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ABSTRACT. The human squamous cell carcinoma antigens (SCCA) 1 and 2 are tandemly arrayed genes
that encode two high-molecular-weight serine proteinase inhibitors (serpins). Although these proteins
are 92% identical, differences in their reactive site loops suggest that they inhibit different types of
proteinases. Our previous studies show that SCCA2 inhibits chymotrypsin-like serine proteinases [Schick
et al. (1997). Biol. Chem. 2721849-1855]. We now show that, unlike SCCA2, SCCAL lacks inhibitory
activity against any of the more common types of serine proteinases but is a potent cross-class inhibitor
of the archetypal lysosomal cysteine proteinases cathepsins K, L, and S. Kinetic analysis revealed that
SCCAL interacted with cathepsins K, L, and S at 1:1 stoichiometry and with second-order rate constants
> 1 x 10° M1 s71. These rate constants were comparable to those obtained with the prototypical
physiological cysteine proteinase inhibitor, cystatin C. Also relative to cystatin C, SCCA1 was a more
potent inhibitor of cathepsin K-mediated elastolytic activity by forming longer lived inhibjpooteinase
complexes. Thei, of SCCAl-cathepsin S complexes was1155 min, whereas that of cystatin
C—cathepsin complexes was 55 min. Cleavage between the Gly and Ser residues of the reactive site
loop and detection of a stable SCCAdathepsin S complex by sodium dodecyl sufgtelyacrylamide

gel electrophoresis suggested that the serpin interacted with the cysteine proteinase in a manner similar
to that observed for typical serpirserine proteinase interactions. These data suggest that, contingent
upon their reactive site loop sequences, mammalian serpins, in general, utilize their dynamic tertiary
structure to trap proteinases from more than one mechanistic class and that SCCAL, in particular, may be
involved in a novel inhibitory pathway aimed at regulating a powerful array of lysosomal cysteine
proteinases.

The sguamous cell carcinoma antigen (SCTCAjas clues were provided by molecular cloning of SCCA. Ge-
isolated from human cervical squamous carcinoma cells andnomic phage and cDNA clones of SCCA revealed the
serves as a circulating marker for more advanced squamougresence of two tandemly arrayed genes, SCCA1l and
cell tumors (reviewed in ref). SCCA is present in two  SCCAZ2, that encode for proteins that are 92% identical (95%
isoforms, an acidic (p= 5.9-6.2) and a neutral fraction  similar) at the amino acid leveB). Moreover, the calculated
(pl = 6.3—6.6). The neutral fraction is not specific for tumor pls suggest that SCCALll(p= 6.3) and SCCA2 (b= 5.8)
cells, and it is detected in normal tissues from lung, brain, correspond to the acidic and neutral fractions of SCCA,
thymus, and stratified squamous epithelia [rBfand G. respectively 8).

Silverman (unpublished observations)]. In contrast, the Protein database comparisons show that SCCA1 and
acidic fraction is detected at the tumor margins and is SCCAZ2 belong to the superfamily of high-molecular-weight

considered to be the primary isoform in the sera of patients
with advanced carcinomag)( Although the biologic role ! Abbreviations: SCCA, squamous cell carcinoma antigen; serpin,

of SCCA in malignant and normal tissues is unknown, initial high-molecular-weight serine proteinase inhibitor; RSL, reactive site
loop; cat, cathepsin; HMC, human mast cell chymase; GST, glutathione
Stransferase; ISCCAL, GSTSCCAL fusion protein; ISCCA2, GST
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serine proteinase inhibitors (serping) §). The serpins are  order of 16 M~! s™%. Stoichiometric, RSL cleavage and
structurally well-conserved and are present in a diversity of serpin-proteinase complex analyses also indicated that
species including viruses, plants, and vertebradgs Al- SCCAL interacted with its target cysteine proteinases in a
though several serpins have evolved noninhibitory functions, manner similar to that observed for other serpins and their
such as hormone transport, most are tight-binding inhibitors target serine proteinases.

of serine proteinases (reviewed in f8&f Inhibitory-type

serpins have evolved a unique, tertiary structure and aEXPERIMENTAL PROCEDURES
metastable reactive site loop (RSL) to bait and trap their  Construction of Glutathione S-Transferase (GST) Fusion
target proteinase${-8). Similar to other types of reactive  Protein. A 1.2-kbp DNA fragment containing the complete
site inhibitors, serpins abolish enzymatic activity by com- coding sequence of SCCA1 was ligated into the pGEX-2T
petitively binding to the active site of proteinases belonging bacterial expression vector (Pharmacia, Uppsala, Sweden)
to a single mechanistic clasg,(10. Class restrictionisnot as describedlid). SCCA1 was ligated'3f the glutathione
understood but may be a consequence of the differentStransferase sequence (GST). Recombinant proteins-GST
catalytic mechanisms, binding pocket geometries, and overall SCCA1 (rSCCA1), GSFSCCA2 (rSCCA2), and GST were
three-dimensional structures employed by members of thebatch purified using glutathione-Sepharose 4B beaddk (
serine, cysteine, aspartic, and metallo proteinase cla8ses ( Recombinant human SCCA1 was also purified from yeast
11, 12. [Pemberton et al. (in preparation)].

Although SCCA1 and SCCA2 are nearly identical, sig-  Enzymes, Inhibitors, and Fluorogenic Substrateliman
nificant differences between their RSL sequences, especiallyneutrophil elastase (HNE), chymotrypsin, plasmin, proteinase
those residues flanking the putative scissile bonds-§1) 3 (PR3), catl, catG, and catB were purchased from Athens
(13), suggest that these serpins inhibit different types of Research & Technology, Inc. (Athens, GA). Prostate
proteinases. Since SCCA2 harbors a Leu-Ser at the putativespecific antigen (PSA) was purchased from Scripps Labo-
P1—-P1, we predicted that this serpin would inhibit chymo- ratories (San Diego, CA). HMC was generously provided
trypsin-like serine proteinases. Indeed, we have shown thatby Dr. Norman M. Schechter (University of Pennsylvania
SCCA2 inhibits the chymotrypsin-like serine proteinases School of Medicine, Philadelphia, PA). Human trypsin,
cathepsin G (catG) and human mast cell chymase (HMC) atchicken ovalbumin, and urokinase-type plasminogen activator
1:1 stoichiometry and with second-order rate constants of 1 (u-PA) were purchased from Sigma (St. Louis, MO).

x 10 and 3x 10* M~1 s71, respectively 14). Thrombin and papain were purchased from Calbiochem (La
In contrast to SCCA2, the primary amino acid sequence Jolla, CA). Granzyme B was kindly provided by Dr. Chris
of SCCA1 places Ser-Ser residues at the putative FP1L Froelich (Evanston Hospital, Evanston, IL). Recombinant

This motif is unigue among members of the human serpin catK and catS were prepared as descrid€e-22). Cystatin
family but is present in a hepatic isoform of bovine C (cysC) was kindly provided by Dr. Anders Grubb
antichymotrypsin15). A target enzyme for the latter serpin  (University of Lund, Lund, Sweden). The concentrations
has not been identified. A preliminary report by Nawata et and specific activities of the serine proteinases and serpins
al. suggests that a recombinant form of SCCAL inhibits the were determined as describetd). The concentrations of
ability of chymotrypsin to degrade gelatin and ovalbumin the cysteine proteinases were determined by active site
(16). In contrast, Takeda et al. suggested that SCCA, purified titration using the cysteine proteinase inhibiteB-carboxy-
from the sera of cancer patients, noncompetitively inhibits ((trans2,3-epoxyprolyl)leucyl)amido(4-guanidino)butane (E-
human catL with aK; = 0.064 nM (7). More recently, 64) in the cathepsin reaction buffer at pH 523); Enzyme
Nawata et al. show that recombinant SCCAL also inhibits substrates were purchased from Sigma [succinyl-Ala-Ala-
catlL, but via a mixed-type reaction withka= 1.1 nM (18). Pro-Phep-nitroanilide (Succ-AAPF-pNA), methoxysuccinyl-
Because of the limitations of their kinetic analyses, however, Ala-Ala-Pro-Val-pNA (MeO-Succ-AAPV-pNA), and Val-
it is difficult to determine whether SCCA1l decreases Leu-Lys-pNA (VLK-pNA)], Bachem Bioscience, Inc. (King
chymotrypsin or catL activity by serving as a substrate or of Prussia, PA) [benzyloxycarbonyl-Arg-Arg-pNA (Z-RR-
by forming long-lived serpirrproteinase complexes in which  pNA), Glu-Gly-Arg-pNA (EGR-pNA), and butyloxycarbo-
the enzyme’s active site is incapacitated. Further kinetic and nyl-Ala-Ala-Asp-pNA (Boc-AAD-pNA)], and Molecular
physical characterization of the SCCAfroteinase interac-  Probes, Inc. (Eugene, OR) [(Z-Pro-Asghodamine 110 ((Z-
tions should help determine whether this serpin truly can PR)-R110) and (Z-Phe-Arg)R110 ((Z-FR)—R110)].
serve as an inhibitor of either a serine or a cysteine Fluorogenic substrates were diluted te fnal concentration
proteinase. in enzyme reaction buffers containing 30% ethanol [(ZPR)
In this report, we reassessed the inhibitory activity of R110, 100 mM Tris-HCI (pH 7.6)/30% ethanol; (Z-FR)
recombinant SCCAL using appropriate linear and nonlinear R110, 50 mM sodium acetate (pH 5.5)/4 mM dithiothreitol
regression analyses. In addition, we sought to characterize(DTT)/1 mM EDTA/30% ethanol; (Z-FR)R110, 50 mM
any resulting serpinproteinase interactions by RSL cleavage NaCl/100 mM Tris-HCI (pH 7.0)/4 mM DTT/1 mM EDTA/
analysis and analytical sodium dodecyl sulfapelyacryla- 30% ethanol]. The fluorogenic substrates were a (bis)amide
mide gel electrophoresis (SB®AGE). We showed that derivative of R110. Per the manufacturer’s protocol (Mo-
intact SCCA1 was unable to inhibit many of the more lecular Probes, Inc.), the reaction conditions were optimized
common types of serine proteinases, including chymotrypsin such that fluorescence was due to the production of the
and chymotrypsin-like proteinases, but it was able to inhibit monoamide derivative of R110, thereby eliminating the
the archetypal papain-like lysosomal cysteine proteinasesbifunctionality of the bisamide substrate.
catK, -L, and -S but not catB. Second-order rate constants Enzyme BuffersPBS reaction buffer (0.01 M phosphate
for the SCCAZL-—catK, -L, and -S interactions were on the buffer/27 mM KCI/137 mM NaCl, pH 7.4) was used with
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the enzymes catG, HMC, HNE, chymotrypsin, plasmin, loading buffer [6% SDS, 30% glycerol, 187.5 mM Tris-HCI
thrombin, trypsin, and u-PA. Cathepsin reaction buffer, pH (pH 6.5), and 0.03% phenol red], heated to°@5for 5 min,
5.5 [60 mM sodium acetate (pH 5.5)/4 mM DTT/1 mM and separated by SBFAGE (8% acrylamide; % T/%&
EDTA] was used with catL, catB, catK, and catS. Cathepsin 19:1) as described ). Proteins separated by SB8AGE
reaction buffer, pH 7.0 [50 mM NaCl/100 mM Tris-HCI (pH  were visualized by staining with Coomassie Brilliant Blue
7.0)/4 mM DTT/1 mM EDTA] was used with catS. Unique R-250 (0.25%) or electroblotted at 100 Vrft h at 4°C
reaction buffers were used with PR3 (200 mM NaCl/50 mM onto reinforced nitrocellulose (NitroPlus, Micron Separations,

Tris-HCI, pH 6.7), granzyme B (PBS/4 mM DTT), and PSA
(PBS/0.1% Tween-20).
Second-Order CalculationsUnder second-order condi-

Inc., Westborough, MA) as described8]. The transfer
buffer was 25 mM Tris-base (pH 8.0)/190 mM glycine (pH
8.3)/0.05% SDS. Membrane-bound protein was detected by

tions, equimolar concentrations of enzyme and rSCCA1 were using the Western Light chemiluminescence kit from Tropix

incubated at 25C in cathepsin buffer, pH 5.5 (catS, -L,
-K) or pH 7.0 (catS). Aliguots (10@L) were removed at

(Bedford, MA), as describedld). The primary detection
antibodies were the rabbit polyclonal antisera raised against

different time points, and the reaction was quenched by the SCCA (for the purpose of detecting the purified rSCCA1

addition of 10uM (Z-FR),-R110 (10QuL). Residual enzyme

fusion protein, unadsorbed antiserum at 1/100 000 dilution

activity was determined by measuring the velocity of in blocking buffer was used)Lé) and catS (1/1000 dilution)
substrate hydrolysis. The velocities were converted to free (22). To remove bound antibodies prior to re-probing, the
enzyme concentratiorg() using an enzyme concentration blot was incubated at 68C for 20 min in a solution
standard curve [catS, 3385 nM; catS (pH 7.0), 550 nM; containing 62.5 mM Tris-HCI (pH 8.0)/2.0% SDS/0.1 M
catL, 5-50 nM; catK, 2.5-25 nM]. The association rate  S-mercaptoethanol.

constantK.sy was the slope of the reciprocal of free enzyme  Amino Acid Sequence Analysi€atS (25u4g) was mixed
concentration (H;) over time, as described by the equation with an equimolar amount of yeast recombinant SCCA1, and
1/E; = kass x t + 1/Eo (24). They-intercepts of the curves  the fragments were separated by reverse-phase HPLC as
corresponded to the reciprocal of the initial enzyme con- described 29). Briefly, samples were injected into the
centrations (o). column and washed with 5% (v/v) acetonitrile/0.1% (v/v)
Pseudo-First-Order Calculations.Under pseudo-first-  trifluoroacetic acid. Fragments were eluted with-a89%
order conditions, a constant amount of enzyme was mixed acetonitrile/0.1% trifluoroacetic acid gradient. Peptides from
with different concentrations of inhibitor and excess substrate corresponding peaks were collected, and a portion of each
(25). Reactions were carried out in cathepsin buffer, pH 5.5. sample was subjected to N-terminal amino acid sequencing

Assuming an irreversible reactioms(= 0, kiiss = 0) for using an Applied Biosystems 476A pulsed liquid-phase
rSCCAL and a reversible reaction for cysC, the first-order protein sequencer.

rate constant{,9 were calculated by a nonlinear regression
fit to each curve using the equati®= v + (v, — vg)(1 —

e *d)/kops Where product formationP) proceeded at an
initial velocity (v;) and was inhibited over timet)(at rate Inhibitory Profile of SCCAL rSCCA1 was used in most
kobs Until the reaction reached a new steady-state velocity Of these experiments. We have observed no functional
(vs). For rSCCAL, the slope of the line &fysvs [F[SCCAL1] difference between rSCCA1 and a full-length human SCCA1
(K = Akgpd[l]) was the uncorrected second-order rate Protein expressed in and purified from yeast. To identify
constant. Since the inhibitor was in competition with the Possible proteinase targets for our rSCCAL, inhibitory

RESULTS

substrate, the rate constattwas correctedi,ss= k'(1 +
[SV/K)] for the substrate concentration ([S]) and e of
catS for the substrat&f, = 8.0 uM). For cysC, the first-

activity was assessed by measuring residual enzyme activity
after incubation with a2—150:1 molar excess of inhibitor
(Table 1). rSCCA1 showed no inhibitory activity against

order rate constants were calculated at each inhibitor the chymotrypsin-like serine proteinases chymotrypsin, catG,

concentration using the relationships describeby= (kobs

— kais9 (1 + [So)/Km)/[l o] and kgiss = Kondvd2); the average
kass and kgiss over the inhibitor concentrations and the
calculatedK; (kyisdkasy Values were reported. The half-life
of the enzyme-inhibitor complexes was calculated using the
equationty, = 0.693Kgiss (24).

Elastin Degradation AssaysBovine neck ligament elastin
(100—-400 mesh) (Elastin Products Co., Inc., Owensuville,
MO) was labeled witifH to a specific activity of 1300 cpm/
ug as described2@). The percent inhibition of catK
elastinolytic activity was calculated by the equation 200
cpm/cpmy,, where cpmand cpmg were the amounts oH

HMC, and PSA or against other types of serine proteinases
such as PR3, HNE, plasmin, trypsin, u-PA, granzyme B, and
thrombin (in the presence or absence of heparin). In contrast,
rSCCAL inhibited the plant cysteine proteinase, papain. To
explore this observation further, 'SCCA1 was incubated with
the human papain-like cysteine proteinases, catkK, -L, -S, and
B. rSCCAL1 inhibited the enzymes catK, -L, and -S, but not
the closely related catB. rSCCA1 also failed to inhibit other
types of cysteine proteinases including the more distantly
related interleukin 13 converting enzyme (ICE) and calpain

I (not shown). In contrast, rSCCA2 demonstrated no
inhibitory activity against any of the cysteine proteinases

released into the supernatant by catk in the presence ortested 14).

absence of inhibitor, respectivel\2q). The data were
represented as percent enzyme activity.
Immunoblotting. rSCCA1 or rSCCA2 (4.(,g) with catS
(1.6 ug) was incubated at 25C for 10 min. As a control,
catS was incubated with E-64 (20/) for 1 min prior to
the addition of rSCCALl. Proteins were mixed withx 3

Stoichiometry of Inhibition.To confirm that rISCCA1 was
a specific inhibitor, and not just a preferred substrate, for
papain-like cysteine proteinases, we performed a series of
in vitro kinetic studies. Typically, serpins form tight
complexes with their target proteinases at a stoichiometry
of 1:1 (7). However, parallel substrate reactions can occur,
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Table 1: Inhibitory Profile of SCCA1

SCCA1 ratio %
proteinase (final concn) (uM) (I/E) inhibition? substrate (final concn)
catG (42 nM) 0.48 11 0 Succ-AAPF-pNA (1 mM)
HMC (50 nM) 0.48 10 0 Succ-AAPF-pNA (1 mM)
chymotrypsin (400 nM) 33.0 83 0 Succ-AAPF-pNA (1 mM)
granzyme B (130 nM) 20.0 154 0 Boc-AAD-pNA (1 mM)
HNE (330 nM) 33.0 100 0 Me©Succ-AAPV-pNA (0.5 mM)
plasmin (17 nM) 0.48 28 0 VLK-pNA (0.1 mM)
proteinase 3 (35 nM) 0.48 14 0 Me&Bucc-AAPV-pNA (0.5 mM)
PSA (140 nM) 18.0 129 0 Succ-AAPF-pNA (5 mM)
thrombirP(19 nM) 2.0 105 0 (Z-Pro-Arg)y-R110 (5uM)
trypsin (450 nM) 33.0 73 0 EGR-pNA (0.1 mM)
u-PA (100 nM) 2.0 20 0 EGR-pNA (0.1 mM)
catB (23 nM) 2.0 87 0 Z-RR-pNA (1 mM)
catS (10 nM) 1.0 100 99 (Z-FRYR110 (5uM)
catL (4.3 nM) 0.086 20 93 (Z-FRyR110 (5uM)
catK (50 nM) 0.7 14 75 (Z-FR}¥R110 (5uM)
papain (207 nM) 0.36 2 91 (Z-FRyR110 (5uM)

a Proteinase and SCCA1 were incubated for 30 min at@5Residual enzyme activity was measured by adding substrate and measuring its
hydrolysis over time 14). Percent inhibition= 100 x [1 — (velocity in the presence of inhibitor/velocity of uninhibited contro)J-hrombin
inhibition was also tested in the presence of 0.1 an@d/fnL low-molecular-weight heparin.

P17161514131211109 8 7 6 5 4 3 291 1'2'3'4'5"

Inhibition of Elastin Degradation.Although rSCCAL1 was

SCCA1 EEGAEAAAATAVVGFGSSPTST capable of inhibiting cysteine proteinase mediated hydrolysis
of small fluorogenic peptides, we sought to determine

SCCA2 EEGVEAAAATAVVVVELSSPST
a whether this serpin could inhibit the degradation of a more

FiGure 1: Serpin reactive site loops of SCCA1 and SCCA2. The complex substrate. Since catL and catS, and to a greater

RSLs from P17P5 (Schechter and Berger numberingg) are | IVt d
displayed. The cleavage sites for the SCCAAtS (closed ar- extent catK, are potent elastolytic enzymes, we measure

rowhead) and SCCA2catG interactions (open arrowhead) indicate  the ability of rSCCAL1 to inhibit the degradation #i-labeled
the position of the actual PIPY residue. insoluble elastin in the presence of catK. CatK was

incubated with rSCCA1 for 10 h in wells coated with®H]-
and this results in cleavage and inactivation of the serpin. A elastin £6). For comparison, the known physiological active
stoichiometry of inhibition (SI)> 1 reflects the degree to  site cysteine proteinase inhibitor cysgl) was included in
which serpir-proteinase complexes partition down the the analysis. The extent of elastin degradation was deter-
substrate rather than the inhibitory pathw@@)( The Sis mined by measuring the amount &fl released into the
for the interactions between rSCCAL and catK, -L, and -S supernatant. On a molar basis, rSCCAL was a more potent
were determined by mixing fixed amounts of enzyme{]E] inhibitor of elastin degradation than cysC (Figure 3A).

with different concentrations of inhibitor (g, plotting Stability of rSCCA*catS ComplexesSince inhibition
fractional enzyme activity vs the JJE]o, and determining  of elastin degradation required a stable inhibitenzyme
the Sl that results in complete enzyme inhibition (Figure 2A). complex over the long incubation period, we hypothesized
At pH 5.5, the Sl for ISCCA1 and catK, -L and -S wad. that the rSCCA% cysteine proteinase complexes were more
Since catS retains at least 25% of its activity at neutral pH, stable than those formed by cysC. Since serpins typically
the assay was repeated at pH 7.0. The SI was unchangegind their target proteinases irreversibly, analysis must be
(Figure 2A). These results suggested that relatively little of conducted under pre-steady-state conditions. Thus, to test
the rSCCAL-catK, -L, or -S complexes partitioned down  this hypothesis, we compared the inhibitory activity of
the substrate pathway. rSCCAL vs cysC under pseudo-first-order conditions using
Rate of rSCCAZProteinase Complex FormationTo the progress curve methods).
determine whether the rates of complex formation between  The first-order kgis9 and second-ordekds) rate constants
rSCCAL and the papain-like cysteine proteinases were inwere calculated by nonlinear regression analy# (Figure
the physiologic rangeX10* M~* s™'), we measured the rate 3, panels B and C). For cysC (Figure 3B), the second-order
constants K.,y under second-order conditiond4j (Figure rate constant for the binding with catS was,= 4.3 x 106
2B). The assays were performed by mixing equimolar M—1 s The rate of cys€catS complex dissociation was
amounts of enzyme and inhibitor, quenching the reaction at kyss = 2.1 x 1074 s, with a complex half-life {,,) of 55
various time points by adding a fluorogenic substrate, and min. This confirmed that cysC was a strong inhibitor of
measuring residual enzymatic activity. Tkgswas calcu- catS with aK; of 0.49 nM. Of note, theK; calculated by
lated by using a simple linear regression formula. At pH using the progress curve method (pre-steady-state) was
5.5, the calculate#l,ssvalues for rSCCAL with catS, -L and  approximately 2 orders of magnitude larger thankh¢0.008
-K were 5.2x 10, 3.0 x 1%, and 1.1x 10® M7t s}, nM) calculated by using a continuous-rate assay (steady-
respectively. At pH 7.0, thie,ssfor ISCCAL with catS was  state method) 31). This result agrees with the data of
14 x 106 M1 st These data showed that rSCCA1 Bromme et al. 81), who also observk a 2 orders of
interacted with its target cysteine proteinases at ratesmagnitude increase in th§ when the values were obtained
comparable to those measured for many serperine under pre-steady-state rather than steady-state conditions. For
proteinase interactions. rSCCAL, the second-order rate constant for the binding with
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FiGure 2: Kinetic analysis of rSCCA1 and the cathepsins K, L, 375 nM
and S. (A) Stoichiometry of inhibition. CatS, -L, and -K were

incubated with different concentrations of rSCCAL at’25for 30
min in cathepsin buffer, pH 5.5 or 7.0. Fractional activity was the
ratio of the velocity of inhibited enzymeyj to the velocity of
uninhibited control {g). The stoichiometry of inhibition (SI) was

determined by using linear regression to extrapolate thgHlh 0 T T T T
ratio resulting in complete enzyme inhibition (i.e., théntercept) 0 200 400 600
(23). (B) Inhibition of cathepsins S, L, and K under second-order time (sec)

conditions. Equimolar concentrations of enzyrig) @nd rSCCA1
were incubated at 25C in cathepsin buffer, pH 5.5 or 7.0. The
free enzyme concentratiofe] was determined at different time
points. The association rate constakid was the slope of the
reciprocal of free enzyme concentration K/ over time, as
described by the equationB/= kas$ + 1/E, (24). They-intercepts
of the curves corresponded to the reciprocal of the initial enzyme
concentrations (H). Since the initial enzyme concentratiofy)

of the reactions differed, the curves were normalized & 19
permit comparison 52). The slopes were unchanged in this
representation.

Ficure 3: Comparison between the ability of rSCCAL and cystatin
C to inhibit papain-like cysteine proteinases. (A) Ability of rSCCA1
and cysC to inhibit the elastinolytic activity of catKk measured in
an in vitro elastin degradation assay. rSCCAL, rSCCA2, cysC, GST,
ovalbumin (10 nM each), and glutathione elution buffef)(were
incubated with catk (10 nM) for 13 h at 37C in wells coated
with 3H-labeled elastinZ7). Fractional activity was the ratio of
the amount offH released into the supernatant by catK in the
presence (average cpnor absence (average cpnof inhibitor.
These data were from a representative experiment, and the means
were obtained from quadruplicate samples (the standard deviation

catS wasksss = 1.0 x 10°P M~ 571 (Figure 3C). Thekass of the samples were less than 15% of the mean). The interaction

; ot e : _of catS with either (B) rSCCAL or (C) cysC was measured under
determined under first-order conditions was in good agree pseudo-first-order conditions using the progress curve megtd (

ment with that determined under second-order conditions. The progress of inactivation of catS at different concentrations of
Under these experimental conditions, no dissociation of the inhibitor in cathepsin buffer, pH 5.5, was followed by measuring
rSCCAl-catS complex was detected. Although the inability the relative fluorescence of the reaction. Cat30 nM. (Z-FR}—

to detect complex dissociation precluded the determination R110= 4.5uM.

of an accuratdiss it must be<1075s™1. Thus, a minimal and showed that, relative to cysC, rSCCAL was slightly
estimate of the rSCCAicatSt;, was 1155 min ¥20 h) slower to form complexes with catS, but once formed, the
with aK; < 0.1 nM. These results supported our hypothesis complexes were extremely long-lived.
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FicurRe 4: SDS-PAGE analysis of rSCCAZcatS interactions. Lanes: 1, rSCCAL alone (#QJ; 2, rISCCAL and catS (18); 3, ISCCAL
and catS (1.6g) in which the latter was preincubated with 26M E-64; 4, rSCCA2 alone (4.@g); 5, rSCCA2 and catS (1.69)
incubated at 28C for 10 min and then heated at 96 for 5 min in 2% SDS loading buffer. Protein mixtures were separated by-SDS
PAGE. (A) Coomassie blue stained gel. Positions of molecular weight (MW) markers are noted to the right of the gel. The locations of
rSCCA1 and rSCCAZ2 (arrow) and the rSCCAdatS complex (arrowhead) are indicated. Mevalues of rISCCA1L, rSCCA2, and catS are
~71 000, ~71 000, and~24 000, respectively. Proteins from a companion gel were transferred to nitrocellulose and immunoblotted
sequentially with rabbit polyclonal antisera specific for (B) SCCA and (C) catS. Bound antibodies were stripped from the blot (see Experimental
Procedures) prior to re-probing with the next antisera. The catS band (lanes 2, 3, and 5, panel C) along the migration front reflects the
presence of inactive or unbound enzyme.

Reactve Site of rISCCAL.The formation of long-lived Coomassie Blue (Figure 4A, lane 2). However, the amount
rSCCAl-catS complexes was reminiscent of those formed of rSCCAl-catS complex was less than expected. At least
between serpins and serine proteinases and suggested thawo parameters of the experimental protocol may account
rSCCAL inhibited cysteine proteinases by a serpin-like for this observation. First, the gel loading conditions may
mechanism. Serpins inhibit their target serine proteinaseshave permitted dissociation of the putative thiol ester bond
via a unique suicide substrate mechanism. This mechanismin the covalent complex, as demonstrated by free cleaved
involves the eventual cleavage of the RSLIHP1' bond with inhibitor (~67 kDa; Figure 4A, lane 2). Second, high
formation of a more stable acybnzyme intermediat32— concentrations of inhibitor and proteinase were needed to
34). A consequence of this reaction is the generatiora detect the complexes on Coomassie-stained gels. Since the
kDa fragment from the C-terminus of the serpin. The serpin storage buffer (pH 8.0) was at a higher concentration
N-terminus of the new fragment corresponds to @B). than in other reactions, the increased pH of the reaction buffer
Since the substrate binding geometry of the papain-like may have inactivated a fraction of the proteinase prior to
cysteine proteinases is different from that of the serine inhibition. This could account for the presence of free,
proteinases 10, 12, it is difficult to imagine SCCAl uncleaved inhibitor and free enzyme (Figure 4, lane 2). The
inhibiting a cysteine proteinase via a suicide substrate presence of the rSCCAicatS complex was confirmed by
mechanism involving the RSL. However, after yeast re- immunoblotting of a companion gel. The antisera specific
combinant SCCA1 and catS were incubated at a 1:1 molarfor SCCA (Figure 4B) and catS (Figure 4C) bound to the
ratio (in cathepsin buffer, pH 5.5, fd h at 37°C) and the same high-molecular-mass band. The formation of a high-
enzyme-inhibitor mixture was injected onto a reverse-phase molecular-mass complex was inhibited by preincubating catS
HPLC column, a single novel peak corresponding to a new with the active site cysteine proteinase inhibitor E-64 (Figure
~4-kDa fragment was eluted. This single fragment was 4, lane 3). This result suggested that the active site of catS
N-terminal sequenced through 10 residues. This sequenceis required for complex formation with SCCA1. rSCCA2
SSPTSTNEEF, matched the predictedHPB residues of did not form complexes with catS but, rather, served as a
SCCAL and confirmed that the active site of catS must bind substrate for the enzyme (Figure 4, lane 5). These results
the RSL of SCCA1 (Figure 1). However, the PR for also suggested that SCCA1 could form a tight complex with
SCCAL1 inhibition of catS was Gly-Ser and not the predicted cysteine proteinases in a manner similar to that observed with
Ser-Ser. Thus, the PP1 for the rSCCAZL-catS interaction other serpins and their target serine proteinases.
was shifted proximally (N-terminally) one residue relative
to that predicted by the serpin amino acid sequence align-DISCUSSION
ments (Figure 1). . ) ) ]

Formation of an SDS-Stable Serpifysteine Proteinase ~ AS described by Lasokowski and Kato, reactive site
Complex. A hallmark of serpir-serine proteinase interaction  inhibitors such as the serpins (a) interact competitively, (b)
is the formation of a complex that is not easily dissociated @bolish all enzymatic activity (toward the substrate) upon
by heating or incubation in sodium dodecyl sulfate (SDS) Pinding the target proteinase, and (c) inhibit proteinases
(35). This stability indicates the presence of a covalent bond Pelonging to only one of the major mechanistic clasdds (
between the enzyme and inhibitor, which arises through The rgsults of th|§ and several previous studies (see belov_v)
stabilization of a covalent intermediate analogous to that are discordant with the last premise, as the human serpin
formed during peptide bond hydrolysi82-34, 3. To SCC_:Al was shown to be a potent cr_osg-class |n_h|b|tor, a_nd
determine whether a serpin could form a similar type of Notjusta substrate, of several papain-like cysteine protein-
complex with a cysteine proteinase, rSCCA1 was incubated 8S€s. In contrast, we were unable to detect |n.h|b|tory activity
with catS, heated at 9% for 5 min in the presence of 2% agdainstany of the more common types of serine proteinases.
SDS, and analyzed by SB®AGE (Figure 4). The complex This latter finding is at variance with an earlier report
should appear as a high-molecular-mass band reflective ofsuggesting that recombinant SCCAL inhibits chymotrypsin
the combined masses of rISCCAL1 (rSCCA171 000 M,) (16). On SDS-PAGE, the SCCAL preparation in that study
plus the proteinase~24 000M,). Indeed, a~90-kDa SDS- contained three proteins with molecular masses of 45, 36,
stable complex was apparent after the gel was stained withand 30 kDa 16). Since the 36-kDa protein was the
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predominant species, and the since predittedf SCCA1 a true inhibitory interaction from a substrate reaction. A
is 44,500, the antichymotrypsin activity in the earlier study more recent study also suggests that recombinant SCCA1
may have been due to the presence of 36-kDa contaminantan inhibit catL (8). However, this conclusion is based also
protein or a truncated variant of SCCAL. Alternatively, the on the use of MichaelisMenten equations.
discordance between these reports may be due to the use of Thus, from these earlier studies, it is difficult to conclude
different means to assess the inhibition of chymotrypsin that SCCAL actually inhibits catL or that this inhibition
activity. In the earlier study, the inhibition of chymotrypsin occurs via a serpin-like mechanism. However, the data
activity was inferred by a decrease in the cleavage of presented in this report used appropriate pseudo-first-order
ovalbumin as determined by SB®AGE. In the current  and second-order kinetic analyses to demonstrate unequivo-
study, the lack of inhibition of chymotrypsin activity was cally that SCCAL can serve as a cross-class inhibitor of
inferred by the inability of SCCA1 to block the cleavage of classical lysosomal cysteine proteinases such as catlL, but
small, chromogenic peptide substrates as determined byalso catK and S.
spectroscopy. The kinetic analysis also showed that SCCA inhibited
There are now at least three examples of serpin interactionscatK, -L, and -S at 1:1 stoichiometry at both acidic and
with distinctly different types of cysteine proteinases. The neutral pH. The rates of inhibition of the cathepsins by
first example is the inhibition of several caspases (ICE/ SCCA1 were comparable to those of many ser@erine
CEDa3-like cysteine proteinases) by the viral serpin, cytokine proteinase interactiond4). Comparison to a known physi-
response modifiercfmA) (37). This exception to class-  ological cysteine proteinase inhibitor, cysC, suggested that
restriction was attributed, in part, to unique structural features on a molar basis SCCA1 was a better inhibitor of catK-
of either the viral serpin or the caspases themselves. Indeedmediated elastin degradation. A comparative kinetic analysis
recent structural studies of caspases show that they are af catS with either cysC or SCCA1 demonstrated that, while
distinct family of cysteine proteinases and that they share cysC was slightly faster than SCCA1 at forming complexes
little structural similarity to members of the papain family with catS, the SCCA*catS complexes were greater than
(38—40). On the basis of these differences, few would 20-fold more stable than cys€atS complexes. The dif-
predict that a mammalian serpin would be capable of ferences in association rates and complex half-life suggest
inhibiting a cysteine proteinase of the archetypal papain different roles for SCCAL1 and cysC in the binding and
family such as catK, -S, or -L. inhibition of lysosomal cysteine proteinases. The relatively
The second example is the inhibition of a putative cysteine fast association rate and short half-life of the cys@tS
proteinase, bovine prohormone thiol protease (PTP), by acomplexes may serve to rapidly protect the cathepsin from
bovine antichymotrypsin-like molecule with an Arg-Thr loss of activity in an inhospitable environment (e.g., neutral
reactive center4l, 42. This protease requires dithiothreitol pH) and to release the enzyme when conditions are more
for activity; it is inhibited by iodoacetatey-hydroxymer- favorable for its activity. In contrast, the relatively long
curibenzoate, mercuric chloride, cystatin and chymostatin; complex half-life of SCCA%-catS complexes may indicate
and it binds to concanavalin A48). These properties the existence of a mechanism to both neutralize excessive
distinguish it from other papain-like proteinases (cathepsins cysteine proteinase activity and clear the enzyme from the
B, H, L, N, and S) and suggest that PTP is a unique cysteinelocal environment by a serpirenzyme complex receptor
protease43). However, until the primary sequence of PTP (45).
is known, we cannot be certain that PTP contains a thiol Serpins, unlike standard mechanism inhibitors, employ a
group in its active site or whether it is a member a new family mobile, metastable RSL to bait and trap their target protein-
of cysteine proteinases. Although the inhibition of PTP by ases (reviewed in ref6). The RSL resides on the surface
antichymotrypsin is not a clear-cut example of cross-class of the molecule and, upon binding to the active site of the
inhibition of papain-like cysteine proteinases, it does suggestproteinase, undergoes nucleophilic attack by the catalytic
that serpins can inhibit types of cysteine proteinases otherserine of the proteinase. This reaction ultimately leads to
than caspases. cleavage of the RSL P1P1 bond and the formation of a
The third example provided the first clue that an archetypal covalent acyl (Ptyenzyme intermediate. Consequently, the
papain-like cysteine proteinase could be inhibited by a serpin assumes a more stable conformation, deacylation is
mammalian serpin. SCCA, immunoaffinity purified from impaired, and the proteinase is trapped as an-aytyme
the sera of cancer patients, was shown to inhibit the activity complex @7). There are at least three telltale signs of this
of catL (17). However, this study was confounded by two suicide substrate mechanisd8): the presence of a relatively
factors. First, this SCCA preparation was likely to contain long-lived enzyme-inhibitor complex, its stability in SDS
both SCCAL and SCCAZ2, as antisera raised against intactand heat, and the release of-@-kDa fragment from the
SCCA proteins do not discriminate between these serpinsC-terminus of the serpin upon exposure of the complex to
[G. Silverman (unpublished observations)]. Since the acidic harsher denaturing conditions. By definition, the N-terminus
isoform of SCCA (i.e., SCCA2) predominates in the sera of of this fragment is the Plresidue. On the basis of these
cancer patientslj, and since SCCA2 is a substrate for types of observations, the cross-class inhibition of catK, -L,
papain-like cysteine proteinases (Figure 4), the role that and -S appeared to occur via a serpin-like mechanism. CatS
SCCAL1 played in the inhibition of catL was unclear. Second, and SCCA1 formed essentially irreversible complexes that
the inhibition of catL by this SCCA preparation was inferred were stable upon incubation in SDS. Moreover, this interac-
from a noncompetitive-appearing Lineweav@&urk plot. tion yielded a 4-kDa serpin C-terminal fragment with a Ser
Since serpins typically bind slowly and tightly in the presence at the N-terminus.
of substrate, a kinetic analysis based on the general Michae- The sequence of the 4-kDa cleavage product showed that
lis—Menten equation may be unsuitable for differentiating the predicted (based on sequence alignments with other
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serpins; see Figure 1) PP1 (Gly353-Ser354), and not the
P1-P1 (Ser354-Ser355), residues actually served as the
reactive center of the RSL for the SCCAG&atS interaction.
This was not surprising, since a proximal shift of the reactive

center by one position places a catS-preferred Phe residue s,

at the new P2 site2(0), and other serpins employ overlapping

reactive centers to inhibit different types of serine proteinases 6-
7.

(49). Thus, SCCA1 may have additional targets, perhaps a
serine proteinase, that utilizes the originaHPL' (Ser-Ser)
reactive center.

The importance of the RSL and Phe352 to the ability of

SCCA1 to inhibit catS is underscored by the properties ofa 9.

Phe352Ala mutant. This single amino acid change com-
pletely abrogates the ability of SCCAL1 to inhibit catS [Schick
et al. (in preparation)]. The importance of the RSL also can

be inferred by overall amino acid sequence analysis. SCCA1 11.

shows a high degree of amino acid sequence similarity to
other members of the serpin superfamily (e.g., 65% similar
to PAI2), and it retains 49 of the 51 residues that are well
conserved in inhibitory-type serpin3,(50. SCCALl s also
92% identical and 95% similar to the known chymotrypsin-
like serine proteinase inhibitor SCCA2. However, the
majority of the amino acids that differ between SCCA1 and
SCCAZ2 reside in the exposed portion of the RSL. Thus,

except for residues in the RSL, there are no apparent unique 1¢.

structural motifs that account for the predilection of SCCA1

for papain-like cysteine proteinases. Therefore, we conclude 17.

that it is the sequence and flexibility of the RSL itself, and
not the geometry of the enzyme active site or the catalytic
chemistry per se, that allows serpins to serve as cross-class

inhibitors of cysteine proteinases. The perceived inability 19.

of other serpins to inhibit cysteine proteinases should be

reconsidered in light of their RSL sequences and the subsite 20-

specificities of these enzymes.
The demonstration of cross-class inhibition prompts us to
consider the importance of this interaction in the control of

normal and pathological proteolytic events. For example, 22.

the colocalization of SCCA1 and catK, -L, and -S to the
bronchial epithelium [G. Silverman (unpublished observa-

tions)], a relatively high second-order rate constant, and a =

long enzyme-inhibitor complex half-life suggest a physi-
ological role for SCCAL in limiting injury from lysosomal
proteinases released from damaged epithelial cells. Finally,

inhibitory mechanism of the serpins can be exploited to

design more natural therapeutic agents aimed at regulating 27.

cysteine proteinase activity involved in protein degradation,
tumor invasion, extracellular matrix remodeling, bone re-
sorption, and protein processing (reviewed in 5&.
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