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The amino acid sequence of proteinase K (EC 3.4.21.14) from Tritirachium album Limber has been deter- 
mined by analysis of fragments generated by cleavage with CNBr or BNPS-skatole. The enzyme consists 
of a single peptide chain containing 277 amino acid residues, corresponding to M, 28 930. Comparison of 
the sequence with those of the serine proteinases reveals a high degree of homology (about 35%) to the sub- 
tilisin-related enzyme. But in contrast to the subtilisins, proteinase K contains 2 disulfide bonds and a free 
cysteine residue. This finding may indicate that proteinase K is a member of a new subfamily of the subtili- 

sins. 

Proteinase K Subtilisin Serine proteinase Cystine-containing subtilisin-like proteinase Evolution 

1. INTRODUCTION 

Proteinase K is an extracellular endopeptidase 
which is synthesized by the mold Tritirachium 
album Limber. This fungal proteinase belongs to 
the class of the serine endopeptidases [l]. This 
class can be divided into the trypsin- and subtilisin- 
related enzymes. The two families are unrelated to 
each other [2] but they have evolved independently 
the same catalytic mechanism [3]. Preliminary se- 
quence determination [4] of proteinase K revealed 
that the structure around the active site serine 
residue is homologous to the corresponding ones 
of the subtilisins. However, all known subtilisins 
lack disulfide bridges, whereas proteinase K and all 
trypsin-related enzymes contain such bonds [4,5]. 
To obtain more insight into the evolutionary rela- 
tionship of proteinase K, we have determined its 
amino acid sequence. 
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In this paper the complete covalent structure of 
proteinase K is presented and its evolutionary rela- 
tionship to the subtilisin-related enzymes is 
discussed. This work has provided not only infor- 
mation for completion of the sequence but also for 
the determination of the three-dimensional struc- 
ture [6,7] and isolation of the gene (Gassen, H.G., 
unpublished). 

2. MATERIALS AND METHODS 

2.1. Materials 
Proteinase K was a generous gift from Merck, 

Darmstadt and was obtained in a crystalline form. 
Iodo[‘4C]acetic acid and [3H]diisopropyl fluoro- 
phosphate (DFP) were purchased from Amers- 
ham. Carbobenzoxy-Ala-[14C]A1a chloromethyl 
ketone was synthesized according to Shaw [8] with 
some small modifications (Z-Ala-[r4C]Ala-CK, 
spec. act. 0.12 mCi/mmol). The sources of all 
other reagents are given in the report on the struc- 
ture of proteinase K [4]. 
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2.2. Generation of the peptides 
Prior to the cleavages, proteinase K was either 

inactivated by [3H]DFP or Z-Ala-[14C]Ala-CK. 
The inactive protein species were reduced and S- 
carboxymethylated with iodo[14C]acetic acid as 
described [4]. The labelled proteinase K was 
rechromatographed on Fracto-gel TSK-HW 50 
equilibrated with 30% acetic acid in order to 
remove autolysis products. CNBr cleavage of the 
[3H]DFP-labelled proteinase K and the initial 
separation of the fragments were carried out as 
described [4]. After purification of 7 CNBr- 
peptides, 6 fragments were subdigested with tryp- 
sin or chymotrypsin in 50 mM NH4HC03 (pH 7.8) 
at enzyme to peptide ratios of 1: 100 to 1: 30 
depending on the size and solubility of the 
fragments. 

Cleavage of the Z-Ala-[14C]Ala-CK-treated pro- 
teinase K at the Trp-X peptide bonds was per- 
formed with BNPS-skatole as described in [9]. The 
resulting fragments were recovered by gel filtration 
on Sephadex G-100 equilibrated in 30% acetic 
acid. The two large fragments (BS-2 and BS-3) 
were treated with citraconic anhydride (lo] and 
afterwards hydrolyzed at the arginine residues with 
trypsin (50: 1, w/w; pH 8.4; 3 h). 

Some additional information and overlaps were 
obtained from subdigestions of BS-2 and BS-3 
with Staphylococcus aureus VS protease (Miles) 
and thermolysin (Boehringer, Mannheim). Diges- 
tion with the V8 protease was carried out in 50 mM 
NH4HCO3 (pH 7.8) at a peptide/enzyme ratio of 
30: 1 (w/w) for 20 h at room temperature. Diges- 
tion with thermolysin (l%, w/w) was performed in 
0.1 M N-ethylmorpholinium acetate (pH 8.0) for 
45 min at 55°C. 

2.3. Peptide purification 
Peptides derived from the various digestions 

were prefractionated by exclusion chromatography 
on Sephadex G-100, G-50, G-25 and/or Fracto-gel 
TKS-HW 40, TKS-HW 50 columns equilibrated 
and eluted with either 25 mM NH4HCOs (pH 8.5) 
or 30% acetic acid. Most of the peptides were 
purified further (i) by ion-exchange chroma- 
tography on a Chromobeads-P resin using pyridine 
acetate gradients [9] and more recently (ii) by 
HPLC on reverse-phase columns (Whatman ODS 
3; Partisil 5 C8, 0.4 x 25 cm) using acetonitrile 
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gradients (O-70%) in either 0.1% trifluoroacetic 
acid or 20 mM NH4HCOs (pH 7.5). 

2.4. Amino acid composition and sequence 
analysis 

Protein and peptide samples were hydrolyzed in 
6 N HCI or, for tryptophan determination in 4 M 
methanesulfonic acid [ll], at 108°C in evacuated 
tubes for 22-96 h. The compositions of the 
hydrolysates were determined on a Biotronik LC 
6000 analyzer. Sequencing of the peptides was per- 
formed manually using the 4-(dimethylamino)- 
azobenzene - 4 - isothiocyanate/phenylisothiocyanate 
double coupling methods [12] and/or the dan- 
syl-Edman procedure [ 131. Some C-terminal 
sequences were determined by kinetic analysis 
using the carboxypeptidases A, B or Y [14]. 

2.5. Disc electrophoresis 
Gel electrophoresis was carried out on 15% gels 

at pH 4.5 by the method of Davis [ IS]. SDS-PAGE 
in 15% gels was performed according to Laemmli 
[16], except that the gels contained 6 M urea. 

3. RESULTS AND DISCUSSION 

The commercially available crystalline pro- 
teinase K appears to be homogeneous when ex- 
amined by PAGE on 15% gels at pH 4.3. Also, 
when using proteinase K labelled at the active site 
serine residue with [3H]DFP, the whole radioac- 
tivity coincided with the protein band (fig.lB). 
However, in the SDS-PAGE it is evident that the 
enzyme preparation contains impurities which are 
probably autolysis products. Electrophoresis of 
the [3H]DFP-treated proteinase K revealed that 
most of the radioactivity is focussed on the high- 
A& protein band, but activity is also found in the 
lower-M, protein bands (fig. IA). This may indicate 
that the active proteinase K consists of an 
unhydrolysed protein chain and autolysed 
polypeptide chains. Most of these autolysis prod- 
ucts can be removed by gel filtration after S- 
carboxymethylation of the protein. The starting 
material (CM-DFP- or CM-Z-Ala-Ala-CK- 
modified proteinase K) gave essentially a single 
protein band in the SDS-PAGE corresponding to 
an M, of 28000-29000. 
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Fig. 1. Polyacrylamide gel electrophoresis of (3H]DFP 
inactivated proteinase K at pH 4.3 (A) and in the 
presence of SDS (B). 1OOpg protein were applied onto 
the gels. In the middle, the protein pattern is shown and 
the distribution of the radioactivity along the gels is 

given in the diagrams. 

The strategy employed for determining the se- 
quence is schematically outlined in fig.2. Prior to 
fragmentation, the enzyme was either inactivated 
with [3H]DFP or Z-Ala-[14C]Ala-CK which 
facilitated the identification of the catalytic serine 
and histidine residue, respectively. Cleavage by 
CNBr of the DFP inactivated enzyme resulted in 7 
fragments including an overlapping peptide de- 
rived from an incomplete cleavage of the 
Met-237-Thr-238 bond. The structure of these 
fragments was determined separately by a com- 
bination of direct analysis and the sequence of 

05 

05ta 
SP 

Th 

Fig.2. Summary of sequence evidence. Bars represent 
analysed fragments and the length of each bar is 
proportional to the size of that peptide. Cyanogen 
bromide fragments (CN) and their tryptic (CN-t) and 
chymotryptic (CN-c) subfragments. Peptides generated 
by treatment with BNPS-skatole (BS) and their arginine 
peptides (BS-ta). Peptides after digestion of BS-2 and 
BS-3 with S. aureus V8 protease (SP) and thermolysin 

(Th). 

overlapping peptides obtained from tryptic and 
chymotryptic subdigests. Cleavage of the Z-Ala- 
[‘4C]Ala-CK-inhibited proteinase K with BNPS- 
skatole yielded the 3 expected peptides (BS-l-3) 
and in addition a fragment derived from the in- 
complete cleavage at Trp-211. The placement of 
the CNBr-fragments was achieved by isolation and 
sequencing of the peptides derived from the 
citraconylated BS-2 and BS-3 after separate diges- 
tion with trypsin. Pairing of .the half-cysteine 
residues was examined from the tryptic fragments 
after modifications of the single free cysteine 
residue in the proteinase K with 4-dimethylamino- 
benzene-4-iodoacetamide [ 17 1. A detailed descrip- 
tion will be given elsewhere. 

The results accounted for the identification of 
all residues and the unequivocal placement of all 
fragments. The covalent structure of proteinase K 
is shown in fig.3. The molecule contains 277 amino 
acid residues including 2 disulfide bonds (34-124, 
179-248) and a free cysteine (73) in a single 
polypeptide chain. The it& of the protein is 28 930, 
which is in excellent agreement with the previous 
determinations of 28 500 based on SDS-PAGE and 
active site titration [4]. These results demonstrate 
clearly that the l@ of 18500 estimated previously 
[l] was erroneous. The amino acid composition 
calculated from the sequence is in agreement with 
the results of previous amino acid analyses [4]. 

As active site residues were identified His-69 and 
Ser-223. The sequences around both residues are 
typical to the corresponding ones of the subtilisins. 
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10 25 30 
Ala-Ata-Gin-Thr-Asn-Ala-Pro-Trp-Gly-leu-A~a-Arg-Ile-Ser-Ser-Thr-Ser-Pro-Gly-Th~-Ser-Thr-Tyr-Tyr-Tyr-Asp-Glu-Ser-Ala-Gly- 

30 50 60 
Gln-Gly-Ser-C~s-Val-Tyr-Val-Ile-Asp-Thr-Gly-Ile-Glu-Ala-Ser-~~s-Pro-Glu-Phe-Giu-Gly-Arg-Ala-Gln-Met-Val-Lys-Thr-Tyr-Tyr- 

100 110 120 
~eu-Phe-Gly-Val-Lys-Val-Leu-Asp-Asp-Asn-Gly-Ser-G~y-Gln-Tyr-Ser-Thr-Ile-Ile-Ala-Gly-Met-Asp-Phe-Val-Ala-Ser-Asp-Lys-Asn- 

130 140 150 
Asn-Arg-Asn-Cys-Pro-Lys-Gly-Val-Val-Ala-Ser-Leu-Ser-Leu-Gly-Gly-Gly-Tyr-Ser-Ser~Ser-Val-Asn-Ser-Ala-Ala-Ala-Arg-Leu-Gln- 

I 

160 170 180 
Ser-Ser-Gly-Val-Met-Val-Ala-Val-Ala-Ala-G?y-Asn-Asn-Asn-A~a-Asp-Afa-Arg-Asn-Tyr-Ser-Pro-Ala-Ser-Giu-Pro-Ser-Val-Cys-Thr- 

190 200 
Val-Gly-Ala-Ser-Asp-Arg-Tyr-Asp-Arg-Arg-Ser-Ser-Phe-Ser-Asn-Tyr-Gly-Ser-Val-Leu-Asp-Ile-Phe-Gly-Pro-Gly-Thr-Asp-Leu-Ser- 

220 230 
Trp-Ile-Gly-Gly-Ser-Thr-Arg-Ser-Ile-Ser-Gly-Thr Met-Ala-Thr-Pra-H~s-Val-Ala-Gly-Leu-Ala-Ala-Tyr-Leu-Met-Thr-Leu-Gly- 

250 260 
Lys-Thr-Thr-Ala-Ala-Ser-Ala-Cys-Arg-Tyr-Ile-Ala-Asp-Thr-Ala-Asn-Lys-Gly~Asp-~eu-Ser-Asn-Ile-Pro-Phe-Gly-Thr-Val-Asn-Leu- 

Ala-Tyr-Asn-Asn-Tyr-Gun-Ala 

Fig.3. Amino acid sequence of proteinase K from T. debut Limber. The active site residues are encircled. The disuifide 
bonds are formed by Cys-34-Cys-124 and Cys-179-Cys-248. 

When the sequence of proteinase K is aligned to 
those of subtilisin novo, carlsberg, DY [18] and 
thermitase [19] (fig.4) a homologous relationship is 
evident to the bacterial endopeptidase. The fungal 
proteinase K has about 35% sequence identity to 
the subtilisins and 44% to thermitase. The active 
site residues His-69 and Ser-223 correspond to 
His-64 and Ser-221 in the subtilisins and in addi- 
tion Asp-38 (Asp-32) should form the charge relay 
system in proteinase K, as it is reported for sub- 
tilisin novo or chymotr~sin 131. The sequences 
around these residues are highly conserved in all 
subtilisins and proteinase K shares the highest 
homology in these stretches. However, the 
homology is not only extended to the catalytic 
essential residues, but also to regions which are 
known to be involved in the substrate binding. The 
sequences Ser-133-Gly-135 and Ala-159-Asn-152 
correspond in the subtiiisins to Ser-125-Gly-127 
and Ala-152-Asn-155. In the subtilisins the se- 
quence Ser-125-GIy-127 forms hydrogen bonds 
with P2 and P3 residues of the substrate and the 
same is also found in proteinase K from X-ray 
studies of the complex with Z-Ala-Ala-CK [7]. 
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The degree of sequence homology and identity 
in the three-dimensional structure [6,7] indicate a 
relationship of the fungal proteinase K to the 
bacterial subtilisins. Proteinase K belongs to the 
family of the subtilisin-related enzymes. It is likeiy 
that these enzymes have evolved from a common 
ancestral precursor serine proteinase. However, 
there is a distinct difference between the typical 
subtilisins and proteinase K. Proteinase K contains 
2 disulfide bonds, whereas subtilisins do not 
possess such bonds. In homologous proteins 
amino acid replacements occur more frequently 
than changes in the number of disulfide bonds (21. 
The acquirement of new disulfide bonds is a rather 
rare event as it requires two independent mutations 
and at best simultaneously. Therefore we assume 
that two progenitors have diverged from the 
ancestral proteinase separating the family of the 
subtilisin-related enzyme into two subclasses. One 
of these encloses the cysteine-free subtilisins like 
subtilisin novo, car&berg or DY. The other 
subclass is represented by the cysteine~ont~ning 
subtilisins like proteinase K and thermitase 1193. 
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Fig.4. comparison of the sequence of proteinase K (PK) with those of su~~i~~s~n now (NC& subtiIisin car&berg (CA), 
subtilisin DY fDY) and thermitase (TW) [19]. The sequences of the subtilisins are taken from [ISI. Top: proteinase K 

uurn~~n~~ bottom: subtilisin car&berg rumoring. 
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