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ABSTRACT: W e  have determined the nucleotide sequence of four submaxillary gland mRNAs, designated 
PS, S1, S2, and S3, that encode kallikrein and kallikrein-like serine proteases. The four enzymes share 
between 74% and 86% amino acid sequence identity and are identical in length with the exception of single 
two amino acid deletions in the S2 and S3 enzymes. The PS enzyme appears to be a true tissue kallikrein. 
The S 1 enzyme shares 86% amino acid sequence homology with the PS enzyme and retains key amino acid 
residues thought to be primary determinants of kallikrein cleavage specificity. The S2  enzyme is rat 
submaxillary tonin. The amino acid sequence of the S3 enzyme is identical with tonin a t  84% of its amino 
acid positions and retains the same amino acid substitutions at positions likely to determine substrate cleavage 
preferences. 

T s s u e  kallikrein is a generic term for a family of serine 
proteases of closely related structure which are found in many 
mammalian tissues. The proteases of this family are more 
specific in cleaving substrates than other simple serine pro- 
teases of the pancreatic type. Each has very low activity on 
substrates such as collagen and casein (Fiedler, 1979; Bothwell 
et ,al., 1979). True tissue kallikreins (EC 3.4.21.8) are family 
members that cleave kininogen to selectively release the va- 
soactive peptides bradykinin or lysylbradykinin (Seki et al., 
1972; Alhenc-Gelas et al., 1981; Yamada & Erdos, 1982). 
The enzymes are acidic glycoproteins comprising several forms 
with molecular weights between 25 000 and 40000 [reviewed 
by Fiedler (1979)l. Isozymes may vary among tissues but 
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appear to differ only in their carbohydrate content (Fiedler, 
1979). The vasodilatory effect produced by the kinin product 
of kininogen cleavage by kallikrein may play a role in the 
regulation of local blood flow in exocrine glands (Hilton, 1970; 
Hilton & Jones, 1968; Carretero & Scicli, 1981). Tissue 
kallikreins are distinct from plasma kallikrein, a high molecular 
weight, complex protease involved in the intrinsic blood co- 
agulation system (Movat, 1979). 

The extended family of kallikrein-like enzymes includes 
proteases of closely related structure with altered specificities 
and physiological roles not limited to the genesis of kinins. The 
murine submaxillary gland contains the highest level of kal- 
likrein-like enzymes among the many tissues investigated (Frey 
et al., 1968; Brandtzaeg et al., 1976). The polypeptide sub- 
strates for these enzymes also are found in the submaxillary 
gland (Barka, 1980). Members of the kallikrein family include 
tonin, which cleaves angiotensin I1 from angiotensinogen 
(Boucher et al., 1974), the y subunit of nerve growth factor 
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(NGF),' which processes the carboxyl terminus of the NGF 
precursor (Thomas et al., 1981), epidermal growth factor 
binding protein, which processes the carboxyl terminus of the 
EGF precursor (Frey et al., 1979), and rat submaxillary gland 
kallikrein (Lazure et al., 1981; Gutkowska et al., 1983). 
Comparison of the amino acid sequences of these and other 
glandular kallikreins reveals homologies of 60-75% (Fiedler 
& Fritz, 1981; Swift et al., 1982; Mason et al., 1983). This 
high level of sequence identity sets the kallikrein-related en- 
zymes apart as a subfamily distinct from other simple serine 
proteases such as trypsin, chymotrypsin, and elastase with 
which they share 35-50% amino acid sequence identity. 

To understand the role of multiple kallikrein-like enzymes, 
we have begun to define the number of expressed genes of the 
kallikrein family and the properties, the degree of relatedness, 
and the enzymatic function of the encoded proteases. In this 
report, we describe the molecular cloning of four distinct 
kallikrein-like messenger RNAs (designated PS, S 1, S2/tonin, 
and S3) expressed in rat submaxillary gland, their nucleotide 
sequences, and the amino acid sequences of the enzymes they 
encode. On the basis of comparisons of the amino acid se- 
quences of the encoded proteins, these kallikrein-like enzymes 
fall into two subclasses. One class contains the PS enzyme, 
which is identical with the rat pancreatic (Swift et al., 1982) 
and submaxillary gland (Lazure et al., 1981) enzyme that has 
true kallikrein enzyme activity (Gutkowska et al., 1983; C. 
Thibault, personal communication). The second enzyme (Sl) 
of this subclass has a very high amino acid sequence homology 
(86%) to PS and retains the key amino acid residues thought 
to be primary determinants of kallikrein cleavage specificity. 
The second subclass contains the enzyme tonin, a serine pro- 
tease that processes angiotensinogen directly to angiotensin 
I1 in vitro (Boucher et al., 1974; Lazure et al., 1984), and a 
closely related enzyme, S3. 

EXPERIMENTAL PROCEDURES 
Preparation of Rat Submaxillary Gland RNA. RNA was 

isolated from the submaxillary glands of adult male 
Sprague-Dawley rats by using a slightly modified version of 
the guanidine thiocyanate extraction procedure (Chirgwin et 
al., 1979). Samples containing 1-3 g of tissue were homo- 
genized in 15 mL of 4 M guanidine thiocyanate, 0.1 M 
Tris-HC1, pH 7.5, and 0.1 M 2-mercaptoethanol for 20 s at 
high speed with a Tissumizer (Tekmar Industries). The 
homogenates were layered over 20 mL of 5.7 M CsCl dissolved 
in 0.1 M Na,EDTA, pH 7.0 [treated with 0.1% diethyl py- 
rocarbonate (DEP) and autoclaved], in 40-mL Beckman SW 
28 ultracentrifuge tubes. The samples were centrifuged for 
22 h at  22000 rpm. The RNA pellets were resuspended in 
1 mL of sterile, DEP-treated water. One-tenth volume of 2 
M NaOAc, pH 7.0 (DEP-treated), and 2 volumes of EtOH 
were added, and the RNAs were precipitated at  -20 "C ov- 
ernight. After centrifugation at  8000 rpm for 20 min in a 
Sorvall HB4 rotor, the pellets were vacuum dried, resuspended 
in DEP-treated water, and stored at -80 "C. The total RNA 
from 10 glands was pooled to isolate polyadenylated RNA by 
oligo(dT)-cellulose chromatography (Aviv & Leder, 1972; 
MacDonald et al., 1982a). 

Preparation and Screening of Rat Submaxillary Gland 
Double-Stranded Complementary DNA (ds-cDNA) Library. 

' Abbreviations: NGF, nerve growth factor; ds-cDNA, double- 
stranded complementary DNA; SSC, 0.15 M sodium chloride and 0.15 
M sodium citrate; DTT, dithiothreitol; EGF-BP, epidermal growth factor 
binding protein; Tris-HC1, tris(hydroxymethy1)aminomethane hydro- 
chloride; EDTA, ethylenediaminetetraacetic acid; DEP, diethyl pyro- 
carbonate; SDS, sodium dodecyl sulfate; bp, base pair(s). 

A ds-cDNA library comprising approximately 20 000 recom- 
binant clones was constructed according to the method of 
Okayama & Berg (1982) using 1 pg of polyadenylated RNA 
from rat submaxillary gland. 

The rat submaxillary gland ds-cDNA library was plated on 
nitrocellulose filters as described by Hanahan & Meselson 
(1980) at a density of approximately 3000 bacterial colonies 
per 137-mm filter. Replica filters made from the originals 
were incubated on chloramphenicol plates to amplify the 
plasmid DNA and processed by successive application to 2-mL 
pools of 0.5 N NaOH (twice), 1 M Tris-HC1, pH 8.0, and 1 
M Tris-HC1 (pH 8.0)/1.5 M NaCI. The filters were air-dried, 
and the DNA was fixed by baking at  80 "C for 2 h in a 
vacuum oven. The filters were prehybridized for 16 h in a 
solution containing 5X SSC, 50% formamide, 1OX Denhardt's 
solution (Denhardt, 1966), 50 mM sodium phosphate, pH 7.0, 
0.1% SDS, and 250 pg/mL sonicated and denatured salmon 
testes DNA at 42 "C. The same conditions were used for 
hybridization with the addition of 5 X lo6 cpm per filter of 
a 32P-labeled kallikrein cDNA probe. The probe seqqences 
were derived from the cDNA plasmid pcXP39 containing the 
3' 550 bp of rat pancreatic kallikrein mRNA (Swift et al., 
1982) which encode the carboxy-terminal 167 amino acids of 
kallikrein plus the 3'-untranslated region. 

The hybridization probe was prepared from an M13mp8 
subclone of the ds-cDNA insert of pcXP39 (Ashley & Mac- 
Donald, 1984) in a 20-pL reaction containing 5 pg of sin- 
gle-stranded viral recombinant DNA, 100 pg/mL oligo(dT), 
50 mM Tris-HC1, pH 8.3, 12 mM MgCl,, 1 mM dATP, 
dGTP, and dTTP, 9 pM dCTP, 50 pCi of [ c x - ~ ~ P I ~ C T P  (New 
England Nuclear), 20 mM DTT, and 20 units of reverse 
transcriptase. The mixture was incubated at  42 "C for 1 h; 
the unincorporated nucleotides were removed by centrifugation 
through a Bio-Gel P-30 column (MacDonald et al., 1982a) 
and denatured in 50% formamide by boiling for 5 min. Al- 
ternatively, a nick-translated (Rigby et al., 1977) ds-cDNA 
insert from a recombinant plasmid, pcXPl30, bearing the 5' 
500 bp of rat pancreatic kallikrein mRNA (Swift et al., 1982) 
was used as the 33P-labeled probe. After hybridization, the 
filters were washed at  55 "C in two 500-mL changes of 2X 
SSC and 0.1% SDS for 20 min each and two 500-mL changes 
of 2X SSC for 20 min each, air-dried, and exposed to X-ray 
film at -80 "C for 16 h with an intensifying screen. After 
autoradiography, colonies were selected that hybridized to the 
32P-labeled kallikrein cDNA probe. 

Isolation of Plasmid DNAs. Recombinant plasmids bearing 
kallikrein cDNA inserts were prepared by the alkaline SDS 
lysis procedure (Birnboim & Doly, 1979). Large-scale 
preparations from 1-L cultures were further purified by ul- 
tracentrifugation through cesium chloride gradients containing 
ethidium bromide (Maniatis et al., 1982). 

Nucleotide Sequence Analysis. The nucleotide sequences 
of the cloned kallikrein-related cDNAs were determined by 
using the base-specific chemical cleavage procedures of 
Maxam & Gilbert (1980). Five sequencing reactions (G, 
dimethyl sulfate; G + A, formic acid; C + T, hydrazine; C, 
hydrazine + NaC1; A > C, NaOH) were employed to enhance 
sequence accuracy. DNA fragments were labeled at their 5' 
ends with [y-32P]ATP and polynucleotide kinase (New Eng- 
land Nuclear) after treatment with calf intestine alkaline 
phosphatase (Boehringer Mannheim) or labeled at their 3' 
termini with Klenow polymerase (P-L Biochemicals) and the 
appropriate deoxyribonucleoside [ (U-~~P]  triphosphate (Drouin, 
1980). Labeled fragments were isolated by polyacrylamide 
gel electrophoresis and eluted from gel slices by using the 
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FIGURE 1: Sequencing strategies for the four rat submaxillary gland 
kallikrein mRNAs. The open horizontal rectangles delineate the amino 
acid coding regions; the proposed signal peptide (Pre) and activation 
peptide (Pro) regions are indicated. The lines extending from the 
open rectangles represent the lengths of the noncoding regions of each 
mRNA; poly(A) is present at the 3’ end of each mRNA as indicated. 
The bold horizontal lines represent the extent of each cloned ds-cDNA; 
the designation for each ds-cDNA clone is indicated. The direction 
and length of each sequencing run are indicated by the horizontal 
arrows, each beginning at the restriction endonuclease site indicated 
(E, EcoRI; H, HindIII; N, NdeI; B, BgnI; F, Hinff; M, MstII). Panel 
a illustrates the sequencing strategy for PS kallikrein mRNA, panel 
b for S1 mRNA, panel c for S2 mRNA, and panel d for S3 mRNA. 

electroelution method of Zassenhaus et al. (1982). 
The strategies for determining the nucleotide sequences of 

the four submaxillary gland kallikrein mRNAs are summa- 
rized in Figure 1 .  The full-length sequence of the pancre- 
as-like kallikrein mRNA, denoted PS, was obtained from 
recombinant plasmids pPS-1 and pPS-J. Both strands were 
sequenced at least once over 78% of the length of the ds-cDNA 
inserts. The composite sequence begins at  the 5‘-noncoding 
region of the mRNA and includes a long poly(A) tail at the 
3’ end. The submaxillary gland kallikrein mRNA called SI 
is represented by a single cDNA clone, PSI-3. Of the cloned 
length of SI mRNA present in PSI-3, 88% of the sequence 
was determined by at least one run on both strands and 56% 
by two runs on both strands. The sequence of PSI-3 begins 
at  codon 80 in the coding region and extends through the 
poly(A) tail. Rescreening of the submaxillary gland cDNA 
library with the 5’ mRNA probe from pcXP130 did not yield 
any additional recombinant plasmids of the SI type. The third 
class of submaxillary gland killikrein mRNA, S2, is repre- 
sented by recombinant plasmid pS2-H. The cDNA insert of 

this clone was sequenced over 75% of its length by at least one 
run on both strands. This sequence begins with the 5‘-non- 
coding region of the S2 mRNA and extends through the 
poly(A) tail. The full-length sequence of a fourth submaxillary 
gland kallikrein mRNA, designated S3, was obtained from 
recombinant plasmid pS3-Q, which was sequenced at least 
once on both strands over 80% of the length of the ds-cDNA 
insert. 

RESULTS 
Isolation of Cloned ds-cDNA Sequences for Submaxillary 

Gland Kallikrein-Related mRNAs. A library comprising 
approximately 20 000 recombinants was constructed with the 
cDNA cloning vectors designed by Okayama & Berg (1982) 
and screened with a cDNA probe covering the 3’ 550 bp of 
the rat pancreatic kallikrein mRNA. Of the recombinant 
plasmids that hybridized, 32 were analyzed by restriction 
enzyme digestion to determine the length of the mRNA se- 
quences present in the cDNA inserts (data not shown). Of 
these, six appeared to be full-length or nearly full-length cDNA 
clones with insert sizes of approximately 900 bp. Three of 
these and two shorter cDNA clones were sequenced (Figure 
1) as described below. The three remaining full-length cDNA 
clones were found to represent the pancreas-like (PS) class 
of kallikrein mRNA after one sequencing run and were not 
analyzed further. On the basis of the nucleotide sequence 
analyses (see below), the cloned cDNAs fell into four distinct 
classes representing unique kallikrein or kallikrein-related 
mRNAs: PS, SI, S2, and S3 mRNAs. The remaining 24 
cDNA clones were mapped with restriction endonucleases and 
appeared to represent additional copies of the same PS, S2, 
and S3 mRNAs. 

Complete Nucleotide Sequence of PS Kallikrein mRNA. 
The strategy to obtain the nucleotide sequence of the sub- 
maxillary gland kallikrein mRNA designated PS is shown in 
Figure la. Two recombinant plasmids containing overlapping 
insert sequences were used to derive the PS mRNA sequence 
through multiple sequencing runs which maximized sequence 
accuracy. One of these cDNA clones, pPS-J, contained an 
insert which represented the full length of the PS kallikrein 
mRNA. The other plasmid, pPS-1, contained insert sequences 
extending from codon 70 through the poly(A) tail of the 
mRNA. 

The sequence of the submaxillary gland PS kallikrein 
mRNA and the derived amino acid sequence of the enzyme 
are shown in Figure 2. The mRNA is 873 nucleotides long 
plus a poly(A) tract and includes a 5’-untranslated region of 
about 30 nucleotides and a 3’-untranslated region of 48 nu- 
cleotides. It is identical with the kallikrein mRNA expressed 
in pancreas (Swift et al., 1982), with the exception of six 
additional nucleotides at the 5’ end. A second cDNA clone 
of the PS class isolated from the submaxillary gland library, 
pPS-G, lacked the six 5’-nucleotides of pPS-J and, therefore, 
was identical with the pancreatic mRNA sequence. These two 
classes of submaxillary gland and pancreatic PS cDNA clones 
that differ by six nucleotides may represent mRNAs tran- 
scribed from a single gene which has two transcription start 
sites six nucleotides apart (see Discussion). 

The submaxillary gland PS mRNA prescribes a prepro- 
enzyme of 265 amino acids with a molecular weight of 29 285. 
This glandular kallikrein has the amino acid residues of the 
serine protease catalytic triad at the appropriate positions- 
histidine-41, aspartate-96, and serine-I 89-and other amino 
acids characteristic of serine proteases (Young et al., 1978). 

Partial Nucleotide Sequence of SI mRNA. The recom- 
binant plasmid pS1-3 represents a second class of mRNA 
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FIGURE 2: Complete nucleotide sequence of PS kallikrein mRNA and the amino acid sequence of the encoded preproenzyme. Amino acid 
numbering starts at the first residue of the mature enzyme. The amino acid residues of the serine protease catalytic triad are circled. Amino 
acid residues important in determining substrate specificity that are discussed in the text are boxed. The conserved AAUAAA in the 3’-noncoding 
region of the mRNA is underlined. The conserved nucleotide sequence near the 3’ end of eukaryotic 18s rRNA (Hagenbuchle et al., 1978) 
is shown at the position with the greatest number of base pairings within the 5’-noncoding region of the mRNA. 
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2 0 0  21 0 

1 9 0  

2 2 0  
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2 3 0  2 3 6  
g l u  v a l  m e t  l y s  g l u  a s n  p r o  s t o p  
GAA GUU AUG AAG GAA A A C  CCC UGA GUGUCACACUGUACCCUGAUCUCAAUAAAACCCACCCACCAUGCAGCAC-poIy(A)  5 1  8 

FIGURE 3: Nucleotide sequence for S1 mRNA and the amino acid sequence of the e n d e d  protein fragment. The partial amino acid sequence 
begins at the amino acid residue corresponding to number 80 of the PS enzyme. Catalytically important amino acids and conserved nucleotide 
sequences are indicated as described in the legend to Figure 2. 

encoding a kallikrein-like enzyme (Figure 1 b). pS 1-3 con- 
tained an insert of a truncated mRNA sequence extending 
from codon 80 through the poly(A) tail. Attempts to find 
additional clones encoding the 5’ end of this mRNA were 
unsuccessful. The partial mRNA sequence (Figure 3) is 518 
nucleotides long, including a 3’-nontranslated region of 48 
nucleotides, and is 94% homologous to the corresponding re- 
gion of the PS kallikrein mRNA. The encoded protein 
fragment of 158 amino acids contains the aspartate and serine 
residues of the catalytic triad as well as other amino acids 
which contribute to the substrate binding pocket. The partial 
amino acid sequence is identical at 86% of the residues with 
that of the comparable region of PS kallikrein (Table I) with 
a single amino acid deletion at  residue 9 1. No changes occur 
between PS and S1 at  key amino acid residues that have been 
proposed to be principal determinants of kallikrein-like 
cleavage specificity. Aspartate-183 a t  the bottom of the 
binding pocket, glycines-206 and -217 at  the mouth of the 
binding pocket, and tyrosine-93 plus tryptophan-205, which 

Table I: Relatedness of the Four Submaxillary Gland Kallikrein-like 
Enzymes and Their mRNAs‘ 

PS s1 s 2  s 3  
Slb 94/86 
s 2  85/74 92/78 
s3 85/76 91/76 91/84 
trypsinc 143 149 I40 I 4 1  

‘ Numbers preceding the slant, percent nucleotide sequence identity 
of the entire mRNA sequence; numbers following the slant, percent 
amino acid sequence identity of the preproenzymes. Comparison only 
for the partial S1 mRNA sequence comprising nucleotides 351-873 
and S1 protein amino acid residues 80-237. CFor rat trypsin [from 
MacDonald et al. (1982a)], only the amino acid sequence relatedness is 
shown. 

have been proposed to define the P22 specificity of kallikrein 
(Bode et al., 1983), are conserved. 

The nomenclature of Schecter & Berger (1967) is used to identify 
amino acid positions of the polypeptide substrate. 
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FIGURE 4: Complete nucleotide sequence for S2 mRNA and the amino acid sequence of the encoded preproenzyme. Important amino acids 
and conserved nucleotide sequences are indicated as described in the legend to Figure 2. 
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FIGURE 5: Complete nucleotide sequence of S3 mRNA and the amino acid sequence of the encoded preproenzyme. Important amino acids 
and conserved nucleotide sequences are indicated as described in the legend to Figure 2. 

Complete Nucleotide Sequence of S2 mRNA. The recom- 
binant plasmid pS2-H contained the mRNA sequence (Figure 
IC) encoding the kallikrein-like enzyme tonin (see Discussion). 
The cloned S2 mRNA sequence is 858 nucleotides, with a 
5‘-noncoding region of 35 nucleotides and a 3’-untranslated 
region of 46 nucleotides (Figure 4), and is 85% homologous 
to the PS mRNA (Table I). 

The S2 mRNA encodes a preproenzyme of 259 amino acids 
( M ,  28 375) that is 74% homologous to the PS kallikrein. 
Compared to the PS kallikrein, the S 2  enzyme has a deletion 
of two amino acid residues between valine-18 and glutamate-23 
(see Figure 8). In addition, changes occur at  key amino acid 
residues. While aspartate- 183 at  the bottom of the substrate 
binding pocket is conserved, glycine-217 is replaced by alanine, 

and tyrosine-93 and tryptophan-205 are replaced by histi- 
dine-91 and glycine-203 in the S2 protein. 

Complete Nucleotide Sequence of S3 “ A .  A full-length 
cDNA clone, pS3-Q, represented the fourth kallikrein-related 
mRNA (Figure Id). The S3 mRNA is 859 nucleotides long, 
including a 5’-untranslated region of 36 nucleotides and a 
3’-untranslated region of 46 nucleotides (Figure 5). The S3 
mRNA prescribes a preproenzyme of 259 amino acids and 
molecular weight 28 372. The mRNA is 85% homologous to 
the PS mRNA and the encoded protein 76% homologous to 
PS kallikrein (Table I). The S3 enzyme has a different two 
amino acid deletion between valine 18 and cysteine-26 (relative 
to the PS kallikrein) than does the S2 enzyme (see Figure 8). 
Key amino acid residues that are the principal determinants 
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* *  (MetProVa1Thr)Met 
AGCUCCFJIGCUCAGCACCuGCuGCUCCUGCAUGCCUGUUACC AUG. .  . P S  mRNA (24  t o  4 2 )  

AGAUCACCACCuGCuUCUCCUGGACACCUGAUACC AUG. .  . S 2  mRNA (35) 
PPCAUCACCACCuGCuGCUACUGGACACACGAUAUC AUG. . . S3 mRNA ( 3 6 )  

AGCUCCAAGCTCACUGCCuGCuGCUCCUGAACACCUGUUACC AUG.. .mGK-1 mRNA (36 or 42) 
* *  

FIGURE 6:  Comparison of the 5’-untranslated regions of murine 
kallikrein-related mRNAs. Numbers in parentheses indicate the 
nucleotide length of each untranslated region. Potential base pairings 
with a conserved 3’-oligonucleotide sequence of eukaryotic 18s mRNA 
(Hagenbuchle et al., 1978) are underlined. Lower case u indicates 
potential G U  pairings. Asterisks indicate two potential transcription 
start sites. The mGK-1 sequence is taken from a mouse submaxillary 
gland kallikrein gene (Mason et al., 1983). 

of the size, shape, and ionic character of the substrate binding 
pocket (e.g., aspartate-183, alanine-215, histidine-91, and 
glycine-203) are identical with those of the S2 enzyme. The 
S2 and S3 submaxillary gland kallikrein-like enzymes are 91% 
homologous to one another at the nucleotide level and share 
84% amino acid sequence identity. 

DISCUSSION 
Screening a rat submaxillary gland cDNA library with a 

rat pancreatic kallikrein cDNA probe detected 38 cross-hy- 
bridizing recombinant plasmids. Nucleotide sequence analysis 
of a subset of these revealed the presence of four different, 
closely related mRNAs that encode kallikrein-like enzymes. 
The most abundant of these mRNAs, designated PS, is 
identical with the kallikrein mRNA expressed in the pancreas 
(Swift et al., 1982). The cloned nucleotide sequence of a 
second mRNA (Sl)  extends from the codon specifying amino 
acid 80 of a kallikrein-like protein to the 3’ end of the mRNA; 
the PS and S1 proteins share 86% amino acid sequence sim- 
ilarity in their overlap. S2 and S3 kallikrein-related mRNAs 
encode preproenzymes that are identical a t  74% and 76%, 
respectively, of the amino acid positions when compared to 
rat PS kallikrein. The generally high level of amino acid 
sequence homology shared by these four submaxillary gland 
serine proteases extends to the other members of the multigene 
family of kallikrein-like enzymes having a cleavage preference 
for arginyl residues (Figure 8). 

The PS mRNA encodes the rat submaxillary gland kalli- 
krein described by Lazure et al. (1981), which has the sub- 
strate cleavage specificity of a true kallikrein (Gutkowska et 
al., 1983; G. Thibault, personal communication). Because the 
S1 protein is identical with PS kallikrein at 86% of its amino 
acid sequence and retains key amino acid residues thought to 
be principal determinants of peptide cleavage specificity, it 
may represent a second true kallikrein. 

The S2 mRNA encodes the rat submaxillary enzyme tonin. 
The reported amino acid sequence of tonin (Lazure et al., 
1984) and the predicted amino acid sequence of the S2 protein 
(aside from the pre- and propeptides) are identical, with the 
exception of a 16-residue deletion in the tonin sequence that 
includes the aspartate of the catalytic triad (Lazure et al., 

1984). Recently, the presence of the 16 amino acids predicted 
from the mRNA sequence has been confirmed by protein 
sequencing techniques (C. Lazure, personal communication). 
Therefore, tonin appears not to be an unusual, short kallikrein 
but rather a representative member of the family with a normal 
polypeptide length and with the aspartate of the catalytic triad 
in the appropriate position. The S3 enzyme is identical with 
tonin at 84% of its amino acid sequence, retains the same 
amino acid substitutions relative to PS kallikrein at key res- 
idues thought to determine kallikrein cleavage specificity, and 
therefore may represent a second tonin. 

mRNA and Protein Domains. ( A )  5‘- and 3’-Untranslated 
Regions of mRNA. The length of the 5’-untranslated region 
of the PS mRNA is estimated to be between 24 and 42 nu- 
cleotides in length. The length of this untranslated region 
depends upon the choice of 2 potential transcription start sites 
6 nucleotides apart and upon the choice of 2 methionine in- 
itiator codons 12 nucleotides apart (see Figure 6). The 5’- 
untranslated regions for the cloned S2 and S3 mRNAs are 
35 and 36 nucleotides, respectively. The nucleotide sequences 
of these three 5’-untranslated regions are strikingly related; 
this region of the PS mRNA shares 75% and 72% homology 
with the same regions of S2 and S3, respectively, and the 
5’-untranslated region of S2 is 81% homologous to that of S3. 
Each 5’-untranslated region contains a short sequence com- 
plementary to a conserved sequence near the 3‘ end of 18s 
and rRNA (Hagenbuchle et al., 1978). Base pairing of oli- 
gonucleotide sequences present in the 5’-untranslated region 
of some eukaryotic mRNAs has been suggested to promote 
mRNA selection by ribosomes (Hagenbuchle et al., 1978; 
Sargan et al., 1982; MacDonald et al., 1982a). 

The 3’-untranslated regions of the four submaxillary gland 
mRNAs are approximately 90% homologous to one another. 
This is somewhat surprising since noncoding regions of related 
mRNAs are often quite divergent (MacDonald et al., 
1982a,b). This level of conservation is slightly greater than 
the average of the protein coding domains (80%) and suggests 
either an important function for the 3’-noncoding sequences 
or recent gene conversion events that did not discriminate 
between amino acid coding and noncoding sequences. 

(B)  Prepeptides and Activation Peptides. Alignment of the 
amino acid sequences derived from the PS, S2, and S3 mRNA 
sequences with the amino acid sequences of the mature porcine 
pancreatic kallikrein (Tschesche et al., 1979) and rat sub- 
maxillary gland kallikrein (Lazure et al., 1981) indicates that 
pre- and propeptide regions of 28 or 24 residues for PS and 
24 residues for S2 and S3 are encoded by these kallikrein- 
related mRNAs (Figure 7). The boundary between the signal 
peptide and the activation peptide of the kallikrein zymogens 
cannot be determined unambiguously from the sequence data. 
Signal peptidase cleavage sites have been predicted for several 
kallikrein family members, using only amino acid sequence 
information derived from cloned mRNA sequences (see Figure 
7). 

- 28 -24 -20 -15 0. -10 -5 -1 +1 
(Met Pro Val Thr)Met Trp Phe Leu I l e  Leu Phe Leu Ala Leu Ser Leu Gly Arg Asn Asp Ala Ala Pro Pro Val Gln Ser Arg Val ... Rat PS type 

Met Trp Leu Gln I l e  Leu Ser Leu Val Leu Ser Val Gly Arg I l e  Asp Ala Ala Pro Pro Gly Gln Ser Arg I l e  ... Rat 52 type 

Met Trp Phe Leu I l e  Leu Phe Leu Ala Leu Ser Leu Gly Gln I l e  Asp Ala Ala Pro Pro Gly Gln Ser Arg Val ... Rat 53 type 

Met Trp Phe Leu I l e  Leu Phe Leu Ala Leu Ser Leu Gly Gly I l e  Asp Ala A l p p r o  Pro Val Gln Ser Arg I l e  ... Mouse mGK-1 

Met Trp Phe Leu I l e  Leu Phe Pro Ala Leu Ser Leu Gly Gly I l e  Asp Ala Ala Pro Pro Leu Gln Ser Arg Val ... Mouse EGF-BP 

Met Ser Ala Leu Leu I l e  Leu Ala Leu Val Gly Ala Ala Val AlFPhe Pro Leu Glu Asp Asp Asp Lys I l e  ... Rat Trypsin I 

FIGURE 7: Comparison of the pre- and propeptides of murine kallikrein-like enzymes and trypsin. Open arrows indicate the position of prepeptide 
cleavages proposed previously (see text); closed arrows indicate the cleavage positions proposed in this study. Sequence sources: mGK-1, Mason 
et al., 1983; mouse EGF-BP, Ronne et al., 1983; rat trypsin I, MacDonald et al., 1982a. 
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FIGURE 8: Amino acid sequence comparison of kallikrein-like enzymes and trypsin. The numbering scheme starts at the amino terminus of 
the predicted active enzyme form of rat kallikrein. Chymotrypsinogen numbering is included for key amino acid positions to facilitate comparison 
with other serine proteases. The boxes delineate the amino acids shared by the greatest number of proteins at each position. Small gaps are 
introduced to optimize sequence alignments. The amino acid sequences for porcine pancreatic kallikrein (PPK; Tschesche et al., 1979), the 
y subunit of mouse nerve growth factor (Y-NGF: Thomas et al., 1981), mouse epidermal growth factor binding protein (EGF-BP; Lundgren 
et al., 1984), rat tonin (Lazure et al., 1984), and rat trypsin (MacDonald et al., 1982) are included for comparison. The asterisks denote 
the positions of the histidine, aspartate, and serine of the catalytic triad. 

The prepropeptide sequence is highly conserved among these 
proteins and suggests that the signal peptide cleavage occurs 
at the same site in each. The cleavage site consensus sequence 
derived by Perlman & Halvorson (1983) predicts two possible 
prepeptide cleavage sites in the kallikrein sequences. The first 
occurs after the glycine at -12, which is present in all five 
kallikrein-related enzymes shown (Figure 7) .  However, for 
S2, S3, mGK-1, and the EGF binding protein, this cleavage 
would yield a prepeptide of only 13 amino acids, shorter than 
any yet reported. The second predicted cleavage site occurs 
after the alanine at  -8, also conserved among all five kalli- 
krein-like enzymes compared (Figure 7). As Rome et al. 
(1983) noted, this cleavage site would generate an amino- 
terminal sequence (Ala-Pro-Pro-Xaa-Gln-Ser-Arg) of the 
zymogens nearly identical with that of mouse a -NGF (Ala- 
Pro-Pro-Val-Glu-Ser-Arg), a kallikrein-related protein without 
protease activity (Ronne et al., 1984). While this prepeptide 
cleavage point yields an acceptable precleavage sequence 
(Ile-Asp-Ala) for the S2, S3, EGF-BP, and mGK-1 prepro- 

enzymes, it does not (Asn-Asp-Ala) for PS kallikrein. If the 
four additional N-terminal amino acids encoded by the PS 
mRNA are expressed, they may compensate for a fore- 
shortened signal peptide generated by cleavage between -1 2 
and -1 1. These proposed endopeptidase cleavage sites for the 
preprokallikreins (Figure 7) would define signal peptides which 
meet minimum length requirements and would leave a short 
activation peptide as predicted for prokallikreins (Schachter, 
1980). 

(C) Enzymes. The four submaxillary gland serine proteases 
encoded by the cloned mRNA sequences described here rep- 
resent a family of enzymes sharing 74-86% amino acid hom- 
ology. Amino acid residues histidine-41, aspartate-96, and 
serine-1 89 of the serine protease catalytic triad and their 
contiguous sequences are conserved. All four proteins retain 
an aspartate residue at sequence position 183 (the bottom of 
the substrate binding pocket), a characteristic of proteases with 
trypsin-like cleavage preference. The presence of glycine or 
alanine residues at positions 206 and 2 17 in all four enzymes 
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is consistent with an open binding pocket to accommodate 
bulky amino acid side chains. X-ray crystallographic analysis 
(Bode et al., 1983) has revealed that the kallikrein specificity 
pocket is larger than that of trypsin due to the insertion of an 
additional residue at  209; this proline residue is conserved in 
PS, $41, S2/tonin, and S3, as well as all other kallikrein family 
members (see Figure 8). In porcine kallikrein, the side chain 
of serine-217, which affects the geometry of the P1 binding 
pocket and partly shields the P1 side chain from the negative 
charge of aspartate-183, is absent in the four rat enzymes. The 
replacement of glycine for serine at  position 217 in rat PS 
kallikrein demonstrates that the presence of the serine near 
the bottom of the binding pocket is not necessary for kallikrein 
specificity. The presence of glycine at  this position may ac- 
commodate benzamidine binding (Bode et al., 1983) and ex- 
plain the greater affinity of rat kallikrein (Mares-Guia & 
Diniz, 1967) than porcine kallikrein (Geratz et al., 1979) for 
this serine protease inhibitor. 

Chen & Bode (1 983) have proposed that a principal de- 
terminant of the specific cleavage of the kininogen precursor 
by kallikrein is the presence of a hydrophobic sandwich formed 
by tyrosine-93 and tryptophan-205 that facilitates the binding 
of bulky, hydrophobic residues in the substrate position ad- 
jacent to the cleavage site (the P2 position). This may explain 
in part the selective cleavage by tissue kallikrein at the arginine 
following a phenylalanine and at  the methionine following a 
leucine to release lysylbradykinin from the kininogen precursor. 
Tyrosine-93 and tryptophan-205, present in PS kallikrein, are 
retained in the S1 enzyme; together with the overall sequence 
conservation between PS kallikrein and S 1, this suggests that 
the S1 enzyme may retain kallikrein cleavage specificity as 
well. Tyrosine-93 and tryptophan-205 are replaced by his- 
tidine-93 and glycine-205 is the S2/tonin and S3 enzymes and 
may contribute toward the altered substrate specificity of tonin, 
and the S3 enzyme as well. 

Extensive polypeptide regions are highly conserved among 
all four of the encoded preproenzymes while other regions 
diverge to a great extent. Upon consideration of the structure 
of porcine pancreatic kallikrein (Bode et al., 1983), it is evident 
that the clusters of sequence changes are localized to external 
loops of the protein and would not be expected to jeopardize 
enzymatic function. The first of these variable regions com- 
prises amino acid residues 19-25. The small amino acid de- 
letions in S2 and S3 occur in this region (Figure 8). The 
kallikrein autolysis loop, which includes residues 79-91, is the 
site of the second variable region. In the single-chain form 
of the kallikrein-like enzymes, this loop contains 11 more 
residues than does trypsin (an exception is y-NGF with only 
7 additional residues). The third variable region (amino acid 
residues 139-145) corresponds to an external loop that in- 
teracts with threonine-208 and proline-209 (Bode et al., 1983). 
These interactions draw the loop partly over the binding pocket 
and may affect the specificity of substrate and inhibitor binding 
(Bode et al., 1983; Chen & Bode, 1983). Therefore, the large 
variations in this region among the kallikrein-like enzymes 
(Figure 8) may modulate substrate selection. 

The kallikrein subfamily of serine proteases has been im- 
plicated in the processing of a number of polypeptide hor- 
mones. Several of these proteases are present in the murine 
submaxillary gland. The kallikrein-like enzymes encoded by 
two of the mRNAs described herein encode submaxillary 
kallikrein and tonin, known members of the kallikrein family 
that cleave kininogen and angiotensinogen, respectively, to 
release bioactive peptides. The two enzymes S1 and S3, en- 
coded by the other two mRNAs, are closely related to kalli- 
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krein and tonin, respectively. Although these enzymes may 
have redundant functions to kallikrein and tonin, it is possible 
that each has a unique function to process as yet unknown 
precursors. The characterization of the cleavage specificity 
of the two new enzymes awaits purification of the enzymes 
either from rat submaxillary glands or from alternative hosts 
in which the cloned cDNAs could be expressed. 
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Registry No. Tonin, 53414-68-9; D N A  (rat submaxillary gland 
kallikrein PS messenger R N A  complementary), 84628-9 1-  1; pre- 
prokallikrein PS (rat submaxillary gland reduced), 84628-84-2; 
prdrallikrein PS (rat submaxillary gland reduced), 84628-82-0; D N A  
(rat submaxillary gland tonin S2 messenger RNA complementary), 
97071-35-7; preprotonin S2 (rat submaxillary gland reduced), 
97071-42-6; protonin S2 (rat submaxillary gland reduced), 97071-43-7; 
D N A  (rat submaxillary gland kallikrein S3 messenger R N A  com- 
plementary), 97071-36-8; preprokallikrein S3 (rat submaxillary gland 
reduced), 9707 1-40-4; prokallikrein S3 (rat submaxillary gland re- 
duced), 97071-41-5; R N A  (rat submaxillary gland kallikrein PS- 
specifying messenger), 9707 1-37-9; RNA (rat submaxillary gland tonin 
S2-specifying messenger), 9707 1-38-0; R N A  (rat submaxillary gland 
kallikrein S3-specifying messenger), 9707 1-39- 1. 
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ABSTRACT: Four distinct kallikrein-related mRNAs (PS, S1, S2, and S3), encoded by members of a multigene 
family, are selectively expressed in various combinations in several rat tissues. Although closely related 
along most of the mRNA sequence, the four mRNAs can be selectively detected with synthetic oligonucleotide 
probes complementary to highly variable mRNA subregions. PS mRNA, which encodes an enzyme with 
true kallikrein activity, is present a t  high levels in the submaxillary gland, pancreas, and kidney. S1 mRNA, 
which encodes an enzyme similar to the PS kallikrein, is detected only in the submaxillary gland and is 
present a t  one-fifth the PS m R N A  level. S2  mRNA, which encodes the enzyme tonin, is present in the 
submaxillary gland a t  half the PS mRNA level and at  a slightly higher level in the prostate. S3 mRNA, 
which encodes an enzyme very similar to tonin, is present in the submaxillary gland at  one-tenth the PS 
m R N A  level and in the prostate a t  about the same level as tonin mRNA. 

x e  kallikrein-like enzymes are homologous serine proteases 
encoded by a multigene family. True kallikreins (EC 3.4.21.8) 
selectively cleave the protein kininogen, found in the blood and 
in the interstitium of most tissues, to release the vasodilatory 
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peptides bradykinin or lysylbradykinin [reviewed by Fiedler 
(1979)]. Other members of the kallikrein-like enzyme family 
cleave other prohormones: tonin cleaves angiotensinogen 
(Boucher et al., 1974), the y subunit of nerve growth factor 
processes the precursor of nerve growth factor (Thomas et al., 
198 l ) ,  and the epidermal growth factor binding protein pro- 
cesses the precursor of epidermal growth factor (Frey et al., 
1979). The kallikrein-like enzymes most likely function within 
the organ in which they are synthesized, and their presence 
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