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Abstract-Rapid ELISA and HPLC procedures were developed for quantitation and identification of 
various natural kinins. Antibradykinin mouse monoclonal antibodies were used to determine kinin 
levels in the range of 20-200 ng. Bradykinin coupled to bovine serum albumin was used to coat the 
plates in a 3- to 4-hr ELISA. Synthetic kinin standards isoleucine-seryl-bradykinin (Ileu-Ser-BK), 
methionyl-lysyl-bradykinin (Met-iys-BK), tyrosine-bradykinin (Tyr-BK) &d bradykin& (BK) yielded 
almost identical curves with a mixture of A, and D, monoclonal antibodies. ITvl-sl-SK. ITvrXl-BK 
and des-arginine9 bradykinin (des-Arg’-BK) showed negligible amounts of cro&->e&tivi;y: kL’ISA- 
compatible trypsin digestion developed for release of kinins from plasma of normal humans, rats and 
turpentine-treated rats gave values of 3.2, 6.9 and 70pg/ml plasma, respectively. High performance 
liquid chromatography methods were developed for complete resolution of kinins on a C-18 reversed 
phase y-Bondapak column before and after derivatization with phenyl isothiocyanate (PITC). The 
simple PITC derivatization procedure yielded good quantitation above 20 pmol. The ELISA and HPLC 
methods were used in a complementary fashion to assay and identify kinins in biological fluids as well 
as during the course of kininogen purification. 

Kinins are part of the kininogen protein molecule 
and are released by proteolytic action of specific 
and general kininogenases in body tissues and fluids 
[l, 21. The released kinin peptides mediate potent 
physiologic and pharmacologic actions presumably 
through kinin receptors [3,4]. The recent discovery 
that kininogens indeed are identical to the cysteine 
proteinase inhibitors (for review see Refs 5 and 6) 
has increased further the need for a specific and 
sensitive method to estimate both kinin and kini- 
nogen levels. Traditionally kinins and kininogens (in 
terms of bradykinin [BK$] equivalents) have been 
determined by bioassay in which the concentration 
of kinin is correlated to its smooth muscle contractile 
response [7]. The bioassay method also has been 
supplemented with or replaced by the more con- 
venient and reproducible BK radioimmunoassay 
[8,9]. In addition, kinins have been quantitated 
either directly by HPLC [lo] or by radioimmuno- 
assay after separation by HPLC [ll]. Soluble enzyme 
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immunoassay for BK determination using a fi-galac- 
tosidase label has been reported recently [12]. In 
the present paper we report on a rapid and highly 
sensitive enzyme-linked immunosorbent assay 
(ELISA) for kinins in tryptic digests of both rat and 
human plasma and of purified kininogen. In addition, 
this report also describes a simple solvent system for 
the complete separation of native and phenyl- 
isothiocyanate (PITC)-derivatized kinins on an 
HPLC C-18 reversed phase column. 

MATERIALS AND METHODS 

Materials. Bradykinin (BK), Lys-BK, Met-Lys- 
BK, Ileu-Ser-BK, [Tyr5]-BK, [Tyr8]-BK and des- 
Arg9-BK were purchased from either Chemical 
Dynamics (South Plainfield, NJ) or the Sigma 
Chemical Co. (St Louis, MO). Polystyrene ELISA 
plates were from Costar (Cambridge, MA). Bovine 
serum albumin (BSA) and y-globulins (9599% 
pure) were obtained from Sigma. TPCK-treated 
trypsin was from the Worthington Biochemical Corp. 
(Freehold, NJ). Citrated (0.38%) normal rat plasma 
was obtained either from Pel-Freeze (Rogers, AK) 
or collected from the abdominal aorta. Human 
plasma was prepared from freshly collected blood. 
Mouse monoclonal antibodies and BSA-BK con- 
jugate were the same as reported from this laboratory 
[13]. Goat anti-mouse immunoglobulin horse radish 
peroxidase conjugate was purchased from Zymed 
Laboratories (South San Francisco, CA). Sepharose- 
4B bound papain for affinity chromatography was 
obtained from United States Biochemicals (Cle- 
veland, OH). 
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Preparation of kininogens. Agarose-bound papain 
was poured into a column and activated by washing 
with 20 vol. of 0.05 M sodium phosphate, pH 6.8, 
2 mM EDTA and 10 mM 2-mercaptoethanol. The 
activated papain then was S-carboxymethylated on 
the column at ambient temperature by washing with 
20~01. of the above buffer without 2-mercapto- 
ethanol but containing 10 mM iodoacetic acid. The 
column finally was equilibrated with 0.05 M sodium 
phosphate, pH 6.8, 0.5 M NaCl, 3 mM benzamidine 
HCl, 3 mM EDTA, 1 mM NEM and 0.01% poly- 
brene. The binding capacity of the cm-papain column 
was determined by using an excess of plasma (10 ml/ 
2 ml bed volume) after diluting with 1 vol. of the 
above buffer 2 x concentrated. The column then was 
washed with 5 bed volumes of the above buffer and 
5 bed volumes of pH 8.5 buffer. Bound kininogens 
(cysteine proteinase inhibitors) were eluted with 
0.05 M sodium phosphate, pH 11.0, and fractions 
were neutralized with acetic acid. The kininogens 
thus isolated were purified further on a DEAE- 
Trisacryl column. 

Tryptic digestion of plasma. An optimized stand- 
ard digestion procedure was developed utilizing 50 ~1 
of plasma. The plasma samples were placed in a 1.5- 
ml microcentrifuge tube and mixed thoroughly with 
50 ~1 of 1.0 M NaCl followed by 0.9 ml of 0.5% HCl 
in 2-propanol. Samples were boiled for 10 min and 
spun in a microcentrifuge for 2min. The protein 
precipitate pellets then were suspended in 0.25 ml of 
0.05 M sodium phosphate containing 0.15 M NaCl, 
5 mM EDTA and 2mM l,lO-phenanthroline, 
pH 11.0. The final pH was 8.0. TPCK-treated 
trypsin, 50 ~1 of 10 mg/ml in the above buffer at 
pH 8.0, was added and incubated at 37” for 1 hr. The 
trypsin was inactivated by boiling the incubation 
digest for 10min. After the digest was cooled to 
room temperature, 50~1 of a 7X concentration of 
the ELISA inhibitor-protein mixture was added con- 
sisting of 21 mM benzamidine-HCl, 14 mM EDTA, 
14 mM l,lO-phenanthroline, 7 mM NEM, 1.4% 
Tween-20, 0.7% BSA and 0.7% bovine y-globulin, 
pH7.4. Samples then were compatible with the 
ELISA incubation buffer. Digests were spun in a 
microcentrifuge at maximum speed. Kinins present 
in the supernatant fraction were determined by 
ELISA. Kininogen preparations were digested with 
trypsin as described above after boiling the kininogen 
solution for 10 min without the HC1/2-propanol mix- 
ture. 

ELBA of kinins. ELISA manipulations were car- 
ried out according to Voller and Bidwell [14]. Opti- 
mal concentrations of reagents were determined 
following the recommendations of Engvall [ 151. The 
kininase inhibitor, 1 ,lO-phenanthroline, 2 mM 
(0.2M in a methanol stock), was included in all of 
the ELISA solutions. Plates were coated with BSA- 
BK conjugate, 0.5 pgg/ml BK equivalent, at 4” over- 
night in 1.59 g Na2C03:2.93 g NaHCOs per liter 
(pH 9.6) containing 0.01% Thimersol. Plates were 
rinsed with phosphate-buffered saline (PBS)- 
Tween-20 consisting of 8g NaCl, 0.2g KCl, 0.2g 
KH,P04, 1.15 g Na2HP04, 2 ml Tween-20 per liter 
and 0.01% Thimersol, pH 7.4. Non-specific binding 
surfaces were blocked with 2% BSA in the above 
buffer for 2 hr at 37”. After the plates were rinsed 

with the buffer, it was possible to store them at -20” 
without any noticeable change for at least 4 months. 
First and second antibody-enzyme conjugate and 
serial dilutions were carried out in PBS-Tween-20 
also containing proteinase inhibitors (3 mM benza- 
midinc-HCl, 2 mM EDTA, 1 mM NEM) and pro- 
teins (BSA 0.1% and bovine y-globulins O.l%), 
pH 7.4. The first well contained either 1.0 fig of BK 
or 100 ~1 of the tryptic digest and was diluted serially 
(1:2) using 50-~1 aliquots. Monoclonal antibodies, 
50~1 of a 1:500 dilution, were added and the final 
volume (0.15 ml) incubated at 37” for 1 hr. Plates 
were rinsed three times, and 0.15 ml of a 1:lOOO 
dilution of goat anti-mouse immunoglobulin-per- 
oxidase conjugate was added. The plates were rinsed 
five times after 1 hr at 37”, and 0.15 ml of o-phenylene 
diamine, 0.2% in 0.1 M sodium citrate (pH 4.2) con- 
taining 0.03% H,O*, was added. Color development 
was complete in 30 min at room temperature and 
was stopped by the addition of 50~1 of 1:4 dilution 
of concentrated H2S04. Color intensity was 
measured at 490 nm after dilution of 0.15 ml into 
0.8 ml of water. 

PZTC derivatization of kinins. Kinins, 0.1 to 10 ,ug 
in 10 ~1 of water, were incubated in a 1.5-ml micro- 
centrifuge tube with 90~1 of fresh methanol/ 
triethylamine/phenylisothiocyanate (7:1:0.5) mix- 
ture at 37” for 30min with occasional mixing in a 
Vortex. In the case of the tryptic digests, an aliquot 
was removed before the addition of the inhibitor- 
protein mixture and then dried. The derivatization 
reaction was stopped by the addition of 500 ,ul of 2% 
phosphoric acid in 50% methanol. The PTC-kinins 
then were separated from the PITC reagent adducts 
by extraction of the reaction mixture with 0.8 ml of 
chloroform. After vigorous mixing the phases were 
separated by brief centrifugation, and the PTC- 
kinins remaining in the upper aqueous methanol 
phase were extracted once again with 0.8 ml chloro- 
form in a separate tube. An aliquot representing 50- 
250pmol of PTC-kinins was used for the HPLC 
analysis. 

HPLC of kinins. Native and PTC-kinins were 
separated on a C-18 reversed phase p-Bondapak 
(Waters) 3.9 mm x 30 cm column and detected at 
214 and 254 nm, respectively. The mobile phase for 
the native kinins consisted of A: 0.2% trifluoroacetic 
acid (TFA) in non-organic water and B: 0.15% TFA 
in acetonitrile. Separation was achieved with TFA- 
acetonitrile gradient of 17% to 35% in 40 min at a 
flow rate of 1 mljmin. PTC-kinins were separated 
using solvents A: 0.1% TFA in water, B: 0.05% 
TFA in acetonitrile and a TFA-acetonitrile gradient 
of 25% to 60% in 40 min at a flow rate of 1 ml/min. 
For determination of immunologic activity, fractions 
of 0.5 ml were collected, and acetonitrile was allowed 
to evaporate overnight in the hood. Volumes were 
reconstituted equal with ELISA buffer, and 50-~1 
aliquots were used for kinin determination. 

The HPLC system consisted of Waters M-45 
pumps, a model 441 UV detector, and a solvent 
mixer installed between a U6K injector and the 
mixed solvent outlet from the pumps. The gradient 
programs, data acquisition and analyses were carried 
out with an IBM compatible Chromatochart-PC sys- 
tem from Interactive Microware (State College, PA) 
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Fig. 1. Typical standard curves obtained with synthetic bradykinin and its analogues in the ELBA with 
a mixture of monoclonal antibodies D6A5. B6C9 and A3D9. 

on a Zenith-148 computer with an Epson EX-1000 
printer/Hewlett-Packard 7475A plotter. HPLC 
reagents were obtained from Pierce (Rockford, IL) 
and solvents from either Fisher Scientific Pittsburgh, 
PA) or J. T. Baker (Phillipsburg, NJ). Non-organic 
water was prepared by passage of double glass dis- 
tilled water through a Norganic cartridge (Waters, 
Milford, MA). 

RESULTS 

Kinin determination in tryptic digests by ELISA. 
The properties of the anti-BK mouse monoclonal 
antibodies prepared in our laboratory, clones D6A5, 
B6C9 and A3D9, have been described previously 
[13]. Incubation of various kinin analogues with a 
mixture of monoclonal antibodies in the ELISA sys- 
tem yielded essentially similar curves with BK, Lys- 
BK, Met-Lys-BK, Ileu-Ser-BK and Tyr-BK (Fig. 
1). [Ty?]-SK, [Tyr8]-BK and des-Arg9-BK, on the 
other hand, showed relatively poor interaction. The 
data indicate that this ELISA test system quantitated 
intact natural kinins in the range of 10-200 ng under 
optimized conditions. 

The release of kinin from tryptic digests of plasma 
and purified kininogen was determined by ELISA, 
as depicted in Fig. 2. Approximately 75% of the 
kinins were released by 30 min. No further increase 
in kinin levels occurred after 2 hr. The plasma kinin 
levels determined as BK for normal rats, rats treated 
with turpentine and normal humans were 6.9, ‘70 
and 3.2pg/ml, respectively. In the instance of the 
purified kininogen, the kinin content was 18.5 ,ug/ 
mg of kininogen (68 kD). Only amounts less than 
0.2@g/ml were found in the non-trypsin control 
samples. 

ELISA also was used for the detection, as well as 
quantitation, of kinins during the course of puri- 
fication of kininogens from plasmas (Fig. 3). Rat 
plasma proteins were bound to a papain-affinity 
column and eluted with a pH 11.0 buffer [16] in 
the presence of protease inhibitors as described in 
Materials and Methods. These proteins were applied 

onto a DEAE-Trisacryl column in 0.01 M Tris-HCl, 
pH 8.0, and developed with a 0 to 0.5 M NaCl gradi- 
ent in the same buffer. The major protein peak was 
confined by SDS-PAGE to be a 68 kD kininogen 
showing kinin immunolo~c activity in ELISA, and 
papain inhibitory activity [6] (data not shown). 

Resolution of kinins by HPLC. Natural kinins as 
well as nearly all of their synthetic analogues were 
separated completely within 20 min on a pBondapak 
C-18 reversed phase column. Trifluoroacetic acid 
concentrations of 0.15% or more in both water and 
acetonitrile were required for complete separation. 
The retention times (min) for the following peptides 
were: [Tyr5]-BK, 13.7; [Tyr*]-BK, 15.0; Lys-Bk, 
19.3; BK, 21.3; Met-Lys-BK, 22.4; Ileu-Ser-BK, 
23.6; and des-Arg’-BK, 25.0 (Fig. 4). Synthetic Tyr- 
BK separated poorly from Ileu-Ser-BK, and des- 
Arg’-BK had an identical retention time as that of 
Met-Lys-BK, ELISA of fractions following HPLC 
separation of kinins showed an identical profile as 
obtained by 214 nm monitoring of native kinins (data 
not shown). A model peptide was included as an 
internal standard for both retention times as well as 
peak area reference for computer analysis (data not 
shown). 

PTC-kinins also were separated on a p-Bondapak 
column with only water, acetonitrile and TFA mix- 
tures (Fig. 5). In these separations, TFA con- 
centrations in excess of 0.05% were not critical. 
While natural kinins were separated completely, the 
[Tyr~]-BK/[Tyr8]-BK and Ileu-Ser-BK/Tyr-BK pep- 
tide pairs would not separate under the conditions 
studied. Lys-BK and Met-Lys-BK eluted much later 
than Ileu-Ser-BK, consistent with their structures, 
reacting with 2 moles of PITC/mole of kinin and 
showing twice the peak area of kinins with no lysine. 
PTC-kinins were retarded more than native kinins. 
Good quantitation was observed with concentrations 
of 30 pmol or more of PTC-kinin. The PTC-kinins 
were relatively stable and underwent 15-20% degra- 
dation overnight at room temperature. Deriva- 
tization of peptides from tryptic digests with PITC 
and HPLC analysis revealed large numbers of pep- 
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Fig. 3. Determination of kinin immunoIogica1 activity in column fractions by ELBA. An aliquot (50 ,ul) 
was denatured by boiling and digested with trypsin as described above. Kinin was estimated using 
bradykinin standard. A DEAE-Trisacryl column (1.1 x 17 cm) was equilibrated with 0.01 M Tris-HCI, 
pW 8.0, and developed with a linear gradient consisting of 50 ml each of buffer and buffer with 0.5 M 

NaCI. 

tides masking the PTC-kinin regions despite the fact 
that a significant amount of large molecular weight 
peptides and insoluble peptides in 2% phosphoric 
acid/50% methanol was removed during the chloro- 
form extraction process (data not shown). 

The determination of kinins in biologic fluids and 
tissue most often is carried out by bioassay, a tech- 
nique that is inconvenient, time consuming, unpre- 
dictable and requiring a certain manipulative 
expertise. The use of radioimmunoassay (RIA) and 
HPLC as alternative methods has been reported 
[8,9,11J. Nomogenous soluble enzyme immuno- 
assay (EIA) using /3-galactosidase-labeled BK for 
differential activation of high and low molecular 

weight kininogens was found unsuitable for meas- 
uring Ileu-Ser-BK in the rat [12]. Other reported 
ELISA methods were lengthy (about 48 hr) and lim- 
ited only to a description of standard curves [IT]. 

The tryptic digestion procedure developed for 
refease of kinins from plasmas and the ELISA of 
kinins reported in this study permit rapid, specific 
and sensitive estimation of kinins in biologic &ids 
and tissue as well as in purified kininogen prep- 
arations. Furthermore, unlike the BK determination 
by EIA [18], the present method does not involve 
initial separation of kinin fractions from the digests 
but rather estimates kinins directly in the supernatant 
fraction of the plasma tryptic digest. Treatment of 
plasma samples with 0.5% HCl in 2-propanol foi- 
lowed by boiling for 10min assured highly repro- 
ducible kinin estimates. The extraction of plasma 
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with hot HCl/2-propanol resulted in the complete 
inactivation of proteinases as well as initial clari- 
fication of the sample in preparation for deri- 
vatization of the peptides and analysis by HPLC. 
Relatively high concentrations of trypsin (10 mg/ml 
plasma) were necessary for the complete release of 
kinins from plasma collected 48 hr after treatment of 
rats with turpentine (0.5 ml/100 g body weight). Such 
turpentine treatment in the rat elevates, by as much 
as lo- to 20-fold [19], levels of a third low molecular 
weight kininogen synonymous with the major acute 
phase rat plasma protein, ai-cysteine proteinase 
inhibitor [20], and with T-kininogen in rat adjuvant 
arthritis [21]. Additionally, a new vasopeptide kinin 
with the novel Ileu-Ser-amino terminus isolated by 
Bedi et al. [22] from a tumor acid protease-rat kini- 
nogen digest and later further characterized [23] also 
was isolated from rat plasma following treatment 
with non-catalytic concentrations of trypsin and 
named T-kinin [24]. 

The kinin levels from the respective plasmas and 
kininogen digests reported in this study are in good 
agreement with accepted kininogen/kinin levels 
[12,16, 19,251. Turpentine treatment resulted in a 
lo-fold increase in the plasma kininogen levels. 
Digestion of normal rat plasma with hog pancreatic 
kallikrein (200 pg/ml plasma) yielded kinin levels 
equal to that obtained with trypsin. However, plasma 
from turpentine-treated rats yielded only 14 pg kinin/ 
ml plasma when digested with the hog pancreatic 
kallikrein. These results indicate that small amounts 
(- 10%) of the total available Ileu-Ser-BK were 
released from the “turpentine” plasma by the tissue 
kallikrein. Previous studies in our laboratory showed 
that a rat plasma low molecular weight kininogen, 
purified by ion exchange chromatography [26] and 
by a single-step passage through an immunoaffinity 
column prepared with monoclonal antibodies against 
this kininogen [27], is resistant to kallikrein from rat 
and human plasma, human urine and hog pancreas 
[26,28]. Comparable amounts of kinin are released 
both by trypsin and an acid protease purified from 
the rodent Murphy-Sturm lymphosarcoma [29]. T- 
Kininogen forms subsequently purified from rat 
adjuvant arthritis plasma also were found resistant 
to rat submandibular gland kallikrein [30]. Thus, 
the results demonstrate that, by use of appropriate 
enzymes, the ELISA system could be used for the 
differential estimation of different kininogen species 
present in plasma. The results also show that high 
concentrations of trypsin do not affect the kinins 
released during the digestion process. 

ELISA conditions were optimized to give about 
1.0 absorbance unit in 30 min of color development 
in non-competing wells. The entire ELISA pro- 
cedure can be completed within 3-4 hr. Proteinase 
inhibitors and bovine y-globulins were included in 
the ELISA buffer system to prevent kinin degra- 
dation during the 37” incubation period and also to 
prevent background color respectively. With some 
preparations of goat second antibody-enzyme con- 
jugates, 0.01% of goat y-globulins was added to 
the incubation buffers to reduce the non-specific 
background color. The sensitivity of the ELISA was 
in the 10-200 ng kinin range, a range amply suitable 
for kinin measurement in normal plasma (Fig. 2). 

Furthermore, the kinin ELISA system can be used 
to advantage to monitor immunologically the kinin 
activity in fraction samples obtained either during the 
purification of kininogens or during the separation of 
kinins on an HPLC column. 

Methods for the HPLC resolution of kinins have 
employed complex mixtures of solvents with the 
objective of achieving complete separation 
[lo, 31,321. In contrast to the studies here reported, 
the kinins in the previously reported studies were not 
resolved to baseline. The HPLC method reported for 
the separation of kinins derivatized with fluor- 
escamine [lo] also was unable to resolve these pep- 
tides to baseline. 

The solvent systems developed in this study are 
simple, employing only TFA as an additive. TFA 
concentrations of 0.15% or greater were found nec- 
essary for complete separation and base line reso- 
lution of those basic peptides presumably due to 
effective ion pairing/ion exchange with the C-18 
matrix at those concentrations. 

Detection of peptides at 214nm is quite non- 
specific and also subject to various interferences such 
as accumulated solvent impurities eluting from the 
column with a gradient and subsequent changes in 
refractive indices of the solvent in the flow cell. 
Specific detection of kinins is improved when moni- 
tored at 2.54 nm following PITC derivatization. Pre- 
sumed interaction between PTC groups and the C- 
18 column matrix retarded the PTC-kinins much 
more than the native kinins. Procedures were desig- 
ned for extraction of basic peptide derivatives into 
the upper aqueous methanol phase. des-Arg9-BK 
could not be extracted into the upper phase, and 
further extraction with chloroform resulted in higher 
losses of Lys-BK and Met-Lys-BK than with other 
kinins. The HPLC profiles of PTC-peptides obtained 
from plasma tryptic digests were complex and 
respective kinin regions seriously overlapped. 
Efforts continue towards direct determination of 
kinins in the tryptic digests by HPLC rather than by 
identification and quantitation in the eluted fractions 
by ELISA or RIA. 

The procedures herein described for the tryptic 
digestion of plasma or protein samples for the ELISA 
of kinins and HPLC separation of kinins before and 
after derivatization with PITC should prove of value 
for the study of the complexities of the kallikrein- 
kininogen-kinin system. 
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