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Abstract-Urinary kallikrein (urokallikrein), as defined by its capacity to generate kinin from heat- 
inactivated plasma or from purified human kininogen, was isolated from fresh concentrated male human 
urine and shown to be an antigenically unique urinary p-tosyl+arginine methyl ester HCI (TAMe) 
esterase. The isolation procedure achieved a 400- to 576-fold purification of the kinin-generating 
activity/mg of protein and yielded a product with albumin as the only significant contaminant at 
the isoelectric focusing step. The purified urokallikrein, defined by its kinin-generating activity, exhibited 
an isoelectric point with a range from pH 3.9 to 4.2 with charge heterogeneity, an apparent molecular 
weight of 25,00+40,000 on Sephadex gel filtration, and an anodal mobility on alkaline disc gels. 
Urokallikrein eluted from disc gels and identified by kinin-generating activity elicited monospecific 
antiserum in the rabbit. That purified urok~likrein is a TAMe esterase was evident from the concor- 
dance of kinin-generating activity. antigenic reactivity with a donkey antipancreas serum shown to 
recognize urokallikrein and esterolytic capacity as assessed after isoelectric focusing. There was suppres- 
sion of the esterolytic activity of purified urokallikrein by increasing doses of TAMe or benzoyl-L- 
arainine methyl ester HCI (BAMe), and analvsis of these data with Dixon plots indicated substrate 
inhibition. 

Enzymes that generate kinin polypeptide activity 
from a plasma globulin substrate, kininogen, are 
termed kininogenases (EC 3.4.4.21) or kallikreins. 
Kallikreins have been recognized in human plasma 
[l], glandular tissue [2-4] and urine [4,5] and the 
last, designated urokallikrein, has been considered to 
be a factor modulating blood pressure through the 
elaboration of kinins. Partial purification of uro- 
kallikrein from human [4,6,7] and other mammalian 
sources [S-10] has utilized either kinin-generating or 
esterolytic activity. An esterase assay, generally em- 
ploying p-tosyl-r_-arginine methyl ester HCI (TAMe),~ 
has been used to study the excretion of urokallikrein 
in hypertensive human diseases [11-141 and in experi- 
mental animal models [lS-181. However, not all 
urokallikre~n preparations defined by kinin gener- 
ation have cleaved arginine ester substrates such as 
TAMe [6], and human urine is known to contain 
esterase activity that is not attributable to urokalli- 
krein [19]. 

In the present study, both esterolytic and kinino- 
gen-cleaving activities were examined and were as- 
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sociated at each step in the purification of urokalli- 
kr.ein from human urine. Nonetheless, the highly puri- 
fied final preparation, when subjected to isoelectric 
focusing, contained some TAMe esterase activity that 
was not urokallikrein as assessed by immunochemical 
and functional criteria. Both partially and highly puri- 
fied urokall~krein were markedly susceptible to inhibi- 
tion by their synthetic ester substrates. 

EXPERIMENTAL PROCEDURE 

materials. Synthetic bradykinin triacetate was pur- 
chased from New England Nuclear Corp. (Boston, 
MA); 99.9% pure methyl alcohol from Fisher Scien- 
tific Co. (Fair Lawn, NJ); human serum albumin from 
S~hwarz/M~n Division, Becton Dickinson & Co. 
(Orangeburg, NY); alpha-~-methyl-alpha-~-tosyl-L- 
lysine-fl-naphthyl ester HBr (MTLNe) and p-nitro- 
phenyl-p’-guanidinobenzoate HCl (NPGB) from 
Nutritional Biochemical Corp. (Cleveland, OH); ben- 
zoyl+arginine methyl ester HCI (BAMe), p-tosyl+ 
arginine methyl ester HCI (TAMe) and atropine sul- 
fate from Sigma Chemical Co. (St. Louis, MO); 
4,5-dihydroxy-2,7-naphthalene disulfonic acid di- 
sodium (chromotropic acid), ~,~-dimethylformamide 
(DMF) and glacial acetic acid from Eastman Organic 
Chemicals (Rochester, NY); hexadimethrine bromide 
(Polybrene) from Aldrich Chemical Co. (Milwaukee, 
WI); lyophilized trypsin from Worthington Biochemi- 
cal Corp. (Freehold, NJ); diethylaminoethyl (DE-52)- 
cellulose from Whatman Biochemicals (Clifton, NJ); 
Sephadex G-100 and the sizing standards: Blue Dex- 
tran 2000, ovalbumin, chymotrypsinogen A and 
ribonuclease A from Pharmacia Fine Chemicals, Inc. 
(Piscataway, NJ); ampholine carrier ampholytes from 
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LKB, Inc. (Hick&he, NY); human plasminogen-free 
Enzodiffusion fibrin plates and streptokinase from 
Hyland Division, Travenol Laboratories, Inc. (Costa 
Mesa, CA); and rabbit anti-human albumin anti- 
serum from Behring Diagnostics Division of Hoechst 
Corp. (Woodbury, NY). 

Purification of urokdikrein. Two to three liters of 
fresh pooled normal male human urine collected over 
an 8-hr period was subjected to lOO-fold concen- 
tration by positive pressure ultrafiltration at 4” using 
UM-10 Diaflo membranes (Amicon Corp., Lexington, 
MA) and stored at -70”. The concentrated crude 
urine from three collections was dialyzed for 24 hr 
at 4” against a 0.05 M Tris-acetate buffer, pH 7.2, 
2.6mS with two changes of dialysis buffer. The dia- 
lyzed urine concentrate was clarified by centrifugation 
at 900~ at 4”. 

The entire urine concentrate was applied to DE-52 
cellulose which had been packed in a 3000-ml 
Buchner fritted disc funnel and previously equili- 
brated with the dialysis buffer. After collection of 
30OOml effluent, the resin was eluted with the equih- 
brating buffer containing stepwise increments of 0.25, 
0.50, 0.75 and 1.0 M NaCl at a rate of 300 ml/hr. Ali- 
quots of each 300-ml fraction were screened for pro- 
tein content by optical density at 280 nm and for 
kinin-generating and urokinase activities as described 
below. Fractions containing kinin-generating activity 
and free of urokinase were pooled and concentrated 
lOO-fold. After a 12-hr dialysis against a 0.05 M Tris- 
acetate buffer, pH 6.5, 3.0 mS, this material was re- 
chromatographed on a 5 x 1OOcm column contain- 
ing DE-52 cellulose equilibrated with the dialysis 
buffer. After collection of the effluent, a linear gra- 
dient to l.OM NaCl was applied. The column was 
run at 96ml/hr and 16-ml fractions were collected 
and screened for protein content and for kinin-gener- 
ating and urokinase activities. 

Fractions comprising each peak of urokallikrein ac- 
tivity from DE-52 rechromatography were separately 
pooled and concentrated to 5 ml. These pooled frac- 
tions were dialyzed against a 0.05 M sodium acetate- 
acetic acid buffer, pH 5.0, containing 0.1 M NaCl, 
12.5 mS, and applied to a 2.6 x 90 cm column of 
Sephadex G-100 preswollen in the same buffer. 
Four-ml fractions were collected at a flow rate of 
24ml/hr and screened for protein and urokallikrein 
activity. The peak of urokallikrein activity from 
Sephadex G-100 gel filtration was either concentrated 
in toto or divided into ascending and descending 
regions and concentrated to 5 ml. 

Urokullikrein ussays. The generation of kinin from 
kininogen by urokallikrein was bioassayed on a 
guinea pig terminal ileum segment suspended in Tyr- 
ode’s buffer [20] made 5 x lo-’ M with atropine. 
Fractions were brought to pH 7.5 before assay, either 
by the addition of divalent cation-free Tyrode’s buffer 
fortified with 2.5:” sodium bicarbonate, or by dialysis 
against a 0.05 M Tris-HCI pH 7.5 buffer. One-tenth 
ml fractions were incubated with 0.1 ml of heat-inacti- 
vated plasma or 0.05 ml of purified kininogen for 
5 min at 37” and the mixtures were immediately 
assayed for kinin content. The latter was quantitated 
by comparison with the contractile response of the 
ileum to a synthetic bradykinin standard. The prep- 
aration of heat-inactivated plasma for use as a 

kininogen source 1213 was modified to utilize a 2-hr 
exposure at 61” in order to eliminate plasma kininase 
and spontaneous kinin-generating activity. Purified 
kininogen was prepared from fresh human plasma 
[22,23] by DE-52 cellulose chromatography, 
Sephadex G-100 gel filtration and rechromatography 
on DEAE Sephadex. 

The capacity of urokallikrein, neutralized by dialy- 
sis against the assay buffer, to release methanol from 
TAMe or BAMe was assessed with a colorometric 
technique 124,251. The enzyme-substrate interaction 
was carried out at 37” for 60min in a final 0.5-ml 
volume of 0.05 M TrisHCl buffer, pH 7.5. At the end 
of the incubation time 0.25 ml of 15”; TCA was added 
to all samples. Controls containing substrate or 
enzyme alone were run simultaneously, and an 
amount of enzyme equivalent to that used in the ex- 
perimental samples was then added to the substrate 
controls after the addition of TCA, to form reagent 
blanks. The reaction mixtures were centrifuged at 
900 9 for 20 min, and the supernatants were removed 
and assessed for methanol content. The net optical 
density at 580nm was obtained by subtracting the 
optical density of the reagent blank from that of the 
complete reaction mixture. Net optical density was 
converted to methanol content using a standard curve 
generated with known amounts of methanol. 

Urokinuse assup Urokinase, neutralized as for 
urokallikrein, was measured by its capacity to convert 
plasminogen to plasmin. which was quantitated in 
terms of either its fibrinolytic or esterolytic activity. 
In the fibrinolytic assay, 0.02-ml aliquots of column 
fractions were incubated with 2.9 ng of purified plas- 
minogen [26.27] in a final volume of 0.05 ml for 
30 min at 37”, and 0.007ml of the mixtures was 
applied to fibrin plates. After incubation at 37 for 
24 hr, plasmin was quantitated using a standard curve 
developed with highly purified plasmin [27]. 

In the esterolytic assay, 0.05-ml aliquots of column 
fractions were incubated with 4.8 pg plasminogen in 
0.1 ml for 30min at 37’ and l.Oml of 1 x 10e4 M 
MTLNe in 5”/, DMF was then added to the reaction 
mixture. After incubation for an additional 2 hr at 
the same temperature, the reaction was stopped with 
0.3ml of 1 x 10e4 M NPGB in 5”,, DMF and the 
release of beta-naphthol measured Ruorometrically 
[28]. The plasmin generated was quantitated using 
a standard curve of beta-naphthol released by plas- 
min formed from highly purified plasminogen by 
streptokinase. 

Amlyrical techiyues and preparutior~ of‘ immuwgrr~. 

Isoelectric focusing was carried out in 4 x 100 mm. 
49, acrylamide gels with 2”;, ampholyte. pH range 
3.5 to 5.0 or 3.5 to 10.0 [29]. After electrolysis to 
a stable minimum current. the gels were sliced into 
5-mm segments and incubated for 4 hr in 0.2 ml of 
distilled water for pH determination. Two-tenths ml 
of 0.05 M Tris-HCI. pH 7.5, was then added to the 
slices and elution continued for 12 hr at 4 Ahquots 
of 0.025 ml were removed from each eluate for albu- 
min determination by Ouchterlony analysis. Fifty /tl 
of the gel eluates was assessed for kinin-generating 
activity with either heat-inactivated plasma or puri- 
fied kininogen. When both TAMe-hydrolyzing and 
kinin-generating activities were to be determined. gels 
were run in replicates of six. After slicing and pH 
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determination as above, elution was continued for 
12 hr at 4” in 0.1 ml of 0.2 M Tris-HCI buffer, pH 8.0, 
containing 0.5 M NaCI. The diffusates of replicate 
slices were pooled according to their pH and dialyzed 
against 0.2 M Tris-HCl buffer with 0.5 M NaCl for 
12 hr and for an additional 12 hr against the same 
buffer without NaCl. Two-hundredths ml of each 
pool was assessed for TAMe-hydrolyzing activity and 
0.05 ml for kininogen cleavage. In each focusing run, 
one of the replicate gels was washed with 7% TCA 
and stained with a 0.1% solution of Coomassie blue 
in 207: ethanol- 79:) acetic acid. 

Urokallikrein was identified antigenically after iso- 
electric focusing by two techniques, one utilizing 
eluates of the gel slices and the other employing the 
intact gel. Rheophoresis plates (Abbott Laboratories 
Inc., North Chicago, Ill.) were used for immuno- 
diffusion of the eluates against a donkey anti-human 
pancreas antiserum absorbed with normal human 
plasma [19] and shown to recognize urokallikrein 
[30]. A focused gel sliced lengthwise was embedded 
in 19; agar, and a trough cut parallel to it [22] was 
filled with donkey anti-urokallikrein antiserum for 
diffusion at room temperature. 

Alkaline disc gel electrophoresis was performed in 
a Buchler apparatus (Buchler Instruments, Fort Lee, 
N.J.) according to the instructions supplied by the 
manufacturer. Urokallikrein, purified through the 
Sephadex G-100 step, was electrophoresed and repli- 
cate gels were sliced into 0.2-mm segments, macerated 
and eluted with 0.3 ml of 0.2 M Tris-HCI, pH 8.0, for 
18 hr at 4”. A replicate, unsliced gel was stained with 
Coomassie brilliant blue. Aliquots of 25 ~1 were exam- 
ined for urokallikrein antigen by Ouchterlony analy- 
sis with the donkey antiserum to human pancreas, 
Five ~1 of each eluate was assessed for kinin-generat- 
ing activity with heat-inactivated plasma and 50~1 
was assessed for esterase activity on carbobenzoxy-r_- 
lysine p-nitrophenyl ester (CLN) [31]. The remainder 
of the eluates from the gel segments containing kinin- 
generating activity was pooled, emulsified in complete 
Freund’s adjuvant and injected into the toepads of 
a random-bred New Zealand rabbit. 

RESULTS 

Purijication of urokallikrein. The chromatography 
of concentrated human urine on DE-52 cellulose at 
pH 7.2 yielded urokallikrein in the eluate range from 
12.5 to 36 mS which also contained most of the pro- 
tein (Fig. 1). Urokinase was predominantly present 
in the effluent, with a small amount appearing in the 
eluate between 7 and 14 mS. Urokallikrein-containing 
fractions eluting from 15 to 36 mS were pooled, con- 
centrated and rechromatographed on DE-52 cellulose 
at pH 6.5 with a linear sodium chloride gradient (Fig. 
2). Urokallikrein presented as a series of peaks in the 
eluate between 7 and 30mS. Urokinase was not de- 
tectable in any column fraction. 

The major functional peaks, fractions 23b-280, 
281-320 and 321-390, from DE-52 cellulose rechro- 
matography were separately pooled, concentrated, 
dialyzed and applied to a Sephadex G-100 column. 
The bulk of the protein appeared in the void volumes, 
while kinin-generating activity from each of the three 
pools filtered in the molecular weight range from 
25,000 to 40,000 (Fig. 3). 

In a separate purification, esterase activity was 
assessed using 0.5-ml samples of every other column 
fraction obtained from G-lOOgel filtration of the last 
and major functional peak from DE-52 cellulose re- 
chromatography. Esterase activity utilizing 10 mM 
TAMe (5 pmoles in the assay mixture) was identified 
only in the kinin-generating peak which was compar- 
able to the preparation depicted in Fig. 3C. The puri- 

fication procedure leading to the type of preparation 
depicted in Fig. 3C was utilized routinely, and such 
preparations were further characterized by isoelectric 
focusing and in functional studies of urokallikrein. At 
this step, urokallikrein had been purified approxi- 
mately 550-fold as compared with the starting urine 
concentrate (Table 1). 

Functional and antigenic analysis of purified urokal- 
likrein after isoelectric focusing and alkaline disc gel 
electrophoresis. Purified urokallikrein (Fig. 3C) was 
subjected to analytical isoelectric focusing in a pH 
range of 3.5 to 5.0. Kinin-generating activity in the 
eluates of a sectioned gel and urokallikrein antigen 
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Fig. 1. Chromatography of concentrated crude urine on DE-52 cellulose using 0.05 M Tris-acetate 
buffer, pH 7.2, and stepwise increments of NaCI. The kinin-generating activity was measured with 
heat-inactivated plasma as a source of substrate. Urokinase was measured by its ability to convert 

plasminogen to plasmin. 
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Fig 2. Rechromatography of urokallikrein on DE-52 cellulose using a 0.05 M Tris-acetate buffer, 
pH 6.5, with a linear gradient to 1.0 M NaCl. The major peaks of kinin-generating activity, measured 
with heat-inactivated plasma, were pooled separately as indicated in the text and subjected to gel 

filtration. 

in a replicate gel sliced longitudinally were located 
in the pH range of 3.9 to 4.2 (Fig. 4). The other half 
of the longitudinally sliced gel was stained and 
revealed three bands in the region corresponding to 
functional and antigenic urokallikrein. The apparent 
charge heterogeneity of purified urokallikrein was 
substantiated with three separate preparations which 
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Fig. 3. Sephadex G-100 gel filtration of the major uro- 
kallikrein peaks recovered from DE-52 cellulose rechroma- 
tography in 0.05 M sodium acetate--acetic acid buffer. 
ptl 5.0. containing 0.1 M NaCI. (A) Filtration of pooled 
fractions 230-280 of the experiment depicted in Fig. 2; 
(B) fractions 281-320: and (C) fractions 321-390. The sizing 
standards human serum albumin. ovalbumin, and chymo- 
trypsinogen A eluted in fractions 50. h0 and 72. respect- 
ively. Urokallikrein was measured as for Figs. I and 2. 

also revealed three stained bands in the region of the 
gel corresponding to functional and antigenic urokal- 
likrein. 

In order to determine the association between 
kinin-generating and TAMe esterase activities over a 
wider pH range, isoelectric focusing was carried out 
with pH 3.5 to IO ampholytes (Fig. 5). Kinin-generat- 
ing activity focused only at pH 3.9 to 4.3 and the 

ANTI-UROKALLIKREIN.-----, 
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i.0 
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Fig. 4. Polyacrylamide gel isoelectric focusing of purified 
urokallikrein with pH 3.5 to 5.0 ampholytes. Kinin-gener- 
ating activity of eiuates from the gel slices was measured 
with heat-inactivated pIasma. The insert depicts a replicate 
gel sliced longitudinally and assessed for urokallikrcin 

antigen. 
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Table 1. Purification summary for human urokallikrein* 

step 

Total protein 

recovered 

(mg) 

Total kmm-generatmg 

act~wty recovered 
(pg kinm) 

Speafic ac,wty 

(,,g klnm generated. 
mg protem) 

Cumulative 

yield 

(“J 

Starting matenal 1988 I209 0.61 I(M) I 
‘(crude “r,ne concentrate) 

DE-52 cellulose 276 726 2 63 60 41 
chromatography. pH 1.2 

DE-52 cellulose 
chromatography. pH 6 5 

Peaks I 84 21 0 25 041 

II 60 211 3 52 59 5 7x 
III 43 484 It.26 IX?1 

G-100 Sephadex 
gel filtration 

Peaks A 0.27 I2 44 44 71 I 
B 0 32 106 331 25 51) 544 8 

C 1.75 590 337 14 554 5 

* Data arc presented for one representative purification. 

recovery of the applied material was 30 per cent when 
assayed with heat-inactivated plasma and 11.5 per 
cent when purified kininogen was used as substrate. 
The discrepancy in the recoveries of kinin-generating 
activity with the two substrates may be due to the 
limited quantities and partial denaturation of the 
purified kininogen used as compared to its concen- 
tration in heat-inactivated plasma. The 3.9 to 4.3 pH 
region where functional urokalhkrein was located was 
associated with the only stained band in a replicate 
gel. Forty-two per cent of the TAMe esterase activity 
applied was recovered and more than half of this ac- 
tivity focused with the urokallikrein. The remainder 
of the TAME esterase activity focused in two separate 
peaks, neither of which exhibited kinin-generating ac- 
tivity or stainable protein. Antigenic analysis of 
eluates by rheophoresis revealed urokallikrein only 
in the two slices in which kinin-generating and TAMe 
esterase activities were located together. In a compar- 
able experiment using a different urokallikrein prep- 

aration, only 25 per cent of the recovered esterase 
activity was associated with functional and antigenic 
urokallikrein, while the remainder again focused as 
two peaks in the alkaline pH range. 

Disc gel electrophoresis of urokallikrein after the 
Sephadex G-100 gel filtration step revealed a single 
region of kinin-generating activity located near the 
anodal end of the gel with a recovery of 29 per cent. 
The kinin-generating activity was associated with 
three stained bands on a replicate gel and with the 
region in which the eluates formed immunoprecipitin 
arcs with the absorbed donkey antipancreas serum. 
Seventy-five per cent of the. CLN-cleaving activity 
applied was recovered and 66 per cent of that re- 
covered was associated with functional and antigenic 
urokallikrein while the remainder was present in a 
single region of lesser anodic mobility. The gel eluates 
from the region of the gel having kinin-generating 
activity elicited a monospecific antiserum in a rabbit 
which gave a line of complete identity with the 
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Fig. 5. Polyacrylamide gel isoelectric focusing of purified urokallikrein in pH 3.5 to 10 ampholytes. 
Kinin-generating activity was measured with both heat-inactivated plasma and purified kininogen and 
esterolytic activity was assessed with 10 mM (5 pmoles) TAMe. The insert at the top depicts a replicate 

gel stained with Coomassie blue. 
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,ug URQKALLIKREIN 

Fig. 6. Generation of methanol from 1 to 20pmoles TAMe 
by increasing concentrations of purified urokallikrein. 

absorbed donkey antipancreas serum when examined 
with either concentrated crude urine or purified uro- 
kallikrein. 

Esterolytic activity of purified urokaliikrein on 
argi~iize sy~zt~~eti~~ esters. Dose response and kinetic 
experiments were carried out with at least three differ- 
ent preparations of purified urokallikrein and typical 
experiments are presented. A O.l-ml sample contain- 
ing 16.5 pg of purified urokallikrein, capable of gener- 
ating 18,000 ng kinin/ml of enzyme from heat-inacti- 
vated plasma, was diluted over a IO-fold range and 
incubated with 240 mM TAMe (IL20 pmoles in the 
reaction mixture) for 60min at 37”. Methanol gener- 
ation varied linearly with enzyme concentration (Fig. 
6). 

One-tenth ml containing 12.1 kg urokallikrein, cap- 
able of releasing 31,000 ng kinin/ml of enzyme from 
heat-inactivated plasma, was incubated with 10 mM 
TAMe (5pmoIes in the reaction mixture) for OS to 
90min at 37”. Methanol release was linear over the 
standard 60-min incubation period (Fig. 7). Similar 
results were obtained with 50mM TAMe. 

0 /-.- 
20 40 60 80 

#/NurEs 

Fig. 7. Time course of release of methanol from 5 Mmoles 
TAMe by purified urokallikrein. 

Fig. 8. Capacity of a single dose of purified urokallikrein 
to generate methanol from varying doses or TAMe (0) 
or BAMe (A). The per cent of substrate cleavage is also 
indicated as a function of initial TAMe (0) or BAMe (A) 
concentration. The curve depicting methanol generated 
with 16S~g urokallikrein (Of is replotted in Fig. 9 as the 

center line (m). 

When l-200mM TAMe or BAMe (OS to 
lOOpmoles in the reaction mixture) was incubated 
with 16.5 pg urokallikrein, capable of generating 
18,000 ng kinin/ml of enzyme from heat-inactivated 
plasma, methanol release was not a linear function 
of substrate concentration except at very low sub- 
strate levels (Fig. 8). The per cent of substrate hydro- 
lyzed declined significantly with more than 2.5 @moles 
TAMe or BAMe. In no experiment was the pH at 
the end of the incubation period more than 0.1 pH 

l/f-- I I 1 , I L_-.d 
-60 -40 -20 0 20 40 60 80 IO0 

T&Me fmhfl 

Fig. 9. Dixon analysis of the inhibition of 8.25 (0). 16.S 
(m) and 33.0 (A) peg urokallikrein by increasing initial con- 

centrations of TAMe. 
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units below the starting pH of 7.5. Thus, inhibition 
at higher substrate levels could not be attributed to 
an increased release of acid during esterolysis. To 
examine whether this phenomenon was due to 
enzyme saturation or substrate inhibition, a series of 
curves was generated by incubation of increasing 
doses of TAMe with three concentrations of the uro- 
kallikrein preparation used above. At each dose of 
urokallikrein, methanol release reached a maximum 
and then showed a gradual decline as the initial 
TAMe concentrations were increased. When these 
data were replotted according to the method of Dixon 
and Webb [32], they yielded curves typical of sub- 
strate inhibition (Fig. 9). Lineweaver-Burk plots of 
the data obtained between 0 and 5 pmoles TAMe 
yielded a K, of 4.35 x 10e3 M. 

DISCUSSION 

Urokallikrein, as defined by its capacity to generate 
kinin from heat-inactivated plasma or from purified 
kininogen, was purified from fresh, concentrated, male 
human urine and shown to be an antigenically unique 
TAMe esterase. Initial DE-52 cellulose chroma- 
tography of concentrated urine at pH 7.2 permitted 
almost complete recovery of urokallikrein in the 
eluate, with the bulk of urokinase and other proteins 
appearing in the effluent (Fig. 1). In three separate 
preparations, rechromatography at pH 6.5 of the 
urokallikrein fractions free of urokinase, representing 
54-59 per cent of the initial product, yielded several 
peaks of urokallikrein in the eluate (Fig. 2). Each of 
the peaks was free of any detectable urokinase, and 
the recovery of the applied urokallikrein was almost 
complete when the activities of the peaks were 
summed. When each of the major peaks from DE-52 
rechromatography was subjected to G-100 Sephadex 
gel filtration, the bulk of the protein appeared in the 
void volume while the kinin-generating activity which 
was entirely included exhibited an apparent molecular 
weight of approximately 25,00&40,000 (Fig. 3). The 
overall recovery at this step of the activity applied 
varied from 53 to 83 per cent. Because of the pro- 
gressive removal of inhibitors and inactivators, the 
recoveries and specific activities noted in Table 1 
reflect not only purification of the active principle 
but also the removal of factors affecting the bioassay. 
In each of three purifications, the bulk of urokalli- 
krein activity appeared in the last eluate peak of 
DE-52 cellulose rechromatography in the range from 
19 to 30mS (Fig. 2), and Sephadex G-100 filtration 
of this activity (Fig. 3C) yielded a urokallikrein prep- 
aration that was purified 400- to 576-fold over the 
starting urine concentrate (Table 1). When analyzed 
by isoelectric focusing, albumin was the only signifi- 
cant contaminant and this product was routinely 
employed for further functional and immunochemical 
characterization. Without correcting for the albumin 
contamination, the kinin-generating activity varied 
from 305 to 830 ng/pg of enzyme when incubated with 
heat-inactivated plasma for 5 min at 37”. The isoelec- 
tric point of purified urokallikrein defined in terms 
of its kinin-generating activity was 3.9 to 4.2 when 
focused using ampholytes with a pH range of 3.5 to 
5.0 and 3.9 to 4.3 in the pH range 3.5 to 10.0 (Figs. 
4 and 5). 

B.P. 2612%~ 

Published isolation procedures for esterase activity 
have yielded recoveries of 6-43 per cent with purifica- 
tion factors ranging from 25- to 650-fold [4,7,33]. A 
yield of 43 per cent with a 25-fold purification factor 
was reported [6] in a procedure in which kinin gener- 
ation was followed. These urokailikrein preparations 
exhibited apparent molecular weights of 27,OOO and 
29,000 [33] and 43,600 [6]. Molecular heterogeneity 
and isoelectric points ranging from pH 3.8 to 4.2 have 
also been reported in previous studies in which uro- 
kallikrein was assessed by its hypotensive effect in uiuo 
in the dog [33] or its esterolytic activity on N’-carbo- 
benzoxy+tyrosine-p-nitrophenyl ester [6]. 

In the present study, the focused urokallikrein 
accounted for more than half of the TAMe esterase 
activity in two purified preparations, with additional 
activities focusing in the alkaline pH range (Fig. 5). 
The contaminating esterolytic activities, appreciated 
only with the wide range ampholytes, were distinct 
from urokallikrein in neither being associated with 
kinin-generating activity nor being precipitated by 
specific antibody to urokallikrein. The failure of 
others to appreciate TAMe esterase activity in urokal- 
likrein preparations, defined by kinin-generating ac- 
tivity during purification and by N’-carbobenzoxy-t- 
tyrosine-p-nitrophenyl ester hydrolysis after focus- 
ing [6], could be a consequence of substrate inhibi- 
tion. That highly purified urokallikrein is a TAMe 
esterase is evident from the isoelectric concordance 
of kinin-generating activity, antigenic urokalhkrein 
and TAMe esterase activity (Figs. 4 and 5). Separation 
of kinin-generating and esterolytic activity from a 
contaminating esterase was also observed on disc gel 
electrophoresis using CLN as the ester substrate. 
When the kinin-generating fractions were used as an 
immunogen in a rabbit, monospecific antiserum was 
obtained which gave a line of identity with the 
absorbed donkey anti-pancreas serum when reacted 
with either crude urine or purified urokalhkrein. This 
finding confirms the antigenic relationship between 
glandular pancreatic kallikrein and the protein in 
urine with kinin-generating and esterolytic activity 
termed urokallikrein. 

The purified urokalhkrein preparation known to 
contain some esterase activity distinct from urokalli- 
krein was employed in further studies of TAMe and 
BAMe. This preparation yielded a linear dose re- 
sponse of substrate hydrolysis when the TAMe con- 
centration was limited to l-20pmoles (Fig. 6). Clea- 
vage of limited substrate was also linear during a 
60-min interaction period (Fig. 7). On the other hand, 
as initial substrate concentration was increased, there 
was striking suppression of the per cent of hydrolysis 
of TAMe or BAMe (Fig. 8). When these data were 
analyzed according to the method of Dixon, the tan- 
gents to the curves intersected at a single point, in- 
dicative of substrate inhibition (Fig. 9). Inhibition of 
desialylated porcine pancreatic kallikrein by high 
concentrations of BAMe has been noted in experi- 
ments performed at pH 9.0 [34] and several other 
enzyme systems also susceptible to high substrate 
inhibition have been described: hydrolysis of ethyl 
butyrate by sheep liver carboxyesterase [35], oxida- 
tion of leucine by snake venom L-amino acid oxidase 
with methylene blue as hydrogen acceptor [32,36] 
and the oxidation of 3fi- and 17P-hydroxysteroids by 
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@-hydroxysteroid dehydrogenase with DPN+ as 
hydrogen acceptor [37]. 

A sensitive assay for TAMe esterase activity has 
been developed using TAMe labeled with tritium in 
the methyl position [383 and has been applied to the 
measurement of excreted urokallikrein in the human 
[ll, 391 and experimental animals [ 15,40,41 J. In the 
experiments described herein and depicted in Figs. 
47,5 x 10’ times as much TAMe and 5 to 20 x lo3 
times as much urine enzyme source were employed 
as in the modified method using radiolabeled 
TAMe (391. Thus, the molar ratios of enzyme and 
substrate utilized in both assays are comparable. The 
K, values of 2.6 x 10S3 M [36] and 1.14 x 10S3 M 
[6] previously reported for urokallikrein activity on 
TAMe are comparable to the value of 4.35 x 10S3 M 
obtained in the current studies with 0.5-2.5 mM 
TAMe (Fig. 8). 
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