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SUMMARY

Clearance rates in the guinea pig were determined for intact guinea pig and human C1 inhibitor, the
complexes of both inhibitors with human C18,factor Xlla and kallikrein, and for each inhibitor
cleaved at its reactive centre with trypsin. Intact human and guinea pig C1 inhibitor were cleared from
the circulation more slowlytg, of 97 h and 121 h and fractional catabolic rates (FCRs) e®® and

0-117) than any of their cleaved or complexed forms. The reactive centre-cleaved inhibitors were
cleared with half-lives of &5 h for humans and 10h for the guinea pig. The complexes with target
proteases were catabolized much more rapidly, with half-lives ranging fr@®h3to 43h. The
complexes with kallikrein were cleared more slowly than those with C1s3&adtor Xlla. Complexes
prepared with the guinea pig and human inhibitors were cleared at equivalent rates. The free inactivated
proteases were cleared at rates similar to the equivalent complexes, except for kallikrein, which was
cleared more rapidly than its complex. The fact that the complexes with different target proteases
differed in their catabolism and that protease and complex catabolism were similar suggests that
protease may play a direct role in clearance.
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INTRODUCTION specific receptors, the serpin enzyme complex receptors (SEC |
C1 inhibitor (C1INH) is the sole protease inhibitor of C1r and and SEC ) [12-15]a;-antitrypsin ,-AT) complexes induced

C1s, and is the major inhibitor of kallikrein and Hageman factorsy:mes!s of aré]'lc; n dtW(.) dlsffEe(r:er:t I(r:16||tr:mrest [3.2]' Th'rs in
(factor XllI). It is therefore the major regulator of activation of synthesis was induced via ’ other studies, serpin-—
rﬁrotease complexes were cleared more rapidly from the circula-

(reviewed in [1]). Heterozygous deficiency results in hereditarytlon than were the _|ntact_|_nh|b|tors [6-10,16]. .Th'S increase in
angioneurotic oedema (HAE), which is characterized by inter_compl_ex cleara_ncg 1S facilitated by the recognition of a spemf!c
mittent episodes of cutaneous or mucosal oedema [2]. ClIN)ﬁomam on _the |hr_1|b|t9rs by the SEC receptors [17].' That domain
belongs to the serpin superfamily, members of which are majo z.atsh.rt])eenr |dgnrt]n‘|e;j r']n rt]hi c;‘:;trtlJoxy te;rqm;]naltr:eglonra.q_r\:ATﬂ

inhibitors of the inflammatory, coagulation and fibrinolytic serine within a region of high homology among the serpins [17].

: o ._.Presumably, this domain is exposed after the change in con-
proteases [3]. The inactivation and clearance of these potentlaIIY tion that tak | duri lex f i 0 tud
harmful proteases is a critical issue in the survival of any Or:";a 'Ogtha ?Eslpr";cef .:t“n? c?mp eé( (:]:jma Ir(r)1ni ngrs]umyn
organism. The inhibitory as well as clearance mechanisms o aysed the catabolism ot Intact, cleaved and complexed huma
. . . 1INH in rats, and showed a much faster clearance of the
different members of the serpin superfamily have been shown t(():om lexes than of the intact molecule [16]. The catabolic rate of
be similar in many respects [4-10]. Like other members of theth 'F:lt Xt molecul inta nifi ntIIJ high .r than in h rln ns. In
serpin family, C1INH is believed to inhibit target proteases via € Intact molecule was significantly higher than in humans.

. . ; . addition, the data suggest the possibility that catabolism may
formation of a stable tetrahedral intermediate [11]. During have been influenced by the protease
complex formation or reactive centre cleavage, the inhibitor v Infiu y P :

. . . In order to minimize the role of species differences in catabo-
undergoes specific conformational changes. The catabolism (?If m of serpin—protease complexes pwe compared the turnover of
some protease—serpin complexes has been shown to occur Vi . . AN

P P P human and guinea pig C1INH in its intact, cleaved and complexed

forms in guinea pigs. In addition, to clarify further the involvement
Correspondence: Alvin E. Davis Ill, Division of Nephrology, Chil- Of the protease, catabolism of the complexes with Cls and
dren’s Hospital Research Foundation, 3333 Burnet Avenue, Cincinnati, oHkallikrein was compared with that of each PMSF-inactivated
45229-3039, USA. protease.
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MATERIALS AND METHODS designated proteins. Aliquots of blood (30i) were obtained in
Protei heparinized syringes using 25 G butterfly needles from either
roteins . . LS .

jugular vein. At 2 h post-injection, the animals were transferred

Human kallikrein and factor XIl were purchased from Enzymet n incubator for recovery from anaesthesia. Sub nt timed
Research Labs (South Bend, IN). Activated C1s was a gift from D0 @n incubator for recovery from anaesthesia. subseque €

David Bing (Centre for Blood Research, Boston, MA); human andzfocd.bsgjmsle_s werr]eo ?bt;n?% fror_?h tge 3i(ill/mmahl:ezs| p(;’:VIOOl;SIZ
guinea pig C1lINH were purified using a modification of the scrl uring short sedafion wi —oro sofiuoran

technique of Pilattest al. [18]. C1INH-containing fractions from gas (Anaquest Inc., Liberty Corner, NJ). Bach experiment was

. : o oo O
the phenyl Sepharose column were pooled, concentrated in atlgrmlnated after radioactivity levels reached 10—20% of the initial

Amicon device (Amicon, Danvers, MA) and dialysed against_coum' The animals were then killed by a 1-ml intracardiac

002w Na/K phosphate, @5m NaCl pH 72 (PBS) overnight injection of Socumb (Butler Co., Columbus, OH).
using a 14000 MW spectra/Por membrane (Spectrum Medica&ollection and treatment of samples
Industries, Houston, TX). This pool was applied to a Mono-Q

- Aliquots of blood (30Qul) were transferred to a polypropylene
column on a fast performance liquid chromatography (FPLC) t?e lasma Was( sem;rated by centrifugation pam)(/jpthpe)y lasma
system (Pharmacia Biotechnology, Piscataway, NJ) equilibrateHJrotéinps were preci itF;ted Withy10°/ tricaloroacetic acidehe
with PBS, and eluted with a linear NaCl gradient to 500.18DS— P | ph P i h 0 . )
PAGE revealed a single band of mol. wt 105000 for both theSa@mples were then centrifuged, the supernatants discarded and

human C1INH and the guinea pig C1INH. Factor XIl was activatedthe preC|p|.tat.es .counted for radloaptlwty fqr Lmin each in a
by incubation in the presence of PBS-washed trypsin-coateg.amma scintillation counter (ICN Micromedic Systems, Hunts-
Sepharose beads (Sigma, St Louis, MO) for 15min aC3at a ville, AL).

ratio of 10U trypsin for 9Qug factor XllI. It was then separated

from the beads by centrifugation. Data analysis

The radioactivity remaining in every sample collected was calcu-
. _lated as a percentage of the initial radioactivity obtained at zero
Preparation of cleaved and complexed human C1INH and guinegme and was plotted against time. Each of the proteins and the

pig C1INH ) ) ) _inhibitor—protease complexes was cleared from plasma in two
Human and _gumea_ pig Cl_INH W_ere_cleaved at their reaCt'\_/ephases: a rapid distribution phase and a slower clearance phase.
centres after iodination, by incubation in the presence of trypsingELch curve was manually solved following a two-compartment

coated Sepha_ro_se beads for 45 mir_l at3at a ratio of 4 U trypsin model and analysed according to the method of Matthews to obtain
per 300ug inhibitor [19]. The proteins were then separated from a biological half-life and fractional catabolic rate for each protein

the beads by centrifugation. Guinea pig C1INH-C1s complexegyiected [21]. The individual values obtained from different ani-

were prepared by incubation of radiolabelled protease withy ;g injected with the same proteins were averaged. We then used
unlabelled inhibitor at a molar ratio of 1:1 for 60 min at°87 the one-wayanova non-paired Student's-test to compare the
Complex formation was confirmed on SDS—PAGE 10 insure an,araqe ¢ and fractional catabolic rates (FCRs) for the intact,

appr_opnate ratio Pf _bOth prqtelns. All other complexes were jqqyeq and complexed inhibitors for both guinea pig and human
obtained before iodination in the same manner as aboveIDroteinS

C1lINH—kallikrein and C1INHA factor Xlla complexes were
prepared by incubation with an excess of inhibitor (1:3 and 1:10
molar ratios of the protease to inhibitor, respectively). Inhibitor— Protein sequence analysis
protease complexes were isolated by chromatography with afhe amino terminal sequence of the isolated guinea pig C1INH
FPLC system using a Mono Q column equilibrated in 30m Was performed using an Applied Biosystems sequencer by Dr
Tris—HCI pH 80, 150mu NaCl, and developed with a NaCl Richard A. Harrison (MRC Centre, Cambridge, UK).
concentration gradient from 15Qumto 500 mu. One millilitre
fractions were collected at a flow rate of 1 ml/min.

RESULTS

lodination Isolation of C1INH and its complexes with proteases

Proteins were radiolabelled witi? using solid-phase iodogen as The purification of guinea pig C1INH was similar to the
described previously [19]. The specific activities varied betweenmodified method used to purify the human protein. Human
05 and 20x10° ct/min per ug. Each animal received the and guinea pig C1INH each was functional as determined by
equivalent of 4000-5000 ct/min per g body weight of injected reactivity with C1s to form SDS-stable complexes (Fig. 1). The

protein. amino terminal sequence of the guinea pig protein was similar to
that of the human protein (Fig. 2). Both proteins appeared to be
Clearance studies the same size on SDS—PAGE (Fig. 1). The radiolabelled proteins

Strain 2 guinea pigs ranging in weight from 350 to 800g wereremained active. Both proteins were cleaved with trypsin to yield
initially sedated with 85 mg/100 g body weight of sodium pento- a single mol. wt 83000 band on SDS—-PAGE, as described
barbital (Burke Co., Columbus, OH) intramuscularly followed previously [20] (Fig.3). Complexes were prepared as described
by 005ml/100g body weight of Innovar-Vet (Mallinkrodt, in Materials and Methods. Before each experiment, the proteases
Mundekin, IL) intraperitoneally. A 24 G cannula was then insertedwere serially diluted with an equal volume of PBS and protein.
in the cephalic vein on one foreleg. The animals were kept supin&€ach fraction was incubated with a constant amount of the
on a warmer pad during the first 2 h of the experiments. They werénhibitor, then analysed on SDS—PAGE and stained with coo-
injected with the different radiolabelled proteins via a cephalicmassie brilliant blue R250. After the most suitable ratio of
vein cannula. Each animal received betweénahd 20 ng of the protease to inhibitor was determined, larger quantities of the
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Fig. 3. SDS—PAGE of*-radiolabelled human and guinea pig C1

inhibitor (C1INH) proteins following cleavage with trypsin. (a) Lane 1,

human C1INH; lane 2, human C1s; lane 3, human C1INH following
Fig. 1. SDS—PAGE of isolated human and guinea pig C1 inhibitor (C1INH) m_cubatlon with trypsin (1% w/w) for 45min at 3C. (b) Lane 1, guinea

proteins. (a) Lane 1, human C1INH; lane 2, human C1s; lane 3, guinea pi§'d C1INH; lane 2, guinea pig C1INH following incubation with trypsin
C1INH; lane 4, guinea pig C1INH incubated with human C1s for 60 min at (1% W/w) for 45 min at 37C. Autoradiograms were performed by exposure

37°C. (b) Lane 1, human C1INH; lane 2, human C1INH incubated with ©f the dried SDS—polyacrylamide gel to Kodak XAR-5 film.
human C1s for 60 min at 3C. Each gel was stained for total protein with
coomassie brilliant blue R250.

complexes were made at that ratio. In all cases, a slight excegdgnificant £>0-05). There was no statistically significant differ-
of the inhibitor as well as some degradation products were note@nce between the FCRs of the intact human and guinea pig
on coomassie brilliant blue-stained SDS polyacrylamide gelsinhibitors (°>0-20).

The complexes were separated from contaminants by purification

on FPLC using a Mono Q column with a NaCl gradient up to

500mv as described above. The isolated complexes then wer€learance of the reactive centre-cleaved C1INHs

radiolabelled and analysed by SDS—PAGE and autoradiographBoth human and guinea pig reactive centre-cleaved forms of
to check purity (Fig.4a,b). All cleaved and complexed forms of CLINH were cleared more rapidly than their intact counterparts
the inhibitors were used within 48 h of purification and labelling. (Fig. 6a,b). Thet,,of the cleaved human inhibitor was signifi-
Intact forms were used within 24 h after labelling. Both C1s andcantly shorter than its intact formP&0:001) (Table 1).
kallikrein complexes revealed a single band of similar size onAlthough the half-life of the cleaved human C1INH was shorter
SDS—-PAGE and autoradiography (mol. 190 000). The com- than the half-life of its intact form, the difference between them
plexes with g factor Xlla were smaller (mol. wi130000) was not as wide as the difference between the two forms of the

(Fig. 5). guinea pig proteins, but was statistically significaRt<(0-05).
The FCRs of intact human and guinea pig inhibitors were also
The clearance of intact human and guinea pig C1INH significantly slower than the FCRs of the respective cleaved

Intact human and guinea pig C1INHs were slower to clear from theproteins. Comparison of the clearances of the two cleaved
circulation than any of their respective cleaved or complexedinhibitors revealed that the human inhibitor had a significantly
forms (Table 1, Fig. 6a,b). When compared with one another, theshorter t,,than the guinea pig protein, but no difference was
half-life of the intact human C1INH was shorter than that of the observed between their FCRs.

guinea pig (Table 1). However, this difference was not statistically

1 10 20 30

NPNATSSSSQDPESLQDRGEGKVATTVISKMLF..

ATFSSPLKPESPQKAXDG--ITAVTXRE
Fig. 2. Amino terminal sequence comparison of guinea pig and human C1 inhibitor.
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Fig. 6. Clearance of guinea pig C1 inhibitor (C1INH). Isolated proteins
Fig. 4. SDS—PAGE of isolated C1 inhibitor (C1INH)—C1s complexes. We'® radiolabelled and clearance studies Were_performed as described in
Fractions from the Mono Q column chromatogram were pooled, concenMate"als and Methods. (a)_ Intac!I and reactive c_:entre-cleaved)(
trated, radiolabelled and analysed on SDS—PAGE. Autoradiograms Werguman C_]'INH' (b) Intact guinea plg_CllNI_-A][, reactwg centre-cleaved
performed by exposure of the dried SDS—polyacrylamide gel to Kodak3!'"€a P19 C1INH @), complex of guinea pig C1INH with C1#).
XAR-5 film. (a) Guinea pig C1INH-human C1 complex. (b) Human
C1INH and human C1INH-human C1 complex.

Clearance of C1INH complexed with C1s, kallikrein @ifactor

Xlla

The clearances of human and guinea pig C1INH complexed with
human C1s, kallikrein ang? factor Xlla were evaluated. The
complexed human and guinea pig inhibitors each revealed much

h C1INH
h C1INH
| h C1INH
" | +Fact. Xlla

= more rapid turnover rates than their intact or cleaved forms
kD t (Figs6b and 7). The complexed molecules had shageand
200 P more rapid FCRs than all other forms of the inhibitor (Table 1).
—
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Fig. 5. SDS—PAGE of**-radiolabelled complexes of human C1 inhibitor
(C1INH) with human plasma kallikrein angifactor Xlla. Lane 1, markers;  Fig. 7. Clearance of human C1 inhibitor (C1INH)—protease complexes.
lane 2, human C1INH; lane 3, isolated human C1INH—human kallikreinThe complexes were radiolabelled and the clearance studies were per-
complex; lane 4, isolated human C1INH-humaractor Xlla complex. formed as described in Materials and MethadlsHuman C1INH—human
Autoradiograms were performed by exposure of the dried SDS—polyacrykallikrein complex; ¢, human C1INH-human Cls comple®, human
lamide gel to Kodak XAR-5 film. PMSF-inactivated kallikrein.
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The complex with kallikrein cleared significantly more slowly than terminal-cleaved humam-AT cleared slightly faster than its
did the complexes with C1s gt factor Xlla, each of which had intact form from the plasma of mice [9]. This was not true,
very similar half-lives and FCRs. The difference was somewhathowever, fora;-antichymotrypsin and antithrombin [ll, which
greater in the experiments using complexes prepared with theleared at the same rates in their intact and cleaved forms. The
human inhibitor. For each individual protease, there was namechanism for the clearance of inactivated serpins is still not well
difference in the clearance of the complexes prepared with theinderstood. Mastt al. have also demonstrated that the removal of
guinea pig and human inhibitors. modified serpins is not mediated by the hepatic receptors that
recognize the inhibitor—protease complexes [9]. Only in the case of
Comparison of the clearances of inactivated C1ls and kallikreina;-AT were they able to show that the modified form of the protein
with their respective C1INH complexes competes to some extent for the receptor that binds the complex,
Both PMSF-inactivated human C1s and human kallikrein clearedut with weaker affinity.
from the plasma rapidly with no significant difference between  There are two known receptors that bind serpin—protease
either their half-lives or FCRs (Fig. 7, Table 1). However, whencomplexes. The SEC | receptor, which has been identified on
compared with the complexes with C1INH, only free inactivated HepG2 cells and monocytes, binds several serpin—protease com-
kallikrein cleared significantly faster than its complexed forms (all plexes, including at least those with-AT, heparin cofactor I
P<0-03). There was no significant difference between the clearand antithrombin Il [28]. The SEC Il receptor binds the-
ance of PMSF-inactivated C1s and its complex with C1INH. Theseantiplasmin—plasmin complex [15]. Catabolic turnover studies
observations were true for both human and guinea pig C1lINH-demonstrated that different serpin—protease complexes compete
complexed proteases. for the common SEC | receptor [7,8]n vitro, C1INH-C1s
complexes were shown to compete with-AT complexes for
binding to SEC | on monocytes and HepG2 cells, but to a much
lesser extent than the other serpin—protease complexes studied
This study compares the turnover rates of human C1INH and12]. The SEC | receptor is thought to be responsible for the rapid
guinea pig C1INH in their intact, cleaved and complexed forms inin vivo plasma clearance rates observed with different inhibitor—
guinea pigs. The plasma half-lives of the intact human and guinearotease complexes, but not with their respective intact or cleaved
pig inhibitors were 97 h and 126 h, respectively. Both these values inhibitors. The difference in rate of clearance of the cleaved and
reflect faster plasma clearance rates thantipé 20h reported complexed serpins observed in this, as well as other studies, is
earlier by Quastekt al. [22] for the turnover of human C1INH compatible with this interpretation. Joslét al. [17] showed that
in humans. This discrepancy between the turnover rates of intadtinding of a;-AT—protease complexes to the SEC | receptor was
human C1INH in humans and in guinea pigs is probablymediated by a pentapeptide domain that is just carboxy-terminal
explained on the basis of the host used. Plasma clearance ratesthe reactive centre loop of the molecule (residues 370-374).
of a specific protein have been shown in previous studies to varyrhis domain is within an area of homology among the serpins,
in one species in comparison with another [6,23-25]. Theincluding C1INH [17]. It is contained within the fourth strand of
plasma clearance rates of human haemoglobin, protein C, proteifi sheet B and in the crystal structures of intact or cleaved
S and factor IX were found to be faster in rodents than inserpins is not exposed [3,29-32]. It had been assumed prior to
humans. these studies that this region also would not be exposed in the
On the other hand, the half-life for the plasma clearance ofcomplex with protease. The data of Jostihal. [17], however,
intact human C1INH in rats was significantly shorter than thesuggest that this domain might be exposed for recognition by the
half-lives of both the human and guinea pig proteins in our studySEC | receptor, after conformational changes of the inhibitor
(tz4:5h) [16]. This discrepancy between the turnover rates oftake place during complex formation. In the case @fAT
intact human C1INH in rats and guinea pigs may also be acomplexes, binding to the SEC | receptor was followed by
species difference. However, one other factor could have playedhternalization of the complexes and induction ®f-AT syn-
a role. The calculations in the above study followed a mono-thesis [12]. However, this was not shown to be true for C1INH
compartment model, whereas in our study and in that ofcomplexes which specifically bound to U937 monocytes, but did
Quastelet al. (and in most other serpin turnover studies) a not induce inhibitor synthesis [33].
two-compartment model was followed. In any case, the cata- As outlined, many studies indicate that the ligand binding site
bolism of C1INH (and other plasma proteins) is more rapid ininvolved in the clearance of the serpin—protease complexes resides
rats and guinea pigs than in humans. The important issue iwithin the inhibitor. Although the data of Mast al. indicate that
whether or not it is legitimate to use a human protein to studythe protease does not play a role with most serpin complexes, the
catabolism. Previous data, together with the data presented heréata here and that of de Snetal.[16] suggest a possible role for
indicate that, at least in short-term studies, the clearance of protease in C1INH clearance. In the data presented here, the
protein from one species follows very similar kinetics in the catabolism of complexes with different proteases clearly differed,
same or a different species [6,26,27]. However, this issue cannathich suggests that the proteases themselves might be involved in
be answered accurately until the precise receptors involved and thtbe clearance of the C1LINH—protease complexes. Furthermore, the
clearance pathways for the intact and cleaved/complexed inhibitoraurnover of the human and guinea pig C1INH complexed with
have been characterized. The plasma clearance rates of the cleayadnan kallikrein, factor Xlla and C1s was very similar to the
human and guinea pig inhibitors were intermediate between theiturnover rates of the respective proteases. These data confirm
intact and complexed forms. This is in agreement with the dataand extend the previous observations of de Setetl. [16].
previously reported by de Smet al.in rats [16]. This observation Similarly, tPA has been shown to play a role in clearance of
is not unique to the C1INH molecule. In their study of different tPA—plasminogen activator inhibitor | (PAl) complexes via the
serpins, Mastet al. showed that reactive centre and amino SEC Il receptor [34].

DISCUSSION

© 1996 Blackwell Science LtdZlinical and Experimental Immunolog$05191-197
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