks 
at m/z 1532 (M+ + H - Me), 1515 (M+ - 
CHzOH), 1485 (M+ + H - Me - SCH3) and 
1447 (M+ + H - Boc). Two intense peaks at 
m/z 738 and 722 are believed to be originated 
from the cleavage of AspJVal bond following the 
loss of HCHO (of serine side-chain) from one 
fragment and guanidine (of arginine side-chain) 
from the other. Similar fragmentation was also 
noticed for the free peptide (XIII) (M+ + H = 
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1447). The FAB-MS of synthetic rPK(328343) 
(M + + H = 1841) in chemical ionization mode 
exhibited peaks corresponding to the cleavage 
-CHJCO-NH- of each peptide bond, the intensi- 
ty decreasing gradually with the number of ami- 
no acids in the fragment ion. 

‘H NMR data 
‘H NMR spectra of the two synthetic peptides 

(see Experimental) are fully consistent with their 
structures. The removal of benzyl ether/ester- 
protecting groups during solution phase prepara- 
tion of pPK( 1 l-23) could be easily monitored by 
following the disappearence of signals for ben- 
zylic protons in the ‘H NMR spectrum -(S 5.07 
for Asp, 5.11 for Pro, 5.0 for Tyr, 4.55 for Thr 
and 4.52 for Ser). 

Enzymatic digestions of synthetic Boc-pPK(ll- 
I) and rPK(328-343) with trypsin and rPK 
Digestion of Boc-pPK(1 l-23) (XII) with rPK 
6,193 yielded Boc-Phe-Phe-Arg-OH and 

‘5 

-4 

-3 

-2 

I I I I 

10 20 30 40 

TIME IN MINUTES 

0 

0 

0 

9 
02 

6p 

0 

1 

Fig. 2. Reversed-phase HPLC chromatograms of enzymatic di- 
gestions of Boc-pPK( 1 l-23) by rPK on a Vydac C,, analytical 
column in the presence (A) or absence (B) of HMK-31 under the 
gradient profil; as depicted (see Experimental). Incubation time 
for each digestion: 3 h at 25’C. 
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H-Gly-Gly-Asp-Val-Ser-Ala-Met-Tyr-Thr-Pro- 
OH as established by HPLC (Fig. 2), amino acid 
composition and sequencing suggesting a cleav- 
age between the ArglGly residues. The identity 
of one of them, Boc-Phe-Phe-Arg-OH, was fur- 
ther confirmed by chemical synthesis and coelu- 
tion on HPLC. To simplify the purification we 
have kept the Boc functionality on the N-termi- 
nal since, when this group is removed, the result- 
ing free peptide elutes much earlier due to a de- 
creased hydrophobicity (Fig. 2). There was 59% 
cleavage when the ratio of enzymatic activity 
(nmol/h)/peptide (nmol) was N 78: 1. Addition of 
further enzyme or extension of incubation time 
did not have any significant effect on the percent- 
age cleaved (Table II). A comparative Michealis- 
Menten kinetic analysis (as shown in Fig. 3 for 
the digestion of pPK( 1 l-23) by rPK) of the cleav- 
age of Boc-pPK(1 l-23) shows that rPK is about 
9-fold more potent than trypsin in cleaving this 
peptide following the Phe-Phe-ArgJ sequence 
(Table III). 

Digestion of synthetic rPK(328-343) by either 
trypsin or rPK yielded three cleavage products 
[H-Cys(ACM)-Ser-Leu-Arg-OH, rPK(328-33 1); 
H-Leu-Ser-Thr-Asp-Gly-Ser-Pro-Thr-Arg-Ile- 
Thr-Tyr-OH, rPK(332-343); and H-Cys(ACM)- 
Ser-Leu-Arg-Leu-Ser-Thr-Asp-Gly-Ser-Pro- 
Thr-Arg-OH, rPK(328-340); ACM = aceto- 
methyl] as determined by amino acid composi- 
tion and sequencing indicating a marked prefer- 
ence for the cleavage between ArglLeu (major 
product) as compared to ArgJIle (minor prod- 
uct) (Fig. 4). Furthermore, rPK is 33-fold more 
potent in cleaving pPK(1 l-23) than rPK(328- 
343), in contrast to trypsin which exhibits a 13- 
fold higher K,,,/K,,, for the cleavage of rPK(328- 
343) as compared to pPK( 1 l-23) (Table III). For 
cleavage of rPK(328-343), trypsin is 49-fold 
more potent than rPK. The facile cleavage of 
pPK(1 l-23) by rPK supports our previous hy- 
pothesis [15] that the isolation of a partially 
cleaved form of rPK beginning with the sequence 
Gly’4-Gly-Asp. . . is due to autolysis at the 
Arg’3JGly’4 site in rPK, and it emphasizes the 
special preference of rPK for the cleavage of Phe- 
Phe-Argl sequences. 
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Fig. 3. Kinetic studies on the digestion of synthetic pPK(I l-23) 

peptide by rPK. 

Comparative studies on the afinity of synthetic 
pPK(II-23) and rPK(328-343) towards 

HMK-31 
The binding affinity of HMK-31 towards rPK 

was displayed when it was observed that 
HMK-31-immobilized gel was able to bind the 
enzymatic activity of rPK almost quantitatively 
within 2 h of shaking at 4°C. The majority of this 
activity (> 60%) could be recovered by elution 
with a mixture consisting of 1 M guanidine . HCl, 
1 M NaCl, 100 mM 2-(N-morpholino)ethanesul- 
fonic acid (MES), 1 mM EDTA, pH 8.0. The 
above column was also able to bind 25’30% of 
pPK( 1 l-23) in either buffer A or C, pH 6.0 or 8.0 
at 25°C as observed with both cold and “‘I- 

labeled material compared to only < 1% for rPK 
(328-343) (see Experimental). For binding stud- 
ies with the cold peptides, an equimolar ratio of 
pPK(1 l-23) or rPK(328-343) with HMK-3 1 im- 
mobilized on the gel (in this case 0.60 pmol) was 
employed since PK is known to form a 1: 1 com- 
plex with HMK. A control ethanolamine-immo- 
bilized at&Gel 15 column did not bind either of 
these peptides, cold or ‘251-labeled (~0.2%). 
This observation suggested some degree of affin- 
ity between pPK( 1 l-23) and HMK-3 1. When the 
same experiment was repeated in buffers contain- 
ing 1 A4 Gn . HCl, 1 M NaCl, 1 mM EDTA, pH 
8.0 or 6.0, no significant binding was observed as 
expected, since, as already shown above, such 
high-ionic-strength buffers containing chaotropic 
reagents may disrupt the bond between the pep- 
tide and HMK-31. 

The above notion is also supported by the fact 
that the enzymatic digestion of Boc-pPK(1 l-23) 
by rPK can be partially retarded (30%) by prior 
incubation of the peptide with HMK-3 1 (Table II 
and Fig. 2). In contrast, under identical condi- 
tion, prior incubation of synthetic rPK(328-343) 
with HMK-31 led to 22% more cleavage by rPK 
(Table II and Fig. 4). This can be explained by 
our observation that enzymatic activity of rPK as 
measured by the cleavage of D-Phe-Phe-Arg- 
MCA, a potent fluorogenic substrate of rPK, in- 
creased linearly upon incubation with HMK-31 
alone (4.9% per nmol of HMK-31 added) (Fig. 
5). Such an effect was previously noted during the 
binding of rPK with HMK [13]. Because of the 
fact that a concentration of 7.8 nmol of HMK-31 

TABLE III 

KINETIC PARAMETERS FOR THE PROTEOLYTIC DIGESTIONS OF SYNTHETIC rPK(328-343) AND pPK(1 l-23) WITH 

TRYPSIN AND PLASMA KALLIKREIN 

Substrate Enzyme Enzyme 

concentration 

(rmolil) 
;Zol/mg s) 

k 

Ea’1 (s- ) 
kc,,lL 
(M-‘s-l) 

rPK(328-343) Trypsin 0.007 1.118 159.7 5.42. 1O-4 2.95 . lo5 
rPK(328-343) rPK 0.07 0.133 1.9 3.14. 1o-4 6.05 . lOa 
pPK(1 l-23) Trypsin 0.007 0.012 1.7 7.47 . 1o-5 2.29 lo4 
pPK( 1 l-23) rPK 0.005 0.0515 10.3 5.16. 1O-5 2.0 . to5 
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I II 3 I I I Y 
10 20 30 40 50 

TIME IN MINUTES 

Fig. 4. Reversed-phase HPLC profile of enzymatic digestion of 
synthetic rPK(328-343) by rPK on a Vydac C,, column in the 
presence (A) or absence (B) of HMK-31, all other conditions 
being same as before. 
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Fig. 5. Effect of synthetic HMK-31 on the enzymatic activity of 
rPK, as followed by the cleavage of fluorogenic substrate, o-Phe- 
Phe-Arg-MCA. 
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was used in the above experiment, one would ex- 
pect an increase of about 38% (4.9 x 7.8) of 
cleavage of the peptide if there is no association 
between the peptide and the enzyme. The ob- 
served 22% increase in cleavage may be inter- 
preted as indicating the near absence of a signif- 
icant association between rPK(328-343) and 
rPK, whereas the 30% increase in cleavage for 
pPK(1 l-23) implies some degree of affinity be- 
tween rPK and pPK( 1 l-23). It was further noted 
that the binding of rPK to immobilized HMK-3 1 
is affected only by prior incubation with synthetic 
pPK( 1 l-23) (N 26% inhibition) and not by rPK 
(328-343) (Table IV) also suggesting some affin- 
ity (26%) between pPK(1 l-23) and HMK-31. It 
is important to note that as expected from its 
amino acid sequence, HMK-31 is not a substrate 
but only a ligand whereas the two synthetic pep- 
tides are substrates and not ligands for rPK. 

It is interesting to note that the HMK binding 
domain of factor XI [2], a protein of very closely 
related structure and function to PK [l,ll], re- 
sides in the segment 55-86 located in the first tan- 
dem repeat of factor XI [lo]. As shown in Fig. 6, 
the presence of a 54% similarity (8% identity) 
with hPK(59-71), may explain why pPK(1 l-23) 
only partially binds to HMK. Furthermore, as 
estimated from Kyte and Doolittle [23] hydro- 
pathy calculations, both peptides possess a com- 
mon feature of high hydrophilicity in the central 
region of the sequence (data not shown). The 
data presented in this work suggest that of the 
two synthetic peptides, only pPK(1 l-23) possess- 
es some elements common to the PK binding do- 
main. Two domains of PK were implicated previ- 
ously [12] for such a binding, namely one which 
includes the segment 55-86 and the second one 
141-371. Our data demonstrated that the rPK 
(328-343) peptide did not show any binding to 
HMK. Therefore, the fact that this peptide is in- 
cluded in the hPK(141-371) segment which was 
suggested to contain two distinct binding sites, 
one for HMK and the other for Factor-XII, re- 
veals that sequences other than those found in 
the segment 328-343 are involved in the binding 
of PK to HMK. 
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rPK 

mPK 

hPK 

Factor XI TIzz-ThrG-Val-i ,.B-_@<-Glu -Thr-Leu-Pro -A:f q 
Arg -Phe -Gly -Cys -Phe -net - Lys - Glu - Ser -1le -Thr- Gly -Thr-Leu-Pro -Arg - Ile 

Arg -Phe -Gly -Cys -Phe -Met - Lys - Glu - Ser -1le -Thr- Gly -Thr-Leu-Pro -Arg - Ile 

Arg -Phe -Gly -Cys -Phe a- Lys -m- Ser q -Thr- Gly -Thr-Leu-Pro-PI 
1.; :i i : g 

pPK (11-23) 
I t I 

Phe- Phe- Akg- Giy- Giy- Asp- &l- S:r- Aia-nit-Tyr- Tkr - PFo-08 

72 75 00 a5 

Factor XI His-Arg-Thr -Ala Ala-Ile-Ser-Gly -Lys-Glu-Cys -Ser-OH 

rPK His-Arg-Thr -Gly-Ala-Ile-Ser-Gly -Bis -Ser -Leu -Lys-Glu-Cys -Gly-08 

mPK gis-Arg-Thr -Gly-Ala-Ile-Ser-Gly -MS -Ser -Leu -Lys-Glu-Cys -Gly-08 

hPK Eis-Arg-Thr -Gly-Ala -Ser -Leu -Lys-Glu-Gys -Gly-OA 

Fig. 6. Comparison of the amino acid sequences of human (h), rat (r), mouse (m) plasma kallikrein (PK) and factor XI of segments 

between residues 55-86. The sequences of hPK, rPK, mPK were taken from Chung et al. [l], Fujikawa et al. [2] and Seidah et al. [l 11. 

Identical residues are placed within boxes. By expressing sequence homology as the percentage of identical residues versus analysed 

residues, the 55-86 segment of hPK was found to be 65.5% homologous to factor XI counterpart whereas the same belonging to mPK 

or rPK was 60% homologous. Synthetic pPK(1 l-23) peptide was aligned along the position (residues 59-71) of hPK. Some similarity 

could be observed between the two. The solid and broken lines indicate identical or similar groups, respectively, between the above two, 

CONCLUSION 

Our data reinforce the notion that the ob- 
served in vivo cleavage of the peptidic bond 
Arg13-Gly14- of PK is probably through an au- 
tolysis mechanism. Furthermore, these results in- 
dicate that a better recognition by PK is en- 
hanced by the presence of two highly hydropho- 
bic groups (Phe) at P-2 and P-3 positions (with 
respect to the scissile peptide bond). Based on the 
results so far presented, it may be concluded that, 
although neither of the two selected peptide seg- 
ments located in the first and the fourth tandem 
repeat of PK represent the correct physiological 
domain of PK for optimum binding to HMK, the 
study did point out that the region 1 l-23 of first 
tandem repeat of PK contains some but not all 
the necessary primary structural elements of the 
binding domain. Future studies should clarify the 
exact segment within the 141-371 sequence of PK 

which is involved in the binding to HMK. Also 
the 31-residue synthetic peptide, HMK-31, may 
find use in future affinity purification procedure 
for purification of crude preparations of plasma 
kallikreins. 
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