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SUMMARY: The DNA encoding protease Do was isolated from an E. c o l i  

genomic DNA l ibrary in Xgt11, and cloned into a Bluescript plasmid. The cells 

t ransformed wi th  the recombinant plasmid were able to overproduce protease Do 

and grew normal ly.  A mutant  lacking the protease ac t iv i t y  was also isolated by 

in terrupt ing the chromosomal DNA wi th  the kan gene. The mutant  showed a 

prolonged lag period and reduced abi l i ty  to degrade cell proteins as compared to 

its wi ld type. Moreover, they were unable to survive at high temperatures, 

simi lar ly to the htr~l mutants.  These results suggest that  protease Do may play 

an important  role in the intracel lu lar protein breakdown and is essential for 

survival  at high temperatures. Ident i ty  of protease Do wi th  the ht r~  gene 

product is discussed. ® 1991 Academic Press, Inc. 

Soluble extracts of E. c o l i  contain 9 endoproteo ly t ic  act iv i t ies that  appear 

to be d is t inct  enzymes (1,2). Seven of these, named protease Do, Re, Mi, Fa, 

So, La and Ti, are serine enzymes that degrade casein and globin. Two other 

enzymes, protease Ci and Pi, are metal loproteases that degrade insul in and the 

N-terminal f ragment of f3-galactosidase, called auto a (3). Protease Mi and Pi 

are periplasmic enzymes, whi le all others are localized to cytoplasm (4) and 

therefore may play a role in the hydrolys is of intracel lu lar proteins. However,  
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physiological  func t ions  have been established for only one of these proteases 

thus far. Protease La, an ATP-dependent enzyme encoded by the ion gene, 

catalyzes the degradation of abnormal proteins and of certain regulatory 

polypept ides (5,6). This protease is also known as one of the 17 heat shock 

proteins that  are under control  of the htpR regulon (7,8). In addit ion, protease 

So has been impl icated to play an important  role in the hydrolys is  of ox idat ive ly  

damaged proteins (9,10). However,  other proteases must also be involved in 

the select ive breakdown of abnormal as well  as normal cell proteins. 

Protease Do is a mult imer ic enzyme wi th  an unusual high molecular weight  

(11). This enzyme has recent ly been shown to d is t inc t ive ly  cleave the puri f ied 

Ada protein and therefore suggested to play a role in the regulat ion of the 

adapt ive response to alkylat ing agents (12,13).  As an at tempt  to elucidate the 

physiological  funct ion(s)  of protease Do, we cloned the gene encoding the 

protease, referred to as the ptd gene, and isolated a mutant  lacking the enzyme 

ac t iv i ty  by disrupt ing the chromosomal ptd gene wi th  the kan gene. The present 

studies demonstrated that the gene disrupt ion results in the decrease in the 

overall  rate of intracel lu lar proteolysis and the loss of the cel l 's v iab i l i ty  at high 

temperatures. 

MATERIALS AND METHODS 

Mater ia ls :  Protease Do was puri f ied as described prev ious ly  (11). 

Ant i -protease Do antiserum was obtained by inject ing the puri f ied enzyme to 

albino rabbits. A genomic l ibrary of E. co l i  DNA in l g t11  was purchased from 

Clontech. E. co l i  strains used were DH1 and JC7623 (recBC, sbcB). 

Plaque Screening: The DNA clones producing protease Do were obtained by 

immuno-screening of a E. co l i  genomic DNA l ibrary in l g t 1 1 .  Screening of the 

l ibrary was carried out using anti-protease Do antiserum as described by Young 

and Davis (14). Preparation of phage DNA and other DNA manipulat ions were 

done by fo l low ing  the standard procedures (15). 

Cloning and Disrup t ion  of the ptd Gene: The 7 Kb insert DNA carrying the 

ptd gene in one of the posi t ive phage clones was l igated into the EcoRI site of 

Bluscript KS*. The SacI-EcoRV DNA fragment w i th in  the mul t ic lon ing site of the 

plasmid was el iminated. The insert DNA was then tr immed to 2.2 Kb w i th  Clal 

and Kpnl and l igated into the respective sites of the same plasmid. The 1.2 Kb 
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Haell f ragment contain ing the kan gene was isolated from pMK16 plasmid (16), 

and inserted into the Sacl site in the recombinant plasmid by blunt-end l igai ion.  

The 3.5 Kb PvulI-Kpnl f ragment,  in wh ich the ptd gene is interrupted by the kan 

gene, was isolated and used in the l inear t ransformat ion exper iment for 

homologous recombinat ion w i th  the chromosomal ptd gene (17). 

Immunoblot  Analysis:  Extracts were prepared from E. co l i  that  had been 

grown in Luria broth (LB) unt i l  to A600 of 0.5. Af ter  the electrophoresis of the 

extracts in 10% polyacrylamide gels containing SDS (18), proteins in the gels 

were transferred to ni t rocel lu lose membranes. The membranes were incubated 

wi th  ant i-protease Do antiserum and then wi th  ant i - rabbi t  IgG conjugated w i th  

alkaline phosphatase. Protein bands were visual ized by the phosphatase 

reaction (19). 

Measurement of Proteolysis: E. c o l i  grown in M9 minimal media unt i l  to 

A600 of 0.5 were incubated wi th  1 /zCi of [35S]methionine for 5 min. The cells 

were washed tw ice  and resuspended in the same media but contain ing 0.2 

mg/ml of nonradioact ive methionine. The hydrolys is of cell proteins was then 

estimated by fo l low ing  the appearance of rad ioact iv i ty  soluble in 10% 

t r ich loroacet ic  acid. 

RESULTS AND DISCUSSION 

To isolate DNAs encoding protease Do, we screened a E. co l i  genomic DNA 

l ibrary in tg t11 and obtained 5 posi t ive clones. The 7 Kb DNA fragment from 

one of the clones was inserted into EcoRI site of a Bluescript plasmid and 

fur ther  tr immed to 2.2 Kb. E. co l i  DH1 cells t ransformed w i th  the recombinant 

plasmid were capable of overproducing protease Do as examined by immunoblot  

analysis using ant i-protease Do ant ibody (Fig. 1). Thus, it appears that  the 2.2 

Kb DNA contains a ful l  length DNA sequence for  the expression of the ptd gene. 

To obtain mutants that  lack the ac t iv i ty  of protease Do, we carried out the 

disrupt ion of the chromosomal ptd gene. The 2.2 Kb DNA was cut w i th  Sacl 

and l igated wi th  the kan gene. The 3.5 Kb PvutI-Kpnl f ragment carrying the kan 

insert was then transformed to E. co l i  JC7623 for homologous recombinat ion 

wi th  the ptd gene in chromosome. The transformed cells lacked the band 

corresponding to protease Do as examined by immunoblot  analysis (Fig. 1). 

Furthermore, no caseinolyt ic  ac t iv i ty  was evident in the f ract ions where 

protease Do normal ly eluted upon the chromatography of the cells' ext ract  on a 

hydroxy lapat i te  column (11; Fig. 2). To ascertain the lack of the protease 
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Fig. 1. Immunoblot  Analysis o f  Protease Do in E. co l i  Cells. The cell extracts 

were electrophoresed and stained wi th  Coomassie R250 (A) or immunob lo t ted  

using ant i -protease Do antiserum (B). Lane a, 2 #g of the puri f ied protease Do; 

b, JC7623;  c, DH1 carrying the ptd gene in a mul t icopy Bluescript plasmid; d, 

JC7623 ptd mutant .  The arrows indicate where protease Do migrated. 

Fig. 2. Elut ion Profiles of Protease Do from a Hydroxy lapat i te  Column. Extracts 

(40 mg) were prepared from JC7623 (©) and its ptd mutant  (O) and loaded 

onto the columns (1 x 6.5 cm) equi l ibrated wi th  50 mM KHzPO4/KzHP04 (pH 

7.4). Af ter  washing the column, proteins were eluted wi th  a l inear gradient of 

50 -500  mM phosphate.  Every second fract ions were assayed for casein 

hydrolysis as described (1,11). The arrow indicates where protease Do elutes. 

a c t i v i t y  is i ndeed  due t o  the  gene  d i s r u p t i o n ,  the  Ps t l - d iges ts  of  E. c o l i  

c h r o m o s o m a l  DNA w e r e  s u b j e c t e d  to  S o u t h e r n  b lo t  ana l ys i s  (20) .  As s h o w n  in 

Fig. 3, t h e  0 . 6  Kb Ps t I -EcoRV f r a g m e n t  o f  t he  ptd gene h y b r i d i z e d  w i t h  a s ing le  

spec ies  o f  c h r o m o s o m a l  DNA f r a g m e n t s  f r om  bo th  t he  w i l d  t y p e  and m u t a n t  

cel ls .  On t he  o t h e r  hand ,  t he  0 . 5  Kb H i n d l l I - X h o l  f r a g m e n t  o f  t h e  /{an DNA 

h y b r i d i z e d  on l y  w i t h  t h a t  f r om  the  d i s r u p t e d  m u t a n t .  In a d d i t i o n ,  t he  size 

d i f f e r e n c e  b e t w e e n  t he  f r a g m e n t s  c o i n c i d e d  w i t h  t he  size of  t he  i nse r ted  kan 

a b c d 

2.6 Kb 

1.4 Kb 

Fig. 3. Southern Blot Analysis of Pstl-digests of E. c o l i  Chromosomal DNA. 

Chromosomal DNAs were obta ined from JC7623 (a and c) and its ptd mutant  (b 

and d), and digested wi th  Pstl. The digests were t ransferred onto ni t rocel lu lose 

membranes and hybridized wi th the 0.6 Kb f ragment  of the ptd gene (a and b) 

or the 0.5 Kb /(an probe (c and d). 
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M e a s u r e m e n t  of  G r o w t h  Rate  and Overa l l  Rate  of  P r o t e o l y s i s  in E. co l i  

The g r o w t h  ra tes  (A)  and the  overa l l  rate  o f  p r o t e o l y s i s  (B) in J C 7 6 2 3  

The assays  w e r e  p e r f o r m e d  

DNA (1.2 Kb). These results indicate that the disruption of the chromosomal 

ptd gene is responsible for the loss of the protease activity. 

To examine if the mutation induces any phenotypical change, we compared 

the growth rate and the overall rate of proteolysis in the mutant to those of its 

wild type cells. The growth rates of both cells were nearly identical although 

the mutant required a longer lag period (Fig. 4A).  However,  the breakdown of 

cell protein in the mutant occurred at a half-rate of that in its wild type (Fig. 

4B). Thus, it appears that protease Do may play a role in the intracellular 

hydrolysis of normal proteins. As a preliminary experiment to investigate the 

role of this enzyme in the hydrolysis of denatured proteins, which may rise 

under heat shock, we examined the ability of the mutant in growing at high 

tempertures. As shown in Fig. 5, the cell density rapidly fell after shifting the 
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Fifl. 5. Viability of E. co l i  Cells at High Temperature.  E. colJ. JC7623 (O) and 

its ptd mutant ( 0 )  grown at 37°C were shifted to 45°C and further incubated for 

the indicated periods. The same aliquots of the cells were then plated on LB 

plates and incubated overnight at 37°C, and the number of colonies developed 

were counted. The cell number obtained without the temperature shift was 

expressed as 1 0 0 %  viability. 
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culture temperature from 37°C to 45°C unlike to that of its wild type. These 

results suggest that protease Do is essential for the cell's survival at high 

temperatures. 

In a number of aspect, protease Do (11,13) appears to be identical to the 

product of the htrJ] gene (21,22), also called degP (23,24). [1] Both are 

endoproteases that use casein as substrates; [2] Both are sensitive to inhibition 

by serine active site-directed agents including diisopropyl fluorophosphate; [3] 

Both consist of subunits with similar sizes; [4] Both are processed to smaller 

polypeptides with similar sizes; [5] The mutations in the genes encoding the 

respective proteins result in the loss of the cells' viabil i ty at high temperatures; 

[6] Both are heat shock proteins. The protein level of protease Do increased 

about 2-fold upon shifting the culture temperature from 37°C to 45°C 

(unpublished observations). Perhaps only the striking difference so far been 

found is their subcellular Iocalizations. The htrA gene product has been shown 

to localize primarily to the periplasmic space or inner membrane (24). On the 

other hand, protease Do has been reported to be a cytosolic enzyme (4,11). 

Determination of the DNA sequence of the ptd gene encoding protease Do 

should help in the clarification of these discrepant results and the identity of 

this enzyme with the htrA gene product, and is under vigorous investigation. 
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