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Abstract

Proteolytic inactivation of serine protease inhibitors (serpins)
by neutrophil elastase (HNE) is presumed to contribute to the
deregulation of plasma cascade systems in septic shock. Here,
we report a supplementary approach to construct serpins, in
our case Cl inhibitor, that are resistant to catalytic inactivation
by HNE. Instead of shifting the specificity of al-antitrypsin
towards the proteases of the contact activation and complement
systems, we attempted to obtain a Cl inhibitor species which
resists proteolytic inactivation by HNE. 12 recombinant Cl
inhibitor variants were produced with mainly conservative sub-
stitutions at the cleavage sites for HNE, 440-Ile and/or 442-
Val. Three variants significantly resisted proteolytic inactiva-
tion, both by purified HNE, as well as by activated neutrophils.
The increase in functional half-life in the presence of FMLP-
stimulated cells was found to be 18-fold for the 440-Leu/442-
Ala variant. Inhibitory function of these variants was relatively
unimpaired, as examined by the formation of stable complexes
with Cls, #-Factor XI1a, kallikrein, and plasmin, and as deter-
mined by kinetic analysis. The calculated association rate con-

stants (k0*) were reduced twofold at most for Cl s, and appeared
unaffected for ,B-Factor XIIa. The effect on the k0* with kal-
likrein was more pronounced, ranging from a significant nine-
fold reduction to an unmodified rate. The results show that the
reactive centre loop of C1 inhibitor can be modified towards
decreased sensitivity for nontarget proteases without loss of
specificity for target proteases. Weconclude that this approach
extends the possibilities of applying recombinant serpin vari-
ants for therapeutic use in inflammatory diseases. (J. Clin.
Invest. 1993.91:1035-1043.) Key words: serine protease inhibi-
tor * inflammation * complement * elastase * metalloprotease

Introduction

The serine protease inhibitors (serpins) present in human
plasma serve important functions as specific inhibitors of the
coagulation, contact activation, fibrinolytic, and complement
cascades ( 1). Serpins share a commonmechanism by present-

Address correspondence to Eric Eldering, Central Laboratory of the
Netherlands Red Cross Blood Transfusion Service, Department of Au-
toimmune Diseases, Plesmanlaan 125, 1066 CX Amsterdam, The
Netherlands. Jan H. Nuijens' current address is GenePharming Europe
B.V., Einsteinweg 5, 2333 CCLeiden, The Netherlands.

Receivedfor publication 24 July 1992 and in revisedform 12 Oc-
tober 1992.

ing an exposed loop as substrate for target proteases, and proteo-
lytic attack results in the formation of very stable, essentially
irreversible complexes. Remarkably, the reactive center loop of
several serpins, notably antithrombin III, a2-antiplasmin, and
Cl inhibitor, contains additional cleavage sites for neutrophil
elastase (2-4). It was proposed that the susceptibility of these
serpins for catalytic inactivation serves a physiological purpose
by allowing localized proteolytic activity at inflammatory sites
(5). In accord with this concept, stimulated neutrophils release
oxygen radicals and metalloproteases (6-8), which in concert
inactivate a 1 -antitrypsin, thereby creating a microenviron-
ment in which human neutrophil elastase (HNE) ' is no longer
inhibited. These events presumably contribute to tissue destruc-
tion in local inflammatory reactions and to dysregulation of
plasma cascade systems in systemic inflammation, such as sep-
tic shock, in which massive neutrophil activation occurs.

Recombinant serpins derived from a 1 -antitrypsin are inher-
ently insensitive to inactivation by HNEand have been tested
for therapeutic use in the shock syndromes (9-1 1 ). However,
the a 1 -antitrypsin background may impose restrictions on
their specificity; for example, none of the described variants is
an efficient inhibitor of the complement proteases Cl r and Cl s
( 1 1, 12). Cl inhibitor is a plasma glycoprotein with an appar-
ent relative molecular mass of 104,000 in SDS gels, but the
actual relative molecular mass has been shown to be - 76,000
( 13). Genetic defiency of Cl inhibitor, resulting from either
quantitative or structural defects, is the cause for the disease
hereditary angioedema ( 14, 15). Because Cl inhibitor is the
most effective inhibitor in vivo of the complement proteases
C1 r and C I s, and the contact activation proteases Factor XIIa
and kallikrein ( 16-18), all of which have been implicated to
contribute to septic shock (9, 19, 20), we decided to investigate
whether its sensitivity for proteolytic inactivation by HNE
could be reduced without loss of function.

Methods

Enzymes and reagents. Enzymes for recombinant DNA techniques
were obtained as described previously, as were Cl inhibitor, C Is, f-
Factor XlIa, and kallikrein (all human) (reference 21 and references
therein). Human plasmin was a kind gift of Dr. Colin Longstaff (Na-
tional Institute for Biological Standards and Control, South Mimms,
Hertfordshire, UK). Human neutrophil elastase was purchased from
Elastin Products (Pacific, MO). Chromogenic substrates S-2314 and
S-2302 were obtained from Kabi AB (Stockholm, Sweden). Heparin
grade I ( 181 U/mg, molecular weight range 15,000-18,000), FMLP,

1. Abbreviations used in this paper: DPI, diphenyleneiodonium; HNE,
human neutrophil elastase; [ I ], inhibitor concentration; k0,o apparent
rate constant; koff, dissociation rate constant; kIc, association rate con-
stant; PMA, phorbol myristate acetate; rC 1 inh, recombinant C I inhib-
itor; wt, wild type.
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cytochalasin B, phorbol myristate acetate (PMA), and 1, 10-phen-
anthroline were obtained from Sigma Immunochemicals (St. Louis,
MO). [35S] methionine (specific activity > 37 TBq/mmol) was pur-
chased from the Radiochemical Centre (Amersham, UK).

Mutagenesis, expression and purification of recombinant Cl inhibi-
tor. A 300-bp EcoRI-SstI fragment from the COS-1 expression vector
pC I inhibitor (22) was subcloned in Ml 3mpI 8-mp4 and used as tem-
plate for mutagenesis according to published procedures (21, 23). An-
tisense primers coding for the desired mutations at P5 (440-Ile) and P3
(442-Val) were synthesized on DNAsynthesizer (type 38 1A; Applied
Biosystems, Warrington, UK). Because we wanted to preserve the in-
hibitory functions of CI inhibitor, most substitutions were semiconser-
vative in nature and maintained the medium-sized aliphatic side chain
of the wild type P5(Ile) and P3(Val) residues. Mutations at P3 only
were constructed with the following oligomers (mismatched bases are
underlined):

P3-Ala: 5'-GGTGCGGGCGGCAGAGATGG-3'

P3-Gly: 5'-GGTGCGGGCTCCAGAGATGG-3'

P3-Arg: 5'-GGGTGCGGGCTCTAGAGATGGCG-3'

P3-Leu: 5'-GCGGGCCAGAGAGATGG-3'

P3-Thr: 5'-GGGTGCGGGCGGTAGAGATGGCG-3'

Mutagenesis at both P5 and P3 was performed with a degenerate oligo-
mer coding for combinations of conservative amino acid substitutions,
with the following sequence:

5'-TGCGGGCC(AG)( CG)AGAG(AG)(GC)GGCGGAG-3'.

12 clones coding for substitutions at P5 (440-Ile) and/or P3 (442-
Val) were identified; 3A, 3G, 3R, 3L, 3T, 5L3A, 5L3L, 5L3V, 5V3A,
5V3L, 5A3A, and 5V (numbers refer to P5 or P3 positions in the
reactive center of CI inhibitor, amino acids are designated by standard
one-letter code). The EcoRI-SstI fragment was reinserted in the expres-
sion vector and, after large scale plasmid preparation, double strand
sequencing was performed to ensure that no other mutations had oc-
curred. Transfection of the COS- 1 cell line was performed as described
(22), and the serum-free conditioned medium was assayed for the pres-
ence of Cl inhibitor antigen by a RIA using a solid-phase monoclonal
antibody ( 19). The amino acid changes did not affect detection in this
assay (not shown). Expression levels varied between 1 and 3 ,ug/ ml.
Recombinant Cl inhibitor (rCl inh) variants were purified by lectin-
affinity chromatography on jacalin agarose (Pierce Chemical Co.,
Rockford, IL) (24), as described in detail previously (21).

Radioimmunoassays. RIA procedures to determine binding activ-
ity of Cl inhibitor to (B-Factor XIIa and kallikrein were developed as
described for C I s ( 19, 21, 22). Purified proteases were coupled to Seph-
arose 4B (Pharmacia, Uppsala, Sweden). Experiments were performed
by incubating serial dilutions of transfection media with protease-seph-
arose for 4 h at room temperature, followed by quantitation of bound
recombinant Cl inhibitor as described ( 19, 22). Susceptibility to puri-
fied HNEwas determined by incubating transfection media containing
100 ng rC I inh with serial dilutions of HNE(total vol 200 ,tl) for 3 h at
37°C in 200 mMNaCl, 50 mMTris-HCl, pH 8. al-Antitrypsin was
then added in a fourfold molar excess over HNEand residual Cl inhibi-
tor function was determined by the RIA with solid phase Cls. The
supernatant of human neutrophils (6 X 106/ ml) primed with cytocha-
lasin B (5 g/ml, 5 min) and activated with I ,uM FMLPcontained 5
,ug/ml HNE. Serial dilutions were incubated with 100 ng rCl inh in
reaction mixtures (100 IL) containing 10 mMsodiumphosphate, 150
mMNaCl, 0.1% wt/vol Tween-20, 10 mMTris-HCl, pH 7.4, and
further treated as with purified HNE.

Electrophoretic studies with purified 35S-rCl inh. Transfected sub-
confluent COS- I cells were metabolically labeled with 50 ,uCi / ml [ 35S ]-
methionine for 4 h and chased overnight, as described (21). 3S-rCl
inh was affinity purified with jacalin-agarose, with minor modifica-
tions of a published procedure (21 ). The jacalin eluate was dialyzed

against 200 mMNaCl, 50 mMTris-HC1, pH 8, 0.1% wt/vol Tween-20,
and BSA was added to a concentration of 100 jg/ml. The concentra-
tion of purified 35S-rCl inh variants was about 1 ,tg/ml. 10 ng of puri-
fied 35S-rC I inh was incubated with a 50-fold molar excess of d-Factor
XIIa, a 20-fold excess of kallikrein or a 10-fold excess of plasmin for 1 h
at 370C. These protease/inhibitor ratios were determined to be opti-
mal for visualization of complexes of rC I inh wild type (wt) in prelimi-
nary experiments. Reactions were terminated by addition of nonreduc-
ing sample buffer followed by SDS-PAGEon 7.5% gels and fluorogra-
phy. Serial dilutions of HNE(final concentration 0.6-40 nM) were
incubated with 20 ng of purified 35S-rCl inhibitor for 2 h at 370C in
200 mMNaCI, 50 mMTris-HCl, pH 8. HNEwas then inhibited by
addition of 100 ng eglin C (Ciba-Geigy, Basel, Switzerland). The reac-
tion mixture was split into two portions and nonreducing sample
buffer was either directly added or after incubation with 200 ng CI s for
1 h at 37°C. Densitometric scanning of autoradiograms was done
(Quickscan; Helena Laboratories, Beaumont, TX), and results were
calculated on an integrator (Shimadzu, Kyoto, Japan).

Proteolytic inactivation of Cl inhibitor by activated neutrophils.
Purified human neutrophils were obtained as described (25) and sus-
pended in incubation medium (132 mMNaCl, 6 mMKC1, 1 mM
MgSO4, 1.2 mMpotassium phosphate, 20 mMHepes, pH 7.4) supple-
mented with glucose (5.5 mM), CaC12 (1 mM), and BSA (0.5% wt/
vol) at a final concentration of 2 X 106 cells/ml at 37°C. Recombinant
CI inhibitor used for these experiments was purified as described (21 ),
and suspended in PBS, pH 7.4, 0.01% wt/vol Tween-20, 0.5% wt/vol
BSA, and added (5 ,4g/ ml final concentration) before priming the cells
with cytochalasin B (5 ,ug/ml) and stimulation with FMLP(1 P4M). In
some experiments, cells were stimulated with PMA(100 ng/ml). At
timed intervals, samples ( 100 ,A) were withdrawn and added to 100,l of
a mixture of inhibitors (final concentrations: 10 pM eglin C, 10 mM
EDTA, 2 mM1,10-phenanthroline, 1 ,M methionine). Zero time-
points were taken just before addition of FMLP. After collection of all
samples, cells were removed by centrifugation, and 80 ,l of the super-
natant was incubated with 20 ,l of Cls (20 ,g/ml) for 1 h at 37°C.
Residual Cls activity was quantitated (Twinreader; Titertek, Elfab Oy,
Finland) after addition of the chromogenic substrate S-2314 to 1 mM.
The change in absorbance at 405 nmof the zero time points was taken
as i00% Cl inhibitor activity, and subsequent timepoints were calcu-
lated with reference to this value and 0% Cl inhibitor value in wells
with only CI s. Preliminary experiments established that the starting Cl
inhibitor (variant) concentration inhibited 80-90% of CIs activity,
and that no reduction in Cl inhibitor activity occurred when cells were
not stimulated.

Kinetic studies. Kinetic analysis was done as described (21).
Briefly, inhibition of C I s by plasma Cl inhibitor and purified recombi-
nant P5 / P3 variants was monitored by the method of progress curves
(26). Changes in absorbance at 405 nm were recorded for up to 12 h
and fitted to the integrated rate equation for slow binding inhibition A
= vst + (v. - vs)( 1 - e-kobst)/kObs + A., where A is absorbence at 405
nm, vS is the final steady state rate, t is time, and vo is the initial rate, and
k0bs is the apparent rate constant, by nonlinear regression analysis
(Enzfitter; Elsevier, London). Plots of kobs vs. [I] (inhibitor concentra-
tion) were found to be straight lines, indicating a simple one-step revers-
ible reaction for complex formation over the concentration range of
inhibitor used for these experiments (see Results). Consequently, the
association rate constant (kl.) could be calculated from the relation-
ship k0b. = koff + ko.[I]/( 1 + [S]/Kim), where koff is the dissociation
rate constant. Experiments were performed in 10 mMsodium phos-
phate, 150 mMNaCl, 50 mMTris-HCI, pH 8 containing 0.1% wt/vol
Tween-20, 0.02% wt/vol NaN3 and 2 mMS-2314 (Km 0.8 mM), at
37°C under mineral oil. The effect of heparin on the reaction was
determined by adding CIs together with heparin (final concentrations
2 nM and 0.1-100 U/ml, respectively) to solutions containing rCl
inhibitor (final concentrations 20-30 nM) and buffer. Results were

analyzed as described above. The k0n for (3-Factor XIIa and kallikrein
were determined under pseudo-first order conditions as described ( 17,
21, 27).
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Table I. Effect ofAmino Acid Substitutions at Reactive Center Positions P5 and P3 in CI Inhibitor on Complex Formation
with Target Proteases (A) and the Proteolytic Inactivation by Purified HNEor the Supernatant of Activated Neutrophils (B)

rCl Inhibitor: wt 3L 3R 5V3A 5L3L 5L3A

A Complex formation (percentage compared to wild type)

Cls 100 87±3 66±5 88±6 73±3 127±6
fl-FXIIa 100 57±4 35±10 119±8 46±2 83±8
kallikrein 100 59±5 21±1 49±4 68±4 42±2

B HNEsusceptibility (nanograms of HNEor dilution of PMNsupernatant)

HNEexperiment 1 25 8 63 31 125 250
HNEexperiment 2 31 8 63 45 150 250
PMNsupernatant experiment 1 1:64 1:128 1:16 1:64 1:8 < 1:8
PMNsupernatant experiment 2 1:64 1:128 1:16 1:64 1:8 < 1:8
PMNsupernatant experiment 3 1:64 1:64 1:16 1:64 1:8 1:4

(A) The ability of rC 1 inhibitor P5/P3 variants to bind to sepharose-coupled C Is, f-Factor XIIa, or kallikrein was determined with RIAs. Results
are expressed as percentage of complex formation compared to rCl inhibitor-wt, which is set at 100%. Data represent averages±SD of at least
two separate experiments. (B) Twofold serial dilutions of purified HNEor of the supernatant of activated neutrophils (PMNs) were incubated for
3 h at 37°C with single volumes of transfection media containing rCl inhibitor variants. HNEwas then inhibited by adding a I-antitrypsin and
residual rC 1 inhibitor activity was subsequently determined towards Cl s as in A. Binding to Cl s-sepharose of untreated samples was set at 100%.
Results of separate experiments are expressed as nanograms of purified HNEor the dilution of neutrophil supernatant necessary to cause
> 90% loss of inhibitory function compared to untreated samples.

Results

12 rC inh variants were produced that contain substitutions
at the inactivating cleavage sites for HNE, 440-Ile (P5) and
442-Val (P3) (3). To prevent laborious purification and ki-
netic analyses of all variants, an initial evaluation of inhibitory
function and HNEresistance was performed with solid phase
target proteases, as described in Methods. Previously, we have
shown that this type of assay, which can be directly applied to
transfection medium, correlates well with chromogenic assays
for CI inhibitor in plasma ( 19) and kinetic analysis for recom-

binant P1 variants (21 ). Data from five relevant rC 1 inh-P5 /
P3 variants, as obtained in the initial screening, are summa-

rized in Table I. Inhibitory function, as determined by binding
to solid phase proteases, was affected to various degrees. Conser-
vative changes generally did not affect binding, whereas the
nonconservative changes 3R, or 3G (not shown), reduced
complex-formation with f-Factor XIIa and kallikrein to
> 40%compared to wt C inhibitor. HNEresistance was tested
both with the purified protease and with supernatant of acti-
vated neutrophils. rC inh variants were incubated with in-
creasing concentrations of HNEand residual inhibitor activity
towards CI s was subsequently assayed. The results (Table I B)
clearly indicated that for several variants, the rate of proteolytic
inactivation by HNEwas changed as a consequence of the
mutations. Substitutions at only P3 resulted in a two- to four-
fold increase in HNE resistance at most, while rCl inh-3L
seemed to be even more susceptible than wild type. However,
the proteolytic inactivation of two double mutants, rC1 inh-
5L3L and -5L3A, appeared to be decreased - 10-fold. This
was found for purified HNE, as well as for the supernatant of
activated neutrophils. To confirm the data obtained with solid
phase proteases, selected variants were purified from transfec-
tion media and further analyzed by SDS-PAGE, kinetic analy-
ses, and in the presence of stimulated neutrophils. rC inh-

5L3A and -5L3L, which both displayed relatively unaffected
binding to CI s and the highest HNEresistance, were character-
ized further in comparison with rC 1 inh-wt and -5V3A. The
latter, studied as a control, contains substitutions at P5 and P3,
but appeared as sensitive as wild type to proteolytic inactiva-
tion by HNE.

Fig. 1 demonstrates the ability of rC 1 inh-5L3A and -5V3A
to form SDS-stable complexes with f-Factor XIIa, kallikrein,
and plasmin. Plasmin was included in these experiments be-
cause inhibition of plasmin by Cl inhibitor has been demon-
strated in vitro (28). Incubation with plasmin yielded com-
plexes of 160 kD and degradation products of 97 and 86 kD
(lanes 4, 7, and 10), the latter two most likely resulting from
cleavage at the reactive site and/or at the NH2 terminus of C1
inhibitor, as has been described (28). There was no increase in
cleavage of the variants by plasmin. The other results shown in
Fig. 1 agree well with those of the RIAs presented in Table I;
complex formation with f-Factor XIIa appeared unaffected

wt SL3A 5V3A
-a b c 'a b c''a b c'

. ...~~~~~~~o
kD
200-

97-

68-

43-

Figure 1. Interaction of
purified rC 1 inhibitor-
P5P3 variants with ,B-
Factor XIIa, kallikrein
and plasmin. Purified,
[ 35S ] Met labeled
rClInh-wt, -5L3A and
-5V3A were incubated
for 1 h at 37°C with ,B-
Factor XIIa (a), kal-
likrein (b), or plasmin
(c), and the reaction

df- _ - products were subjected
to SDS-PAGEon a

1 2 3 4 5 6 7 8 9 10 7.5% gel to visualise
complexes. Lane I contains unreacted 35S-rCI inh-wt, df marks the
dye-front of the gel.
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1 2 3 4 5 6 7 8 9 10

kD
200-

97- 0

68-

43-
df- * .^ _ }

. wt , 5L3A
HNE:o 0.6 2.5 10 40 0 0.6 25 lo1ong

B
1 2

kD
200-

."..

97- is"

68-

3 4 5 6 7 8 9 10

43-
df- eS_ ! w wew!;

wt 5L3A
HNE:o 0.6 2.5 10 40 0 0.6 25 10 4o0ng

Figure 2. Purified rCl
inh-5L3A displays resis-
tance to catalytic inacti-
vation by HNEand re-
tains capability to form
a complex with Cls.
Purified 35S-rCl inh-wt
and -5L3A were incu-
bated with HNE(final
concentration 0.6-40
nM) for 2 h at 37°C in
200 mMNaCl, 50 mM
Tris-HCl, pH 8. HNE
was then inhibited by
addition of 100 ng eglin
C. The reaction mixture
was split in two samples
and was either directly
electrophoresed (A) or
after incubation with
200 ng Cls for 1 h at
37°C (B).

(lanes 2, 5, and 8), while interaction of the variants with kal-
likrein was decreased somewhat compared to wild type, as il-
lustrated by the majority of rC 1 inh-P5 /P3 variant molecules
remaining in the native 104-kD form (lanes 6 and 9). Again,
no increase in inhibitor cleavage was observed.

In Fig. 2, the resistance of rC 1 inh-5L3A against proteolytic
inactivation by HNEis directly visualised. Although the degra-
dation pattern characteristic of HNE (3) was also observed
with rC 1 inh-5L3A (Fig. 2 A), much higher HNEconcentra-
tions were required. The NH2- and COOH-terminal fragments
cleaved off by HNE(3) are visible in the dye-front of the gel.
Fig. 2 B shows the same incubation as in A, but with subse-
quent addition of CIs to analyze which fragments still bound

Cls. It can be seen that both rC1 inh-wt and -5L3A formed
complexes with CIs of 180 kD, and that after partial NH2-ter-
minal cleavage by HNE, rC 1 inh-5L3A formed a complex of
about 170 kD (Fig. 2 B, lane 9). Densitometric scanning of the
gel shown in Fig. 2 B established that the relative total amount
of complexes in lane 10 (40 ng HNE) was equal to that in lane
3 (2.5 ng HNE; see Table II). This indicates that the difference
in HNEresistance between rC 1 inhibitor wild type and 5L3A
is - 16-fold, in agreement with the experiments presented in
Table I. In addition, Table II contains the result of scans of
identical experiments as shown in Fig. 2 with 5V3A, and a
more recently obtained 5A3A Cl inhibitor variant, which also
displayed HNEresistance. The results obtained with these two
latter variants looked very similar to those in Fig. 2, A and B. As
the results of densitometric scans in Table II show, rC 1 inh-
5V3A behaved almost identically to wild type, and rCl inh-
5A3A behaved like 5L3A, with the difference that 5A3A ap-
peared slightly less resistant to inactivation by HNE, and gener-
ated a somewhat more cleaved 94-kD Cl inhibitor upon
incubation with Cls alone. These experiments show that rC 1
inh-5L3A and -5A3A resisted inactivation and remained func-
tional for a prolonged period in the presence of HNE. Addi-
tional experiments (not shown) established that the smallest
fragment of C I inhibitor capable of complex formation is - 50
kD, representing the serpin domain with the NH2-terminal
part containing most of the carbohydrate sidechains (13)
cleaved off.

It has been reported that cleavage of Cl inhibitor proceeds
faster in the presence of intact, stimulated neutrophils in com-
parison with only the supernatant of activated cells (3). In
addition, much attention has been given recently to the serpin-
cleaving activity of metalloproteases, exerted in combination
with reactive oxygen species released from triggered neutro-
phils (29, 30). Neutrophil collagenase was shown to cleave
several serpins, notably al-antitrypsin and Cl inhibitor, the
latter being cleaved between P6 and P5 (31). Therefore, we
performed experiments to investigate the relative importance
of serineproteases, metalloproteases, and the oxidative burst in
cleavage of Cl inhibitor. Second, we tested whether the P5/P3
variants that resisted cleavage by purified HNEand the super-

Table II. Densitometric Scan of SDS-gels of rCJ inh Variants Incubated with HNEand Subsequently with Cis

rCI Inhibitor Wild type 5L3A

A
ng HNE 0 0.6 2.5 10 40 0 0.6 2.5 10 40
Complex > 104 kD 51 39 15 57 60 60 47 15
Native 104 kD 19 35* 10 8 5
Cleaved < 104 kD 23 57 84 100 100 35* 29 28 43 84

B 5V3A 5A3A

ng HNE 0 0.6 2.5 10 40 0 0.6 2.5 10 40
Complex > 104 kD 57 45 9 2 41 42 41 33 5
Native 104kD 28 9 11 25 11 10 2
Cleaved < 104 kD 15 46 80 98 100 33 47 49 65 95

(A) Densitometric scan of Fig. 2 B. Numbers given represent relative intensities of Cl inhibitor bands, in percentage of total, as determined by
integration. All peaks corresponding to bands with a apparent mobility > 104 kD were grouped as complexes, and those < 94 kD, with the
exception of the postcomplex peptide in the dye-front of the gel, as cleaved inhibitor fragments. (B) Results of a gelscan of an identical experiment
with rC I inh-5V3A and -5A3A. * No resolution of these two peaks under the conditions of the scan.
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natant of activated neutrophils would retain this capacity in the
presence of intact, stimulated cells. In Fig. 3 A, the decrease in
Cl inhibitor activity upon stimulation of neutrophils by either
PMAor FMLPis shown. It appeared that the decline in inhibi-
tor activity, determined by titration against Cl s in a subse-
quent incubation, proceeded significantly faster after stimula-
tion with FMLPthan with PMA. The former is known (espe-
cially in the presence of cytochalasin B) to generate a fast
degranulation concurrently with the oxidative burst (32), and
the latter yields a fast burst and a relatively slow degranulation
(33). Next, neutrophils were stimulated in the presence of
various inhibitors. Eglin C inhibits the serine proteases HNE,
proteinase 3, and cathepsin G(34, 35), 1, 10-phenanthroline is
an inhibitor of metalloproteases, and diphenyleneiodonium
(DPI) was used as a specific inhibitor of the NADPHoxidase
(36). The results, shown in Fig. 3 B, clearly indicated that eglin
C alone was sufficient to eliminate inactivation of C I inhibitor
by stimulated neutrophils. DPI, a strong inhibitor of the oxida-
tive burst (reference 36, and results not shown) at the concen-
tration used (5 jiM), had no effect. The delay in Cl inhibitor
inactivation caused by 1,1 0-phenanthroline seemed to indicate
a partial involvement of metalloproteases. However, addi-
tional experiments showed that 1,10-phenanthroline in fact
had a negative effect on the degranulation response, as mea-
sured by the appearance of the azurophilic granule membrane

A Figure 3. Inactivation of
100 Cl inhibitor by stimu-

> 90 lated neutrophils; effect
o80 of the stimulus (A) and

a 70 specific inhibitors (B).
60 (A) Plasma CI inhibitor
40s (5iiggin afinal volume
30 \ \ of 1 ml) was incubated

o 20 in the presence of puri-
I10 fied human neutrophils

0 . (2x 106/ml).Attime
0 10 20 30 40 50 60 0, cells were stimulated

time (min) with FMLP(I AiM; cir-
cles) or PMA(100 ng/

B ml; triangles). Dupli-
100 + cate samples were re-

>. 90 moved at the indicated
80 times, and proteolytic
70 activity released from

0 60 the cells was quickly
50 \ quenched in a mixture

S 40 of eglin C, EDTAand
30 1, O-phenanthroline.
210 Methionine was present

0 10 20 as HOC1scavenger. Re-
o 10 20 30 40 50 60 sidualCI inhibitorwas

subsequently deter-
time (mini mined against Cls in a

chromogenic assay. Results are expressed as percentage activity rela-
tive to zero time. o -and-* , f MLP; A and A
PMA. (B) Conditions were as under A. Cells were stimulated with
FMLPin the presence of specific inhibitors, as indicated; 10 jM eglin
C, 2 mM1, l0-phenanthroline, 5 MMDPI, or a combination of 1,10-
phenanthroline and DPI. Stimulating the cells in the presence of all
these inhibitors gave the same results as with eglin C alone (not
shown).-. -, None; - + -, eglin; - -, phenanthroline;
-A -, DPI; - -, phenanthroline and DPI.

100 Figure 4. Proteolytic in-
.> 90 *\F. activation of rC l inhib-
*' 80 \ itor P5/P3 variants by
0
a 70 activated neutrophils.

. 60 *.. Purified plasma Cl in-
, 50s hibitor or various rCl
: 40 inh-P5/P3 variants

30 (final concentration 5
2 0 thg/ml) were incubated
10 with neutrophils. At

0 time 0, cells were stim-
o 10 20 30 40 50 60 70 ulated with FMLP.

)Conditions and calcula-
tion of results was as
described in Methods

and the legend to Fig. 3. -+ -, Wild type; -e -, 5L3A; - o
5A3A; -v& -, 5L3L; - -, plasma Cl inhibitor.

marker CD63 (33) on the outer cell membrane (Niessen,
H. W. M., and E. Eldering, unpublished observation).

When purified recombinant Cl inhibitor P5/P3 variants
were incubated in the presence of FMLP-stimnulated neutro-
phils, a pronounced delay in proteolytic inacti . ation was found
in comparison with plasma derived and recombinant normal
Cl inhibitor (Fig. 4). 20 min after FMLPstimulation, func-
tional activity of wild type recombinant and plasma Cl inhibi-
tor was < 5%, while the P5 /P3 variants still displayed 70-80%
activity. The half-time of Cl inhibitor inactivation (t,12) in
comparison with rC 1 inh-wt was increased 18-fold for rC 1
inh-5L3A, and eightfold for rC 1 inh-5L3L and -5A3A, in good
agreement with the previous results. A rough estimate of the
k.t/Km value, where k<,t is the maximal catabolic rate, as de-
fined by ln2/[E] X t112 (37), where [E] is the enzyme concen-
tration, for C1 inhibitor as substrate for HNEyielded - 400
M'-s'- under the conditions used in these experiments. This is
well above the threshold proposed by Mast et al. (37) for the
reaction to be of physiological significance. Together, these ex-
periments demonstrate that proteolytic inactivation of C1 in-
hibitor by activated neutrophils is caused predominantly by
serine proteases released from azurophilic granules and that
substitutions at both HNEcleavage sites can significantly re-
duce the rate of inactivation.

A detailed evaluation with respect to complex stability and
kinetic constants of all 12 rC1 inhibitor P5/P3 variants with
the various target proteases is beyond the scope of the present
article and will be reported elsewhere (Eldering, E., C. C. M.
Huijbregts, Y. T. P. Lubbers, C. Longstaff, J. H. Nuijens, and
C. E. Hack, manuscript submitted for publication). In agree-
ment with the results presented here, kinetic analysis under
pseudo-first order conditions generated association rate con-
stants with CIs of purified rC 1 inh-P5 /P3 variants that varied
between 1.3 X 104 M-1s-' for rCl inh-3R and 4.2 x 104
M-'s-' for wild type. Fig. 5 shows a representative example of
an inhibition experiment with C ls and purified rC 1 inh-wt.
The inset shows the linear relationship between I and the appar-
ent rate constant kobs for rC 1 inh-wt and 5L3A. As described
(21 ), the overall inhibition mechanism conformed to a one-
step reversible reaction. The observed koff value of wild type Cl
inhibitor is too low, however ( 1-2 X 10-6 s-' ) to be physiologi-
cally relevant (21 ) and no significant changes were found for
the P5/P3 variants (Eldering, E., C. C. M. Huijbregts, Y. T. P.
Lubbers, C. Longstaff, J. H. Nuijens, and C. E. Hack, manu-
script submitted for publication).
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Figure 5. Progress curves for inhibition of CIs by re-
combinant CI inhibitor wild type. CI s (final concen-
tration 0.4 nM) was added to a solution containing
chromogenic substrate S-2314 and purified rCl inh-
wt. Changes in absorbance at 405 nmwere recorded
with a spectrophotometer (Lambda 2; Perkin Elmer
Corp., Norwalk, CT) equipped with a six-cell trans-
porter for 10 h and analyzed as described in Methods.
Shown are the data for Cls alone (o ), and the data-
points for 15 nM (1), 20 nM (2), and 30 nM (3) rCI
inh-wt. The inset shows a plot of k0b (k') vs. [I] for
rCI inh-wt (open squares) and for rCI inh-5L3A
(closed squares), obtained from a similar experiment.

The association rate of purified Cl inhibitor with Cl s,
which is relatively low compared to other serpin-protease inter-
actions ( 1 ), appears to be augmented upon addition of heparin
(38, 39), or when measured with CIs incorporated in the com-

plete Cl complex (40). The reaction rate of the P5 /P3 variants
was stimulated in the presence of heparin to a similar extent as

that of plasma and recombinant C inhibitor wild type, as dem-
onstrated in Fig. 6 for rC1 inh-5L3A. Comparable sets of
inhibition progress curves were obtained for rC 1 inh-wt,
-5L3A, -5L3L and -5V3A. The increase in k0n for Cls in the
presence of 10 U/ml heparin was similar, generating an aver-

age stimulation factor of 8.4±0.6. These results indicated that
the structural determinants that mediate the interaction with
heparin are unperturbed in the P5 /P3 variants.

Association rates with f-Factor XIIa were obtained as de-
scribed (21, 27), using final concentrations of 20 nM f-Factor

lo-,

do
Q
c

.0

0

.0

m

XIIa and 200-600 nM rC inhibitor variants. The association
rate constant of rC 1 inh-wt with f-Factor XIIa was determined
to be 3.9 X 103 M-'s-', and similar values were derived for
most variants. Kinetic experiments with kallikrein and various
P5 / P3 variants were performed as described ( 17, 41 ), using
final concentrations of 20 nMkallikrein and 200-400 nM rC 1

inhibitor. The association rate constant of rC inh-wt and
5L3L with kallikrein was calculated to be 1.6 X 104 M-'s-1.
Approximately a fivefold reduction in k.. was found for 5L3A
and 5A3A, and 5V3A appeared to react almost ninefold slower
than wild type. Table III summarizes the results of the kinetic
studies for rC1 inh-wt, the HNE-resistant 5L3A, 5L3L, and
5A3A variants, and the 5V3A variant. The values of the rate
constants obtained for rC 1 inh-wt with CIs, f-Factor XIIa and
kallikrein corresponded well with those published for purified
plasma Cl inhibitor ( 17, 27, 38, 41).

O

Figure 6. Inhibition of Cls by rCl inhibitor 5L3A in
the presence of heparin. Conditions were as described
in Methods and the legend to Fig. 3, employing final
concentrations of 2 nM Cls and 25 nM rCl inh-
5L3A. Shown are the datapoints for Cls alone (o),
and the datapoints (+ ) as well as the calculated curves

+oo+=P
upon fitting to the integrated rate equation for slow

binding inhibition for the various concentrations of
heparin. Final heparin concentrations are indicated

1.00 t for each curve in U/ml. Comparable sets of curves
were obtained for rCl inh-wt, -5L3L, and -5V3A.
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Table III. Association Rate Constants
of Recombinant Cl Inhibitor P5/P3 Variants

rC I Inhibitor ,8-Factor
species Cis kn Kallikrein k,, XIIa k,,

10J M-'s-' 1J M's-' Io' M's'

Wild type 4.2±0.5 15.8±1.3 3.9±0.3
5L3A 2.6±0.6 2.8±0.1 3.7±0.3
5L3L 4.7±0.9 15.7±0.5 2.6±0.1
SV3A 2.9±0.3 1.8±0.1 4.2±0.2
5A3A ND 3.1±0.1 ND

kIn for CIs, kallikrein, and fl-Factor XIIa were obtained as described
in Methods. Calculated constants are the mean±SE of at least three
separate experiments. ND, not done.

Discussion

Several studies have demonstrated the therapeutic potential of
recombinant serpins derived from a 1 -antitrypsin in inflamma-
tory conditions (9, 10). However, these and other ( 1 1, 42)
reports have also attenuated earlier expectations (43, 44) that
the specificity of serpins could be predictably modified by alter-
ations in the reactive site loop, based on the known substrate
specificity of target proteases and on comparisons of serpin
loop sequences. It is now generally agreed that residues outside
the reactive site loop are also critical in defining specificity; e.g.,
as has been demonstrated recently for plasminogen activator
inhibitor- 1 (45). Furthermore, it is becoming increasingly
clear that the reactive site loop of serpins is a highly specialized
structure (46, 47) that probably cannot be directly compared
to small substrates. The results presented here demonstrate the
feasibility of an alternative strategy that maintains the inherent
specificity of serpins to construct variants that are resistant to
catalytic inactivation by nontarget proteases. Conservative
substitutions at both HNEcleavage sites in the reactive centre
loop of Cl inhibitor can apparently reduce the proteolytic inac-
tivation by HNEabout 16-fold, while the specific interaction
with various target proteases seems moderately affected. Since
our efforts were aimed at obtaining HNEresistance, as well as
at preserving inhibitory function, the amino acid changes were
predominantly semiconservative. Of 12 variants constructed,
rC1 inh-5L3A, -5L3L and -5A3A displayed significant resis-
tance to purified HNE, as well as to stimulated neutrophils.
Complete HNEresistance was not obtained with the substitu-
tions used, which is perhaps not surprising considering the gen-
eral preference of HNEfor P1 residues with a medium-sized
aliphatic side chain (48). There was a good correlation, how-
ever, between the order of P1 residues preferred by HNE in
small peptide substrates and chloromethylketone inhibitors
(Ile = Val > Leu > Ala) (48-51 ), and the substitutions confer-
ring HNEresistance in C I inhibitor (Leu or Ala for Ile or Val).
In addition, our results were also in agreement with computer
modeling that has predicted that P 1-Ile would be a better sub-
strate for HNEthan Pl-Leu (48).

Functional capacity of the variants could be demonstrated
by the formation of stable complexes with CIs, fl-Factor XIIa,
kallikrein and plasmin, both with radioimmunoassays and on
SDS gels. Kinetic analyses indicated that the association rate

constant with Cls for the HNE-resistant variants is reduced
twofold at most, and seems unaffected with :-Factor XIIa. The
effect of the substitutions on the association rate constant with
kallikrein ranged from a quite significant ninefold reduction in
the case of 5V3A to an unchanged association rate for 5L3L. It
appears that especially the P3 amino acid is more critical in the
interaction with kallikrein compared with f-Factor XIIa and
C Is. Collectively, the results from kinetic analyses showed that
rC 1 inh-5L3L has unperturbed functional characteristics,
while the various inactivation experiments demonstrated that
5L3A has the highest resistance to HNE-mediated cleavage.
The RIAs using solid-phase proteases provided a quick and
sensitive screen to detect (residual) binding capacity. Some
discrepancies between the RIAs and kinetic experiments were
observed; e.g., we found that in the f-Factor XIIa RIA, 5L3A
binds for - 46% compared to wild type, but kinetic analysis
indicated similar association rate constants. These differences
may result from the fact that Sepharose-coupled proteases ap-
pear to react slower with C 1 inhibitor, and also with chromo-
genic substrates (unpublished observations). In our experi-
ence, only the absence of binding, or a drastic reduction, in the
RIAs indicates a complete or significant loss of function (i.e.,
leading to a > 10-fold reduction in k0n, see also reference 21 ).
An important observation with these HNE-resistant variants
was that the amino acid changes did not result in significantly
increased inhibitor turnover by target proteases. This was evi-
dent from SDS-PAGEanalysis (Figs. 1 and 2 B, Table II), and
also from studies that monitored the possible appearance of
cleaved rC1 inhibitor upon interaction with target proteases
under nondenaturing conditions (Eldering, E., C. C. M. Huij-
bregts, Y. T. P. Lubbers, C. Longstaff, J. H. Nuijens, and C. E.
Hack, manuscript submitted for publication). In contrast, cer-
tain recombinant serpins derived from a 1 -antitrypsin have
been shown to be cleaved considerably by plasmin in vitro
( 12), and are reported to circulate in the cleaved form in septic
shock (52).

Since maximally only two residues in the reactive centre
loop were exchanged, perturbations of the overall Cl inhibitor
tertiary structure can be presumed to be nonexistent or mini-
mal in the variants described here. This may be advantagous in
a physiological setting, where it can be expected that any spe-
cific interaction with potential third components is main-
tained. Although Cl inhibitor is not generally viewed as a hepa-
rin-dependent serpin, it is known that its activity against C I s is
stimulated in the presence of this glycosaminoglycan (38, 39).
Inhibition experiments in the presence of heparin indeed dem-
onstrated that the activity of the P5 / P3 variants is stimulated
identical to wild type Cl inhibitor, indicating that the substitu-
tions did not interfere with the determinants that mediate this
specific interaction.

Apart from the well-established capacity of HNEto catalyti-
cally cleave serpins such as antithrombin III, a2-antiplasmin,
and Cl inhibitor (2-4), various articles in recent years have
described that metalloproteases, in combination with reactive
oxygen species, can also cleave serpins, in particular a l-anti-
trypsin, near the reactive center (29, 30). This "serpinase"
(53) activity of metalloproteases is, however, relatively low
(i.e., 24-h incubations are needed to generate significant serpin
cleavage in most reports), and is measured in the supernatant
of activated neutrophils after addition of the serine protease
inhibitor PMSF. Mast et al. (37) have performed a detailed
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evaluation of the kinetics of serpin inactivation by matrix me-

talloproteases, and they concluded that these reactions gener-
ally proceeded too slow to be of physiological significance. Ex-
periments presented here established that the HNE inhibitor
eglin C is sufficient to eliminate inactivation of Cl inhibitor by
stimulated neutrophils. The Cl inhibitor P5/P3 variants that
displayed resistance against purified HNEretained this capabil-
ity in the presence of activated, intact cells, and the difference
with Cl inhibitor wild type was of the same magnitude under
both conditions. The results strongly point to HNE(and per-
haps the closely related proteinase 3 [ 35 1) as the most predomi-
nant cause of Cl inhibitor cleavage by neutrophils. Wefound
no evidence for an involvement of the oxidative burst in Cl
inhibitor inactivation. Unlike a I-antitrypsin, Cl inhibitor
does not contain oxidation-sensitive methionine residues in
the reactive center loop. Pemberton et al. (3) presumed that
short-lived reactive oxygen species might be responsible for the
observed increase in cleavage of Cl inhibitor when comparing
intact, stimulated neutrophils with only the supernatant of
cells. Alternatively, this difference can perhaps be explained by
the reported capacity of CI inhibitor to adhere to neutrophils
(54), which would cause an underestimation of the remaining
Cl inhibitor in the supernatant after the cells are spun down. In
addition, the general, damaging effect of reactive oxygen spe-
cies may be quenched in plasma by the presence of a vast excess

of other proteins, a situation imitated in our experimental sys-
tem by the presence of 0.5% BSA. Based on the above consider-
ations, and assuming that they have the same kinetic capabili-
ties as matrix metalloproteases, we doubt whether neutrophil
metalloproteases, although they are certainly capable of proteo-
lytic inactivation of Cl inhibitor, do so at a significant rate
compared to HNE, which is simultaneously released by acti-
vated neutrophils.

Weare aware that although HNEis clearly capable of inac-
tivating Cl inhibitor and other serpins in vitro, it remains to be
established that this indeed occurs in vivo under conditions of
systemic inflammation. This important validation of the in
vitro data could perhaps be accomplished by purification of Cl
inhibitor from the plasma of septic shock patients where a con-

siderable level of cleavage is sometimes found ( 19), followed
by NH2-terminal sequencing to determine the site (s) of cleav-
age. The availability of HNEresistant variants of Cl inhibitor
provides novel possibilities to investigate the exact contribu-
tion of excessive HNEactivity to the deregulation of the com-

plement and contact activation systems in inflammatory con-

ditions. It can be assumed that this approach is also applicable
to other serpins. Further testing in experimental models of in-
flammatory disease is needed to determine the potential useful-
ness of such variants as a therapeutic agent.
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