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ABSTRACT: Members of the intracellular serpin family may help regulate apoptosis, tumor progression,
and metastasis. However, their in vivo functions in the context of a whole organism have not been easily
defined. To better understand the biology of these serpins, we initiated a comparative genomics study
usingCaenorhabditis elegares a model organism. Previous in silico analysis suggested th@t #legans
genome harbors nine serpin-like sequences bearing significant similarities to the human clade B intracellular
serpins. However, only five genes appear to encode full-length serpins with intact reactive site loops. To
determine if this was the case, we have cloned and expressed a putative inhibitoG/-glpganserpin,

srp-3. Analysis of SRP-3 inhibitory activity indicated that SRP-3 was a potent inhibitor of the serine
peptidases, chymotrypsin and cathepsin G. Spatial and temporal expression studies using GiZ and
promoter fusions indicated that SRP-3 was expressed primarily in the anterior body wall muscles, suggesting
that it may play a role in muscle cell homeostasis. Combined with previous studies showing that SRP-2
is an inhibitor of the serine peptidase, granzyme B, and lysosomal cysteine peptidases, these data suggested
thatC. elegan®xpressed at least two inhibitory-type serpins with nonoverlapping expression and inhibitory
profiles. Moreover, the profiles of these clade L serpin€irelegansshare significant similarities with

the profiles of clade B intracellular serpin members in higher vertebrates. This degree of conservation
suggests tha€. elegansshould prove to be a valuable resource in the study of metazoan intracellular
serpin function.

Serpind are key regulators in a multitude of biological humans and other vertebrate species also express an enig-
processes that require precise control of peptide bondmatic subset of serpins whose functions are not well defined.
hydrolysis. This activity is most evident in the procoagula- This subset of serpins can be distinguished from other serpin
tion, anticoagulation, and fibrinolytic cascades where plasma family members by the lack of a cleavable N-terminal signal
peptidases such as thrombin, protein C, and plasmin arepeptide, the absence of N- or C-terminal extensions, an
tightly regulated by antithrombin Il (SERPINC1), protein inhibitory profile that targets serine and/or papain-like
C inhibitor (SERPINAS), and plasminogen activator inhibitor cysteine peptidases, and a cytosolic or nucleocytosolic
type 1 (SERPINE1), respectively (reviewed in réfsand subcellular distribution (reviewed in r8j. These intracellular
2). Although many of the circulating serpins have been well serpins (serping) are present also in all metazoan species
characterized structurally, biochemically, and biologically, examined to date. The broad distribution of sergipsovides

an opportunity to study their function by comparative
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type plasminogen activator: Succ-AARINA, succinyl-Ala-Ala-Pro- analysis is helpful in predicting the overall repertoire of

Phep-nitroanilide; MeO-Succ-AAPWBNA, methoxy-Succ-Ala-Ala-  Serping in different species, these assessments are imperfect
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MALDI-MS, matrix-associated laser desorption ionization mass spec- S€Pinc in C. elegans(5). SRP-2 is a dual cross-class

troscopy. inhibitor and neutralizes granzyme B-like serine peptidases
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and cathepsin L-like lysosomal cysteine peptidases and isinc. (King of Prussia, PA) [H-Glu-Gly-ArgsNA (EGR-
expressed strongly in the hypodermal and intestinal cells of pNA)], and Molecular Probes, Inc. (Eugene, ORX-Phe-
larval and adult worms. The goal of this study was to Arg),-R110 [Z-FR),-R110)}.

determine whether another putative inhibitory-type segpin PBS [10 mM phosphate buffer, 27 mM KCI, and 137 mM
srp-3 actually encodes a functional molecule that could NaCl (pH 7.4)] was used in enzymatic reactions with trypsin,
participate in larval development or adult homeostasis. Theseplasmin, HNE, chymotrypsin, subtilisin A, and uPA. Cathe-
studies showed that SRP-3 was a true inhibitory-type serpinpsin reaction buffer [50 mM sodium acetate (pH 5.5), 4 mM
that neutralized chymotrypsin-like serine peptidases that wasdithiothreitol, and 1 mM EDTA] was used with papain and
expressed primarily in the anterior body wall muscles. This catK, -L, and -S. A unique reaction buffer was used with
inhibitory activity confirmed thaiC. elegansexpressed at catG [50 mM HEPES, 150 mM NaCl, and 5%,N-
least two functional serpirswhose expression patterns and dimethylformamide (pH 7.4)].

inhibitory activity were shared with higher vertebrates. Thermal Stability AssayAliquots of recombinant GSF
SRP-3 protein (final concentration of 0.5 mg/mL) were
EXPERIMENTAL PROCEDURES incubated for 7 min at temperatures ranging from 25 to 75

°C. The solution was placed on ice for 1 min and centrifuged

cDNA lIsolation.First-strand cDNA was prepared from (1200@ for 10 min at 4°C), and the supernatant was

total C. eleganRNA using Superscript 1| RNase Heverse
transcriptase (Invitrogen, Carlsbad, CA). The full-length analyzed .by .SDSI?AGE' d Inhibitor C .

srp-3cDNA containing the putative open reading frame was ChDetertmlna}tlon 0 Enl.zg/ mte é’m Inhi 4|tor tholncegtrﬁonls.
amplified using sense (BATCGCGGATCCATGTTTGAC- ymotrypsin was catiprated using 4-metnylumbetiteryl-
GTGGCAGAGCGTC-3 and (3-ATCCGCTCGAGTTAA- p-trimethylammoniocinnamate (Sigma) as previously de-

ATTCAACCATTG CCCCTAC-3) antisense primers. Ecg?:sdce?l).ceictg;rj Itr?ottgrr?gt%? \Ilzvzst)l%erlzqtrgc':iqInusstlrngmjnts
Primers were designed witBarmHI and Xhd restriction u P P ( » 1l : u

endonuclease recognition sites (underlined in the primerg]ncd’ esrigg%iewgcglgghtﬁsbs? gé%a;ig ;%%r;TnaP:Sezzﬁitécl)n
sequences) to simplify cloning and facilitate in-frame inser- 9  resp Y.

tion into a bacterial protein expression vector (see below). Assays were performed in PBS, and the activity of the

The resulting PCR fragment(L.1 kb) was subcloned into peptidase was determi_ned by c_alibration with a st_andard
the pBIuescr?pt I1KS (p%S) (gt%atage)ne La Jolla, CA) vector curve of 4-methylumbelliferone (Sigma). CatG was calibrated
and sequenced ' ' with antichymotrypsin that was active site titrated against

. : . li h in. Activities of th [ i
Construction of Glutathione S-Transferase (GST) Fusion calibrated chymotrypsin. Activities of the cysteine peptidases

Proteins.To generate the bacterial expression plasmid, the (ca}tK, L, and -S) were dete_rmined by active site _titration

' . ' using E64 as described previousk).(The concentration of
fuII-Igngth srp-3 coding séquence was released from pBS recombinant SRP-3 was determined by thermal denaturation
by digestion W'th.the restriction endpnuclea@smﬂl 'and and Bradford analysis (Protein Assay Kit Il, Bio-Rad,
Xhd. The 1.1 kb insert was gel purified and ligated into the Hercules, CA)
corresponding sites of the pGEX-6P-1 vector (Amersham ! |

S . i Assays for Inhibition.Peptidase inhibitory activity of
Biosciences, Piscataway, NJ). DNA from the recombinant gpp 345 determined by mixing enzyme and inhibitor in
clone was sequenced to confirm in-frame insertion of intact

Srp-3 DNA. the appropriate buffer, incubating for 15 min at 25, and

oo ) , measuring residual enzyme activity as previously described
Purification of the GSTSRP-3 Fusion ProteinThe (8). Residual enzyme activity was determined by assessing
GST-SRP-3 fusion protein was batch purified using glu- gypsirate hydrolysis over time (velocity) using either a

tathione-Sepharose 4B beads (Amersham Biosciences) asTHERMQnax (in the case ofpNA and -SBzl substrates)
previously describeds). or anfmax (in the case of -R110 substrates) microplate reader

Enzymes, Inhibitors, and Substratéfuman cathepsins  (Molecular Devices, Sunnyvale, CA). For the bVisible
(cat) G, L, and S; human chymotrypsin (CT); human gsypstrates,pNA and -SBzl, wavelengths of 405 and 340
neutrophil elastase (HNE); human pancreatic trypsin; and nm were used, respectively. For the fluorescent substrate,
human plasmin were purchased from Athens Research andr110, the excitation and emission spectra were recorded at
Technology Inc. (Athens, GA). CatK was a kind gift from 485 and 538 nm, respectively. The concentrations of enzyme,
D. Bromme (Department of Biochemistry and Molecular jnhibitor, and substrate are listed in Table 1, and the buffers
Biology, University of British Columbia, Vancouver, BC).  are listed above. Percent enzyme inhibitier.00 x (1 —
Papain was purchased from Roche Applied Science (India-yelocity of inhibited enzyme reaction/velocity of uninhibited
napolis, IN). Subtilisin A and urokinase-type plasminogen enzyme reaction).

activator (U'PA) were purchased from S|gma Chemical Co. Comp|ex Formation_SRP_}Chymotrypsin Comp|exes

(St. Louis, MO). were formed by incubating 10g of GST-SRP-3 protein
The serine and cysteine peptidase active site inhibitors, with 1 ug of chymotrypsin in PBS for 30 min at 2&. SRP-
phenylmethanesulfonyl fluoride (PMSF) aftdns-epoxysuc-  3—catG complexes were formed by incubating A€ of
cinyl-L-leucylamido(4-guanidino)butane (E64), respectively, GST-SRP-3 protein with g of catG in catG buffer for
were purchased from Sigma. 30 min at 25°C. The mixture components were separated
Enzyme substrates were purchased from Sigma [succinyl-by SDS-PAGE, and higher-molecular weight protein bands
Ala-Ala-Pro-Phep-nitroanilide (Succ-AAPRBNA), meth- were visualized following staining with Coomassie Brilliant
oxy-Succ-Ala-Ala-Pro-VapNA (MeO-Succ-AAPVpNA), Blue R-250.
D-Val-Leu-LyspNA (VLK- pNA), Z-Lys-thiobenzyl esterZ- Binding StoichiometriesAssays for binding between

K-SBzl), and dithiodipyridine (DTDP)], Bachem Bioscience, SRP-3 and chymotrypsin or catG were performed in a
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Table 1: Inhibitory Profile of SRP-3

proteinase (final concentration) [SRP-3] (nM) ratio ([I/[E]) % inhibition substrate (final concentration)

cathepsin G (50 nM) 500 10 100 Succ-AABRA (1 mM)
cathepsin K (20 nM) 200 10 0 Z(FR),-R110 (5uM)

cathepsin L (20 nM) 200 10 0 Z{FR)%-R110 (5uM)

cathepsin S (50 nM) 500 10 0 Z{FR)-R110 (5uM)
chymotrypsin (50 nM) 500 10 100 Succ-AARINA (1 mM)

human neutrophil elastase (50 nM) 500 10 85 MeO-Succ-AARM- (0.5 mM)
papain (50 nM) 500 10 0 ZLFR)-R110 (5uM)

plasmin (50 nM) 500 10 0 VLKpNA (0.1 mM)

subtilisin A (25 nM) 500 20 97 Succ-AAPBNA (1 mM)

trypsin (50 nM) 500 10 0 EGRNA (0.5 mM)

uPA (50 nM) 500 10 0 EGRNA (0.1 mM)

volume of 100uL in 96-well microtiter plates (EIA/RIA growth medium (NGM) agar plated?) seeded withEs-
plates, Costar, Cambridge, MA). The inhibitor, SRP-3 cherichia colistrain OP50 [Caenorhabditis Genetics Center
(concentration range of-6600 nM), was incubated with the  (CGC), http://biosci.umn.edu/CGC/CGChomepage.htm].
enzyme, chymotrypsin (500 nM) or catG (50 nM), for 15 Generation of srp-3 Expression Construddranslational
min at 25°C. The substrate, Succ-AARINA, was added  srp-3::lacZ fusion gene was made by ligating a 3.9 kb
to a final concentration of 1 mM. The VE|OCity of substrate genomic fragment, containing the full-lengitp-3gene and
hydrolysis was measured using fidERMOmax microplate 2 2 kb of the upstream promoter sequence, in-frame into the
reader. The partitioning ratio of the inhibiteenzyme  |acz pPD95.10 expression vector (a kind gift from A. Fire,
association was determined by plotting the fractional activity Stanford University, Stanford, CA). To obtain germline
(velocity of the inhibited enzyme reaction/velocity of the expression, the recombinant transgene and a marker plasmid
uninhibited enzyme reaction) versus the initial ratio of the (myo_3::gfp were co-microinjected into the gonads of adult
inhibitor to enzyme Ip/Eo) (7). The x-intercept [i.e., the  hermaphrodites at final concentrations of 100 and 50 ng/
stoichiometry of inhibition (SI)] was determined by linear |, respectively. Transgenic animals were identified by
regression analysis. selecting GFP-positive wormkcZ expression was visual-
Enzyme KineticsThe interaction of SRP-3 with chymo-  jzed by staining fixed worms with X-gal as previously
trypsin was assessed by the progress curve mefodifder  described13). To verify the SRP-3tacZ expression pattern,
these pseudo-first-order conditions, a constant amount ofg srp-3:gfp translational fusion was generated by ligating a
enzyme (10 nM) was mixed with different concentrations 3.9 kb genomic fragment, containing the full-lengtip-3
of inhibitor (0—640 nM) and substrate (final concentration gene and 2.2 kb of the upstream promoter sequence, in-frame
of 1 mM). The rate of product formation was measured using into the gfp pPD95.81 expression vector (a kind gift from
the THERMOmax microplate reader. They, of chymo- A Fire). Transgenic worms were generated by co-injecting
trypsin for Succ-AAPFNA in PBS was 34:M. 20 nghL srp-3:gfp and 90 ngiL pCeh361 (Ipy-5rescue
The association rate constant for the interaction of SRP-3 construct) into adpy-5homozygous mutant (CB907).4).
with catG was determined under second-order conditibds (  Rescued wild-type worms were selected and observed for
11). Equimolar amounts of SRP-3 and catG were incubated GFp expression.
at 25 °C for varying periods of time (030 min). The
reaction was stopped by the addition of substrate (1 mM RESULTS
Z-Lys-SBzl and 25(uM DTDP), and the velocity of free
catG was measured using tAHERMQOnax micr0p|ate Biochemical Characterization of SRF.’-Serpins, in their
reader. Ve|0city was converted to free enzyme Concentrationactive Conformation, are metastable and sensitive to dena-
using an enzyme concentration standard curve. The rate ofturation and precipitation at elevated temperatured)(°C).
change in the amount of free enzyme over time is described!n contrast, serpins in the latent conformation or those with
below, where the slope of the reciprocal remaining free & cleaved RSL are stable even upon incubation at temper-
enzyme (]Ef) over time 0 y|e|ds a second-order rate atures of =100 °C. To test whether SRP-3 encoded a
constant k). functional, inhibitory-type serpin, we prepared recombinant
GST—SRP-3 fusion proteins using &a. coli expression
1E =kt + 1/E, system and performed a thermal denaturation assay. Recom-
binant SRP-3 was stable between 25 and@5however,
They-intercept of this plot is the reciprocal of initial enzyme ~at =55 °C, the serpin completely precipitated from solution
concentration () (Figure 1). This result suggested that the recombinant SRP-3
Matrix-Associated Laser Desorption lonization Mass protein was in the active conformation and could be used in
Spectroscopy (MALDI-MS)Chymotrypsin (lug) or catG ~ Peptidase inhibition assays.
(1 ug) was mixed with SRP-3 (3@g) in the appropriate The putative reactive center (PP2) of SRP-3, Pro-Met-
buffer (20uL) for 15 min at 25°C. The mixture components  Ser-Ala, bears remarkable similarity to that of hunvelx
were separated by MALDI-MS at the Wistar Protein Mi- antitrypsin (SERPINAL), Pro-Met-Ser-lle (Figure 2). This

crochemistry Facility (Philadelphia, PA). similarity suggested that SRP-3 might have an inhibitory
Worm Strain and Culture ConditionEhe wild-type worm profile comparable to that afl-antitrypsin. However, the
strain used in this study was. elegan®ristol (N2). Worms inhibitory activity of a serpin cannot be ascertained by

were routinely cultured at 28C on standard nematode examination of the amino acid sequence alone and thus must
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Aie2salEssans s sEesZsEe) Following the addition of the SDS sample buffer, the mixture
97 : was heated to 98C for 5 min. Samples were fractionated
66 — S — — by SDS-PAGE under reducing conditions, and protein bands

were visualized by staining with Coomassie Brilliant Blue

_ _ _ R-250. A slow-migrating band representing a sefpin
Ficure 1: Thermal denaturation profile of SRRAliquots (5.9) peptidase complex was visible when SRP-3 was incubated
of purified, recombinant GSTSRP-3 protein were incubated for with chymotrypsin (Figure 3, lane 3) or catG (Figure 3, lane
7 min at the temperatures indicated above the lanes. Each sampl% No hiah | | : ’h | isibl ! h
was chilled on ice for 1 min and centrifuged for 10 min. )- No higher-molecular weight complexes were visible when
Supernatants were analyzed by SEPAGE, and protein bands ~SRP-3 was incubated with human neutrophil elastase. In
were visualized by staining with Coomassie Brilliant Blue R-250. contrast, SRP-3 was degraded by elastase, which confirmed
that this serpin served as a substrate for this serine peptidase

(Figure 3, lane 7).

45 —

RSL
P15 13 11 5 3 1Y‘I' 3

9 7 5'
—p— The SI for the interaction between SRP-3 and catG (or
SRP-3 . . : )
hA1AT g; ﬁﬁgﬁﬁg?_ﬂ QYE mg ’?‘E"Pﬂ chymotrypsin) was determined by incubating a constant
hAACT G TEIASAATAVK I IFLLSALYV amount of enzymeHp) with different concentrations of
hSCCA1 GABAAAATAVVIEGFESSPTS T inhibitor (o) and plotting the fractional enzyme activity
hsccA2 GVEBIAAAAT AV VYV VELiSSPSE againstlo/Ey. The Io/Ey ratio that results in the complete

FIGURE 2: Amino acid alignment of. elegansSRP-3 with human  inactivation of the enzyme is the SI. The Sis for the
serpins. The amino acid sequence alignment was performed usinginteraction between SRP-3 and catG and between SRP-3 and
ClustalW version 1.8 and SeqVu version 1.01 (J. Gardner, Garvan chymotrypsin were-1 and~1.2, respectively (Figure 4A,B).

Institute of Medical Research, Sydney, Australia). Colors indicate . . . . .
polar (green), nonpolar and hydrophobic (yellow), acidic (red), and SIS N€&r unity are typical of serpitarget peptidase interac-

basic (blue) residues. The RSL is underlined and numbered from tions (15).
P15 to P5 The putative scissile bond is marked by an arrowhead.  To determine the rate of formation of a complex of SRP-3
and catG, we measured the second-order rate conskants (

. O O under second-order conditions0j. Equimolar amounts of

B . - _ SRP-3 and catG were incubated at°g5for varying periods
66 — - - = of time (0—30 min). The reaction was stopped by the addition
45— of substrate (1 mMZ-Lys-SBzl and 25uM DTDP), and
31— . - - = the velocity of free catG was measured. Velocity was

converted to free enzyme concentration using an enzyme

FicURE 3: SRP-3-peptidase complexes. Enzyme, serpin, or serpin concentration standard curve. Tikevalue for the interaction

and enzyme were incubated atZ5for 10 min. Gel loading buffer  of SRP-3 with catG was-1.3 x 10° M~! s (Figure 4).

(2x) was added, and each sample was heated &C9¥%r 5 min, Due to an Sl of>1, the interaction of SRP-3 and
and the proteins were separated by SIPAGE. Protein bands were chymotrypsin was assessed under pseudo-first-order condi-

visualized by staining with Coomassie Brilliant Blue R-250: lane . -
1, GST-SRP-3 protein alone (1g); lane 2, chymotrypsin alone  tions using the progress methaf).(The assay was performed

(1 ug); lane 3, GSFSRP-3 protein (1&g) with chymotrypsin (1 by incubating 10 nM enzyme with various excess concentra-
ug); lane 4, catG alone (&g); lane 5, GSFSRP-3 protein (10  tions (0-640 nM) of inhibitor in the presence of 1 mM Succ-
/;%n"e"izg C?chrfj/fg%glgngg#g%“;ag nr?)ltjéirr?lczgiglme;avﬁfar]serENE) AAPF-pNA substrate. The progress of enzyme inactivation
(1 ug). #(gS’T—SRPG—péptidase con?plexes areg denoted with V&S folllowed, ar_ld thek, was calcqlated k_)y nonlinear
asterisks. regression analysis. Thgvalue for the interaction of SRP-3
with chymotrypsin was~0.7 x 10° M~ s (Figure 4D).
be determined experimentally. To this end, we tested SRP-3These second-order rate constants are characteristic of
inhibitory activity against a representative panel of serine physiologic interactions between serpins and their target
and cysteine peptidases (Table 1). SRP-3 inhibited com-peptidasesi).
pletely the enzymatic activities of human cathepsin (cat) G Reactve Center of SRP-3Cleavage of the serpin
and chymotrypsin but showed no inhibitory activity against RSL by its target peptidase yields aml kDa C-terminal
other serine peptidases, such as trypsin, plasmin, andfragment. By determining the exact molecular mass of the
urokinase-type plasminogen activator. SRP-3 also exhibitedcleavage fragment, we were able to pinpoint the serpin
no inhibitory activity against the cysteine peptidases, papainreactive center (P1P1). The GSFSRP-3 fusion protein
and catkK, -L, and -S. Modest inhibitory activity was observed was incubated with catG or chymotrypsin, and the resulting
against human neutrophil elastase and subtilisin A. However, C-terminal fragments were analyzed by MALDI-MS. In both
subsequent SDSPAGE analysis showed that the apparent cases, a major peak at3915 + 1 Da that matched
inhibition observed with these enzymes was due to a simplethe molecular mass of the SRP-3 peptide sequence,
competition reaction between SRP-3 and the reporter sub-SARMEQPV........ IFVGVENG, was detected (Figure 5A,B).
strate (data not shown and Figure 3). This finding confirmed that the Met-Ser residues served as
Once binding and cleavage have taken place at the reactivehe reactive center (P4P1) for the interaction of SRP-3
site loop (RSL), serpins form covalent acyl complexes with with both catG and chymotrypsin (Figure 5C).
their target peptidases. These complexes are resistant to Spatial and Temporal Expression of SRPH3 addition
denaturation by heating in SDS buffers. To determine to determining its biochemical activity, we also sought to
whether the GSTSRP-3 fusion protein forms a covalent determine the expression pattern of SRP-3. A translational
complex with catG or chymotrypsin, we incubated the serpin srp-3:LacZfusion gene was generated by ligating a 3.9 kb
with either peptidase for 5 min at room temperature. genomic fragment, containing the full-lengttp-3gene and
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nM) (A) or chymotrypsin (500 nM) (B) was incubated with different concentrations of SRP-3@0 nM) at 25°C for 15 min. Residual

catG and chymotrypsin activities were measured by adding the appropriate substrate and measuring the change in absorbance. The fractional

activity was the ratio of the velocity of inhibited enzyme) (o the velocity of uninhibited controbg). The stoichiometry of inhibition was
determined by using linear regression to extrapolatel gt ratio, resulting in complete enzyme inhibition. (C) The interaction of catG
with SRP-3 was assessed under second-order conditions. Equimolar amounts of SRP-3 and catG were incuba@dbatvatying
periods of time (6-30 min). The reaction was stopped by the addition of substrate (IZrys-SBzl and 25¢:M DTDP), and the velocity

of free catG was measured using a microplate reader. Velocity was converted to free enzyme concentration using an enzyme concentration

standard curve. The for the SRP-3-catG interaction in this representative experiment wa<118° M~ s~1. (D) Inhibition of chymotrypsin
under pseudo-first-order conditions. Human chymotrypsin (10 nM) and the substrate SuccegNARE-mM) were added to SRP-3 at 0
(O), 160 (+), 240 @), 360 (), 480 (x), and 640 nM ©). The progress of the inactivation of the enzyme at each concentration of serpin
was followed by measuring the change in absorbance,¢pBvery 15 s (inset). Assuming an irreversible reaction, the first-order rate
constantsk,ng) were calculated by a nonlinear regression fit of each curve KJha®alues were plotted against the inhibitor concentration,
and the slope of this line was used to determine the second-order rate cok9taBy @ccounting for theK, of the enzyme for the
substrate, we calculated a corrected second-order rate corig)aiithge k, for the SRP-3-chymotrypsin interaction in this representative

experiment was 0.% 1®° M1 s™L,
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Ficure 5: Reactive center of SRP-3. GSBRP-3 protein (3@Qg)
was mixed with catG (kg) or chymotrypsin (kg) and incubated
for 15 min at 25°C. The reaction mixture was then analyzed by
MADLI-MS. (A) Molecular mass of the catG-cleaved fragment.
(B) Molecular mass of the chymotrypsin-cleaved fragment. (C)

evident during embryogenesis (data not shown). However,
SRP-3 expression was visible in all stages of the nematode
postembryonic development (Figure 6A). In the early larval
(L2) stage,lacZ staining was noticeable in the posterior
intestinal and anterior muscle cells (Figure 6B). In the late
larval (L4) to adult stagedacZ staining can be seen in the
body wall muscles, particularly in the anterior region of the
worm (Figure 6C,D). To visualize SRP-3 expression in live,
intact animals, transgenic animals expresssrg-3:gfp
fusion constructs also were generated. Consistent with the
lacZ data, srp-3-directed GFP expression was evident
throughout postembryonic development. However, expres-
sion was restricted primarily to the anterior muscle cells
(Figure 6E,F).

Reactive site loop of SRP-3 showing the location of the catG and D|SCUSSION

chymotrypsin cleavage site (black arrowhead) deduced from the

MALDI-MS data.

Serping have been detected in all domains of life. Despite
their widespread distribution, the biological functions of

2.2 kb of the upstream promoter sequence, in-frame into theserping in the context of an intact organism have been

LacZpPD95.10 expression vector (a kind gift from A. Fire).
The srp-3:lacZ transgene was injected into young herma-
phrodites along with anyo-3:gfp co-injection marker to
identify transgenic progeny. Stable lines expressinyg-3:

ofp were enriched and stained with X-gal to visual&e-
3-directedlacZ expression. No SRP-8acZ expression was

difficult to ascertain. Reverse genetic strategies using mice
have been confounded by the relatively large copy number
of serping in the genome, as well as their overlapping
expression patterns and inhibitory profild6{-20). Due to
these limitations, we sought to determine whether a simpler
multicellular organism with a smaller serpinrepertoire
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éq Tz B substrate instead of the inhibitory pathway, thereby obscuring
ﬁ;/ : g neutralizing activity 15). Regardless of whether SRP-3 can
: = actually inhibit any type of elastase, these kinetic studies
, ( underscore the need to assess serpin activity experimentally
o g and not to rely on inferences based on computer alignment
similarities with other well-studied serpins.

The finding that SRP-3 is an inhibitor of chymotrypsin-
like serine peptidases confirmed that at least two of the five
predictedC. elegansinhibitory-type serping could serve
as functional inhibitors. In addition, SRP-3 was expressed
predominately in both larval and adult muscle cells. In a
previous study, we showed that SRP-2 was a dual cross-
class inhibitor of granzyme B-like serine peptidases and
papain-like cysteine peptidases and that this inhibitor was
expressed in intestinal and hypodermal cd)s Thus, these
two serping complement one another by extending the
family’s overall inhibitory profile and tissue expression
pattern inC. elegans Interestingly, SRP-3 irC. elegans
and SERPINB6 in humans both inhibit chymotrypsin-
like enzymes and are expressed in muscle (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?dnigene). Also,

e 4 " SRP-2 and SERPINB9 inhibit granzyme B and are expressed
e e in skin (hypoderm) and some types of intestinal cells (http:/

FiGURE6: SRP-3 expression pattetrines of transgeni€C. elegans  www.ncbi.nim.nih.gov/entrez/query.fcgi?ghinigene). Thus,

carrying the SRP-dacZ (or GFP) reporter gene were generated  a e would appear to be some evolutionary conservation of

by gonadal injection. (A) SRP-3acZ expression was visible in . LA, .
all postembryonic developmental stages of the worm. (B) SRP-3:: liSsue specific inhibitory function between early metazoans

lacZ expression in the posterior intestine and anterior muscle cells and mammals.

lof che L2 stage 'la{\r:a'b(cd) A”tﬁrior relgio?bof a |5|4 'irva ShﬁWigg) The expression of SRP-3 in muscle cells raises intriguing
acZ expression in the body wall muscles (bwm, black arrowheads). S : L
(D) Strong SRP-3 expression in the body wall muscles of an adult possibilities in terms of its propos_ed function in vivo. L.OSS
hermaphrodite (black arrows). Higher-magnification photomicro- Of m_uscle mass occurs by peptl_dase- and_ non-peptidase-
graphs using Normarski optics (E) and fluorescence microscopy mediated pathways. Of the peptidase-mediated pathways,
(F) of the adult head. Note GFP expression in the anterior muscle proteosomal and nonproteosomal mechanisms have been
g?gvg‘t’ig';z_é‘igf‘i’ft‘:gﬁ]sg_ near té‘c? . ”Svrglfn:'”gclga%hea‘:‘tgsi’gpb Altt;-_ identified, and inhibition of these latter pathways, especially
pb, posteribr bhlb; nmerve rin'g. Y uscie, a, U those involving serine peptidases, can lead to gttenuation_ of
muscle atrophyZ3). The nonproteosomal, peptidase-medi-

, ) ) ated muscle degradation pathway<£irelegansare activated
_m;ght provide a more t(actable approach. To this epd, We py the fibroblast growth factoregl-15/RAS (let-60/MAP
|n|t!aFed a comprehensive analysis ©f elegansserpinc kinase npk-) signaling cascade2g, 25). Thus, it will be
activity. o , interesting to determine whether loss-of-function mutations

The C. eleganggenome contains nine sergigenes that ot grp-3accelerate muscle mass degradation in animals with
encode detectable RNA transcripts ). By computational constitutive activation of this pathway.
assessment, only the SRP-1, -2, -3, -6, and -7 mRNAs should

translate into full-length proteins with RSL amino acid ACKNOWLEDGMENT

residues suggestive of peptidase inhibitory-type sergins (

5). These studies confirmed that recombinant SRP-3 was a We thank David Hall at the Center far. elegansAnatomy
potent inhibitor of chymotrypsin-like, but not elastase-like, (sponsored by the National Institutes of Health Division of
serine peptidases. In part, these findings were surprising asResearch Resources) for assistance with worm anatomy and
SRP-3 contained amino acid residues in its reactive centerexpression pattern analysis. We thank Andy Fire for provid-
(P1-P2, Met-Ser) that were identical to those of al- inglacZ and GFP expression vectors and Yuji Kohara for
antitrypsin (SERPINA1). Since the P1 residue is the primary cDNA clones. The N2 worm strain was provided by e
determinant of serpin specificity in terms of target serine elegangsenetics Center (http://biosci.umn.edu/CGC/Strains/
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antitrypsin, would have neutralized both chymotrypsin- and

neutrophil elastase-like enzymezl( 22). The inability of REFERENCES

SRP-3 to neutralize neutrophil elastase suggested that . .
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