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Two novel chimeric pneumococcal cell  wall  lytic  en- 
zymes, named  LC7 and CL7, have been constructed by 
in  vitro recombination  of the ly tA gene encoding the 
major autolysin (LYTA amidase) of Streptococcus 
pneumoniae, a choline-dependent enzyme, and the cp17 
gene encoding the CPL7 lysozyme of phage Cp-7, a 
choline-independent enzyme. In remarkable contrast 
with previous chimeric constructions, we fused here 
two genes that lack nucleotide homology. The CL7 
enzyme, which contains the N-terminal domain  of 
CPL7  and the C-terminal domain  of  LYTA, exhibited 
a choline-dependent lysozyme activity. This experi- 
mental rearrangement of domains might  mimic the 
process that have generated the choline-dependent 
CPLl lysozyme of phage Cp-1 during evolution, pro- 
viding additional support to the modular theory of 
protein evolution. The LC7 enzyme, built up by fusion 
of the N-terminal domain  of  LYTA  and the C-terminal 
domain  of CPL7, exhibited an amidase activity capable 
of degrading ethanolamine-containing cell  walls. The 
chimeric amidase behaved as an autolytic enzyme 
when it  was cloned and expressed in S. pneumoniae. 
The chimeric enzymes provided new insights on the 
mechanisms involved in regulation of the host pneu- 
mococcal autolysins and on the participation of these 
enzymes in the process of cell separation. Furthermore, 
our experimental approach confirmed the basic role of 
the C-terminal domains in substrate recognition and 
revealed the influence of these domains  on the optimal 
pH for catalytic activity. 

Peptidoglycan hydrolases represent one of the enzyme fam- 
ilies most widely distributed in nature. Members of this family 
have been described from bacteriophages to man. Included in 
this family are the lysozymes, one of the best known group of 
enzymes at biochemical, structural,  and evolutionary levels 
( l ) ,  and bacterial autolysins, enzymes which have been pos- 
tulated to participate in important physiological functions (2). 
The LYTA amidase, the major autolysin of Streptococcus 
pneurnoniae is probably the best characterized autolysin de- 
scribed so far (3,4). Pneumococcus was considered until very 
recently ( 5 ,  6) the unique known microorganism containing 
choline in the teichoic and lipoteichoic acids of its cellular 
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envelope. Although the presence of choline or choline ana- 
logues, such as ethanolamine, is an essential requirement for 
the growth of this species (7),  the only relationship described 
so far, in procaryotic cells, between choline and an enzymatic 
system is the choline dependence for activity of the cell  wall 
lytic enzymes of pneumococcus and most of its bacteriophages 
(8-11). The LYTA amidase is synthesized as  a low active 
form (E-enzyme) that is “converted” to  an active form (C- 
enzyme) in the presence of choline-containing cell  walls or of 
2% free choline (12,  13). The enzyme efficiently hydrolyzes 
cell walls containing choline but very  poorly  cell  walls of 
pneumococcus which have been grown in a defined medium 
(Cden-EA) containing ethanolamine  instead of choline (EA- 
cells). In  this medium pneumococcal cells grow forming very 
long chains, the autolysis is inhibited,  and pneumococcus 
becomes tolerant to  the action of 0-lactam antibiotics (14, 
15). The gene lytA, encoding the pneumococcal LYTA ami- 
dase, has been cloned and sequenced (16), providing valuable 
information about  its implication in the process of daughter 
cell separation (17) as well as on other  important physiological 
and pathological phenomena (18). The cloning of this gene 
has also facilitated the isolation of the genes encoding the cell 
wall lytic enzymes of several pneumococcal bacteriophages 
taking advantage of their sequence homologies (10, 11, 19- 
21). The sequence comparison of the host and phage genes 
revealed that  the pneumococcal cell  wall lytic enzymes could 
be the result of the fusion of two independent functional 
domains, one containing the active center  (N-terminal do- 
main)  and the other being responsible for the recognition of 
the teichoic acids of the cell  wall (C-terminal domain) (19- 
21). This hypothesis was based on the observation that  the 
host LYTA and phage HBL amidases and the phage CPLl 
and  CPL9 lysozymes,  which depend on the presence of choline 
in the teichoic acids for activity, have  homologous C-terminal 
domains. However, the phage CPL7 lysozyme that has lost 
this dependence, contains  a completely different C-terminal 
domain (20). On the other  hand, the N-terminal domains of 
the CPL1, CPL9, and  CPL7 lysozymes are homologous, but 
they do not show  homology when compared with the  N- 
terminal domains of the LYTA and HBL amidases. 

Current theories about gene and  protein evolution accept 
the concept of modularization, which assumes that novel 
genes or proteins evolve not by means of successive single 
nucleotide or amino acid replacements but  rather by the 
assembly of preexisting DNA sequences encoding polypeptide 
units. The size of the fundamental  unit (module) is the major 
difference between the various forms of the modular theory. 
Botstein (22) first proposed, that phage genomes  were built 
by  modules consisting of gene clusters that fulfill specific 
functions. Several authors  support the idea that proteins have 
evolved by interchange of domains whereas others suggest 
that peptides, encoded by short DNA sequences, are the 
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primordial building blocks of proteins (23). The  main evi- 
dences  supporting  the  modular  theory of evolution  come 
mainly from comparative  studies of protein  sequences  since 
very few experimental  approaches  have  been  undertaken  to 
test  this  theory (24, 25). We  have  recently  demonstrated  the 
feasibility of constructing chimeric proteins between  two 
pneumococcal cell wall lytic  enzymes on  the  basis of their 
sequence similarities (26). Nevertheless,  a  general acceptance 
of our  observations  on  modular  organization of these enzymes 
still required the  construction of novel chimeric  proteins 
between  enzymes that  do  not  share  any sequence similarity. 
This  prompted  us  to  test  whether  the fusion of the  N-terminal 
domain of the  choline-dependent LYTA amidase with the C- 
terminal  domain of the  choline-independent  CPL7 lysozyme, 
or vice versa,  could generate new chimeric  enzymes, one 
showing an  amidase  activity  that  should become independent 
of the presence of choline, i.e. able  to degrade either  choline- 
or ethanolamine-containing pneumococcal  cell walls, and  the 
other with  a choline-dependent lysozyme activity. 

In  this  paper, we report  the  construction of active chimeric 
enzymes by in uitro recombination of two  non-homologous 
genes and  the cloning and expression of one of these chimeric 
genes  in S. pneumoniae. The availability of chimeric  genes 
can provide experimental evidences in favor of the  modular 
theory of evolution and  also becomes a fundamental  tool for 
studying  the biochemical and physiological properties of en- 
zymes. 

MATERIALS AND  METHODS 

Bacterial Strains,  Phages, Plasmids, and Growth Conditions-Esch- 
erichia coli strains used were: HBlOl  (F-hsdS20(r~- me-) recA13 aral4 
proA2  leuB lacy1  galK2 rpsL20 xy15 mtll  supE44) (27), DH1 (F- 
recAI endAI gyrAI thiI hsdR17(r~- mK-) supE44) (271, GM119 
(F dcm6 dam3  metBI gam2  gam22 lacy1  thiI  supE44 tsx78) (28), 
C600 (F- thiI leuB6 thrI  lacy6  tonA2l  supE44) (27) and  TGI (A(1ac- 
pro)  supE  thi  hdD5/F'  traD36proA+B' 1acFlacZ AM15) (Amersham 
Corp.).  The  latter was used as a host for phages M13tg130 (Amersham 
Corp.)  and  Ml3mplO  (29). S. pneumoniae  strains used  were wild- 
type  R6 (Rockefeller University)  and  M31 (AlytA)  (17). Plasmids 
used were pBR322 (Ap' Tc') (30), pBR325 (Ap' Tc' CmR)  (31), 
pCP70 (cp17  Ap'  Cm') (20),  pGL80 (lytA  ApR Cm') (16),  pINIII(lppP- 
fi)-AS (Ap') (32), pGLlOO (lytA ApR)  (33),  pED2 (lytA TcR)  (34),  and 
pCP700 (cpl7Ap') (this  laboratory).  PlasmidpCP700 was a  derivative 
plasmid of pINIII(lppP-5)-A3  containing  the cp17 gene. Plasmid  pED2 
was constructed by inserting  the 2.3-kilobase Sau3AI  fragment of 
plasmid pGL65 (lytA ApR)  (36)  into  the  HindIII  site of plasmid pLSI 
(TcH) (35),  and  the  HindIII-digested  plasmid  and  the  Sau3AI-frag- 
ment  blunt  ended  with  the Klenow fragment of E. coli DNA  polym- 
erase I. E. coli C600 cells were used as  host for pLSI  and  derivative 
plasmids  (35).  Phage M13tg130-cpl7 containing  the cp17 gene was 
prepared by subcloning the 2.5-kilobase BamHI-BclI  fragment of 
pCP70  into  the  BamHI  site of the replicative  form of phage M13tg130. 
Phage M13mplO-lytA containing  the lytA gene was constructed by 
subcloning the 1.2-kilobase HindIII  fragment of pGL80  in  the  HindIII 
site of the replicative  form of phage M13mplO. E. coli was grown in 
LB medium a t  37 "C with  shaking  and S. pneumoniae  in C  medium 
(37)  supplemented with yeast  extract (0.8 mg/ml, Difco Laboratories) 
(C+Y medium) or Cden-EA medium (8) a t  37 "C without  shaking. 
Growth of S. pneumoniae was monitored  with a  Coleman  nephelom- 
eter. 

Plasmid Isolation and Transformation-Plasmid  DNA was pre- 
pared by the  rapid  alkaline  method (27). Transformation of E. coli 
was carried  out using the RbCl method  (27).  Transformation of 
competent cells of S. pneumoniae was performed according to a 
procedure  previously  described (37). 

Oligvnucleotide Site-directed Mutagenesis-Mutagenesis was per- 
formed using the mutagenesis  system of Amersham  International 
according to  the procedure  recommended by the  supplier, using 
oligonucleotide primers  synthesized  in a Pharmacia  LKB  Gene As- 
sembler  Plus DNA synthesizer. 

U N A  Sequence Analysis-DNA sequencing was carried  out by the 
dideoxy chain  termination  method  (38) using the  Sequenase  kit from 
United  States Biochemicals. 

Purification of Enzymes-The CL7 lysozyme was purified  from 
extracts of E. coli HBlOl(pCL7)  (see below) by affinity  chromatog- 
raphy using the  single-step procedure  described  elsewhere (39).  The 
LC7 amidase was obtained from extracts of E. coli DHl(pLC7)  (this 
work) grown in  the  presence of 2% lactose, and purified by ammonium 
sulfate  fractionation (25-50%) and gel filtration on  a  column of Bio- 
Gel P-60. The  apparent M ,  of the enzymes were determined by SDS'- 
polyacrylamide gel electrophoresis according to Laemmli (40). 

Assay for Cell Wall Lytic Actiuity-Assays for cell wall lytic  activity 
were carried  out according to  the  standard  conditions described  before 
(3), using as  substrate  ethanolamine-containing cell walls labeled 
with ['Hllysine or choline-containing cell walls  labeled with [methyl- 
"Hlcholine or ["H]lysine. To  test pneumococcal extracts, 0.1% Brij 
was added  to  the  standard  assay buffer  (13). One  unit of lytic  activity 
was  defined as  the  amount of enzyme that catalyzed the hydrolysis 
(solubilization) of 1 fig of cell wall material  in 10 min  (3). Assays for 
enzymatic "conversion" (activation) by choline of the low active form 
of the lytic  enzymes were performed  as previously  described (3, 13) 
using  crude  extracts  prepared from E. coli transformants.  The use of 
crude  extracts was required  to avoid the "conversion" of the enzymes 
by choline during  the  purification process by affinity chromatography 
(13, 39). 

Characterization of Cell  Wall Lytic Actiuity-The type of enzymatic 
activity (lysozyme or amidase) was determined by the  analysis of the 
degradation  products  resulting from the hydrolysis of choline-con- 
taining cell walls labeled with [methyl-'H]choline or ['Hllysine, on  a 
Sephadex  G-75 column (10, 41). 

Immunoblot  Analyses-Immunoblots were carried  out using anti- 
pneumococcal amidase  serum according to  the procedure  described 
before (21).  Extracts were electrophoresed on SDS-polyacrylamide 
gels and  transferred  to nitrocellulose membranes (Schleicher & 
Schuell).  After  incubation  with  the  primary  antiamidase  serum,  the 
blots were incubated  with a  peroxidase-conjugated Affini-Pure goat 
anti-rabbit  serum  (Jackson  Immunoresearch),  and  the prot,ein bands 
were visualized using 4-chloro-1-naphthol  (Sigma). 

Deoxycholate-induced Lysis of Pneumococcal Cells-Susceptibility 
of the  bacteria  to sodium  deoxycholate was tested  as previously 
described (7).  In  short,  1-ml  portions of the  culture in exponential 
phase of growth were pipetted  into  test  tubes  containing 0.1 ml of 1 
M sodium phosphate buffer, pH 8.0. After the  initial light scattering 
value of the  suspension was recorded,  0.1 ml of a 10% sodium 
deoxycholate solution was added,  the  suspension was incubated at  
37 "C for 5 min,  and  the light scattering of the  treated suspension 
was  recorded again. 

RESULTS 

Construction Gf the Chimeric LC7 Amidase and CL7 Lyso- 
zyme-The recent  establishment of the  amino acid  sequences 
of several phage lysozymes has  furnished  additional evidence 
for a  modular organization of the lytic  enzymes of S. pneu- 
moniae and  its  bacteriophages which has allowed us to pos- 
tulate  that  the  junction zone  between the  N-  and  C-terminal 
modules was localized around position 200 in  the  amino acid 
sequences of the phage lysozymes and  around position 176 in 
the  amino acid  sequence of the  host  amidase (19, 20). To 
carry  out  the fusion of the  N- or C-terminal  domains of the 
LYTA amidase with the corresponding  C- or N-terminal 
domains of the  CPL7 lysozyme, we created, by site-directed 
mutagenesis,  a PstI  restriction  site  within  the sequence  pos- 
tulated  to  represent  the  junction region between the N- and 
C-terminal modules of the lytA and cp17 genes (Fig 1). The 
insertion of the new PstI  restriction  site  changes  Trp-178 of 
the  LYTA  amidase  to Leu-178, and  the Lys-203 of the  CPL7 
lysozyme to Gln-203. These  changes  did  not  bring  about  any 
critical  alterations  in  the  mutant enzymes as judged by the 
fact  that  their  catalytic  activities  remained unaltered.' The 
chimeric lc7 and c17 genes were constructed following the 
procedure  depicted in Fig. 1. Competent cells of E. coli HBlOl 
were transformed with the  resulting plasmids,  pLC7 contain- 
ing  the gene lc7 encoding the chimeric  LC7  enzyme, or pCL7 

' The abbreviation used is: SDS, sodium dodecyl sulfate. 
' E. Diaz, unpublished  data. 
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(aa.178) 
I 

M 13 mp IO-lytA 

5'OAAACAGGCTGGCAGAAGAATGAC 3' 5'"Lw11&3' (-8.7Kb) 
E T G W Q K N D  EP H E H  

- Iy tA '  

FIG. 1. Construction of plasmids 
pLC7 and pCL7. Plasmids  are  drawn 
in circles with  the  relevant  elements  and 
restriction  sites indicated. Light Line, 
vector  plasmid; wauy  line, M13 DNA; 
white  box,  lytA gene; black box, cpl7 gene. 
Arrows indicate the  direction of tran- 
scription of the genes. Abbreviations: A ,  
Accl; B, BamHI; C, Clal; E ,  EcoRI; H ,  
NindIII; P, Pstl; Ap,  ampicillin; Cm, 
chloramphenicol; Tc,  tetracycline; (p), 
partial digestion; R, resistance; S, sensi- 
tivity. The nucleotide and derived amino 
acid  sequences of the LytA and cpL7 genes 
surrounding  the new created PstI site 
are indicated.  Amino  acids are  shown  in 
one-letter  code. The position correspond- 
ing  to  the  amino acid changed by muta- 
genesis (boldface  letter) is  indicated  in 
parentheses over the wild-type  se- 
quences of the respective genes. Acpl7* 
represents  the region encoding the N- 
terminal  part of the  mutant  CPL7 lyso- 
zyme. The  constructions were checked 
by restriction analysis. 

Site directed 
mutagenesis I 3' CTTTGTCCGQACGTCTTCTTACTG 5' 

oligonucleotide 

E T G L Q K N D  EP H  P E H  
5'GAAACAGGC,CTGCAG,AAGAATGAC 3' 5 ' 4  J-.W 3' 

Prt I - lytA* [ P s t I r  

PstI/Accl 

(-4.3 Kb) 
EcoRI/Pst I 

EHB A 
5'GAAAACACT,CTGCAGlAGCCTTACC3' 

AP E N T   L O  S L T  

CPI r [PW 11 - PSt I 

3' C T T T T G T G A G A C Q T ~ T C G G A A T G G  5' Site directed I oligonucleotide mutogemsir (aa.203) 

E HB A ' AP I 
("9.8 Kb) 5 ' " J V 3 '  5'OAAAACACTCTAAAAAGCCTTACC 3' 

E N  T L K S L T  

cpl 7 

M13tp130-cp17 

- 

containing  the gene c17 encoding the chimeric  CL7  enzyme, 
and  the cell extracts  prepared  from  the  transformed  strains 
were tested for the  presence of a  pneumococcal cell wall lytic 
activity. Table I  shows that  the  extracts  obtained from E. coli 
harboring  either  pLC7 or pCL7  had a lytic activity  on  pneu- 
mococcal cell walls. Interestingly,  the cell extract  containing 
the chimeric LC7 enzyme  was able  to degrade  cell walls 
containing  ethanolamine  in  the teichoic  acids, whereas  the 
extract  containing  the CL7 activity could  only  efficiently 
degrade choline-containing cell walls. In  addition,  the LC7 
enzyme  did not require the process of conversion to achieve 
full  enzymatic activity,  an absolute requirement for the  host 
LYTA  amidase (3, 8), whereas the  CL7 enzyme did require 
conversion by choline (Table  I).  To  determine  whether  the 
chimeric  enzymes had lysozyme or amidase  activity, we ana- 
lyzed the  fragments  resulting from the digestion of the  pneu- 
mococcal cell wall with the chimeric  enzymes by chromatog- 
raphy  on  Sephadex G-75 (Fig. 2).  The  resulting  patterns 
indicated  that  the chimeric  CL7  enzyme acted  as a lysozyme 
(Fig. 2 A )  whereas the LC7 enzyme functioned  as  an  amidase 

(Fig. 2B).  From  these  results,  it could be concluded that we 
had  constructed two novel active  enzymes that  exhibited  the 
predicted hybrid properties. 

Purification of the Chimeric Enzymes-To further  charact- 
erize the chimeric  enzymes and  evaluate  their specific activi- 
ties, we carried  out  the  purification of bothqroteins.  Taking 
advantage of the choline  dependence of the CL7  enzyme, we 
purified the  protein  in a  single step using  DEAE-cellulose 
(39).  On  the  other  hand,  the LC7 enzyme was overproduced 
in E. coli DHl(plC7)  under  the  control of the lpp5-lac promoter 
(32)  (Fig. 3) and purified as  indicated above (see "Materials 
and  Methods").  The purified  enzymes were examined 
for  homogeneity by SDS-polyacrylamide gel electrophoresis 
(Fig. 4). A  single band with an  apparent M ,  of about 32,000 
( M ,  predicted  from  the sequence 35,467) was found for the 
LC7 amidase,  whereas  the  CL7 lysozyme showed a band with 
an  apparent M ,  of about 40,000 ( M ,  predicted  from the 
sequence  39,322).  Although the mobility of the LC7 amidase 
was slightly different from that  predicted from the deduced 
amino acid  sequence of the chimeric  gene, small discrepancies 
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TABLE 1 
Degradation of pneumococcal cell walls by extracts  prepared  from 

different  recombinant E. coli strains 
Cells were recovered by centrifugation  and  resuspended  in 50 mM 

Tris-maleate buffer, pH 6.5 (1:17 culture volume). Lysates were 
obtained by sonication. Cells  were harvested  in  the  stationary  phase 
and  sonicated. Values are  the  mean of two  independent  experiments. 

Activity" 

Strains C-CWh 
EA-cwh 

Unconverted Converted 

HBlOl  (pGL80) 292 2,892 <lo 
HBlOl  (pCP70) 556 608 1,164 
HBlOl  (pCL7) 271 1,016 <IO 
HBlOl  (pLC7) 470 438 9,855 

from HBlOl  (pGL80) (0.2 pl ) ,  HBlOl  (pCP70) (33 pl) ,  HBlOl  (pCL7) 
"Assays were carried  out  using  the  supernatants of the  extracts 

(0.2 pl), and  HBlOl  (pLC7) (33 p l ) .  Activity is  expressed  in  cpm 
solubilized in  10  min a t  37 "C. 

C-cw, [methyl-:'H]choline-labeled choline-containing cell walls; 
EA-cw,  ["Hllysine-labeled ethanolamine-containing cell walls. 

' Conversion  was carried  out  in  the  presence of 2%  of choline as 
previously  described (3, 13). 

BC 

Hindm/BomHI  HindIII/BclI 

Ligase 

B 

FIG. 3. Construction of plasmid  pPLC7. Plasmids  are  drawn 
in circles with  the  relevant  elements  and  restriction  sites  indicated. 
Light  line, vector plasmid; white-black  box, lc7 gene built  up by the 
fusion of sequence  encoding  the  N-terminal region of LYTA  amidase 
(white  box) and  the  sequence  encoding  the  C-terminal region of the 
CPL7 lysozyme (black  box).  Arrows indicate  the  direction of transcrip- 
tion of the genes. Abbreviations: B, RamHl; Bc, RclI; E, EcoRl; H ,  
HindIII; P, PstI; Ap,  ampicillin; Cm, chloramphenicol; Tc, tetracy- 
cline; R, resistance; S,  sensitivity; l ad ,  lactose repressor gene. Heavy 
arrows correspond to modified lipoprotein  promoter (lpp"-5) and 
lactose  promoter-operator (lac'"'). Plasmid  pLC7  was  prepared from 
E. coli GMIlS(pLC7). 

I 2 3 4 5  

92.5  - 

66.2 - 

FRACTION  NUMBER 

FIG. 2. Hydrolysis of pneumococcal  cell walls by the  LC7 
amidase  and  CL7 lysozyme. Samples of [methyl-3H]choline (0) 
or ["Hllysine (0) labeled choline-containing cell walls  were incubated 
at 37 "C for 18 h  with the  CL7 lysozyme (panel A )  or the  LC7  amidase 
(panel R ) .  After centrifugation (12,000 X g, 15 min)  the  supernatant 
was applied  on  a Sephadex G-75 column (1.5 X 50 cm).  Samples of 
0.4 ml  of each fraction (1.6 ml) were assayed for radioactivity. VO, 
void volume. 

between the  current M, and  those  calculated by SDS-poly- 
acrylamide gel electrophoresis  also  have  been observed for 
many  other  proteins (26). Some  properties of the  purified 
enzymes  are  reported in Table 11. Since  the  CL7 lysozyme 
and  the  LYTA  amidase  presented a  very low activity  on 
ethanolamine-containing cell walls when  compared  to  that 
found  on  choline-containing cell walls, they  must be consid- 
ered as choline-dependent enzymes. On  the  contrary,  the  LC7 
amidase  and  the  CPL7 lysozyme can be  classified as choline- 
independent enzymes. As expected,  only  the  choline-depend- 
ent enzymes, the LYTA amidase  and  CL7 lysozyme, were 
completely inhibited by choline  (Table 11). The small  inhibi- 

43.0 - 

31 .O - 

21.5- 

FIG. 4. SDS-polyacrylamide gel electrophoresis  analysis of 
the  chimeric  and  parental  lytic enzymes. Lane I, protein  stand- 
ards; lane 2, LYTA  amidase from E. coli DHl(pGL100); lane 3, LC7 
amidase  from E. coli DHl(pPLC7); lane 4, CL7 lysozyme from E. coli 
HBlOl(pCL7); lane 5, CPL7 lysozyme  from E. coli DHl(pCP700). 1 
pg of each  enzyme was electrophoresed on  a 10% SDS-polyacrylamide 
gel. Protein  standards  (Bio-Rad) were phosphorylase b, bovine serum 
albumin,  ovalbumin,  carbonic  anhydrase  and  soybean  trypsin  inhib- 
itor. The molecular mass of the  markers  on  the left are  in kilodaltons. 
Proteins were  visualized  with  Coomassie  Blue. 

tory effect caused by choline  on  the  LC7  amidase (5%) and 
the  CPL7 lysozyme (15%) can be due  to a saline effect since 
an  equivalent  concentration of NaCl produced the  same  in- 
hibitory effect.' Remarkably,  the  enzymatic  activities of the 
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TABLE I1 
Biochemical  properties of  the  purified cell wall lytic  enzymes 

Property 
Enzyme 

LYTA LC1  CPLI  CL7 

Type of activity Amidase  Amidase Lysozyme Lysozyme 
Activity  on C-cw" 560 15 86 378 
Activity on EA-cw" 1 65 74 2 
Choline inhibition ( % ) b  100 5 15 100 

a Activity on choline-containing cell walls (C-cw) or ethanolamine- 
containing cell walls (EA-cw) was expressed  in  unit/pg of protein. 
["HILysine-labeled choline- or ethanolamine-containing cell walls 
were  used as  substrates. Assays were carried  out  in 50 mM Tris- 
maleate buffer, pH 6.5. 

To determine  the  inhibitory effect of choline, 1% of choline was 
added  to  the  standard assay,  which  was performed using choline- 
containing cell walls as  substrate.  100% of inhibition  means that 
residual  activity was under  the  limit of detection. 

I O 0  

75 
> 
L 
L 
t- 50 
a 
z 
0 

25 

LYTA LC7 CPL7 CL7 

ENZYME 

FIG. 5 .  Influence of pH on the activity of the chimeric and 
parental lytic enzymes. The purified enzymes were assayed on 
choline-containing cell walls as described (3) using different buffers: 
50 mM sodium acetate, pH 4.5 (black  bars), 50 mM sodium  phosphate, 
pH 6.5 (white  bars) or 50 mM sodium phosphate pH 8.0 (dashed  bars). 
100% of activity represents  the  activity  at  the  optimal  pH. 

parental  and chimeric  enzymes showed different  responses  to 
the  pH (Fig. 5 ) .  The enzymes CPL7  and LC7 were more active 
when  assayed at   pH 4.5 than  at 6.5,  whereas the enzymes 
LYTA  and CL7 showed the  highest  activity  at  pH 6.5.  Since 
the enzymatic activities  reported  in  Table I1 have been  deter- 
mined at  the  optimal  pH for the  parental pneumococcal 
amidase,  the  results shown in Fig. 5 must  be considered in 
order  to calculate the  optimal  activities for the LC7 amidase 
and  the  CPL7 lysozyme. 

Biological Activity of the Chimeric  Enzymes-The purified 
LC7 amidase  and CL7 lysozyme were tested for their  ability 
to  lyse a culture of S. pneumoniae M31, an amidase-deficient 
strain  (36).  It  has been well established  that  this  strain  can 
be "cured" by addition of LYTA amidase  to  the  culture 
medium (26), provided that  the  incubation  is  carried  out  at 
37 "C  to  inhibit  the  activity of the  host glucosaminidase  (42). 
Fig. 6  shows that 200 units of either  CL7 or LC7  enzymes/ml 
were sufficient to completely lyse a culture of M31. These 
results  indicated  that  the chimeric  enzymes were also  capable 
of degrading  pneumococcal cell walls in  uiuo. 

Cloning of the  LC7  Amidase  in S. pneumoniae-To analyze 
the physiological response of S. pneumoniae to  the expression 
of the chimeric LC7 amidase, we cloned the lc7 gene in S. 
pneumoniae M31  and R6. Expression of the chimeric lc7 gene 
in S. pneumoniae required the use of plasmids  that replicate 
in  this  bacterium.  This was  achieved by replacing the  struc- 
tural  part of the lytA gene contained  in  pED2  (34), a  derivative 
of plasmid pLSI (35 ) ,  with  the lc7 gene of plasmid pLC7  (Fig. 
7). The resulting recombinant plasmid pNLC7  should allow 
the expression of the chimeric gene under  the  control of the 
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FIG. 6. Lytic effect of the LC7 amidase and  CL7 lysozyme 
on S. pneumoniae M31. Cultures of S. pneumoniae M31 were 
grown at  37 "C  in chemically  defined  medium containing choline. To 
a cell concentration of 7.5 X lo7 CFU/ml (zero time),  the  culture 
received 200 units/ml of LC7 (0) or CL7 (A), and  incubation was 
resumed. An untreated  culture of pneumococcus is also  shown (0). 
Growth (or lysis)  was followed by nephelometry ( N ) .  

P 
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FIG. 7. Construction of plasmid pNLC7. Plasmids  are  drawn 
in circles with  the  relevant  elements  and  restriction  sites indicated. 
Light  line, vector  plasmid; heavy  line, flanking regions of the lytA 
gene; white  box, lytA gene; white-black box, lc7 gene built  up by the 
fusion of sequence  encoding the  N-terminal region of LYTA amidase 
(white  box) and  the sequence  encoding the  C-terminal region of the 
CPL7 lysozyme (black box). Arrows indicate  the direction of transcrip- 
tion of the genes. Hatched  arrow corresponds  to lytA promoter (lyt"). 
Abbreviations: B,  BamHI; E ,  EcoRI; H ,  HindIII; P, PstI; A p ,  ampi- 
cillin; Cm., chloramphenicol; Tc,  tetracycline; R, resistance; S, sensi- 
tivity. 

lytA promoter (Fig. 7).  Transformants of S. pneumoniae M31 
or  R6  containing  pNLC7 expressed the LC7 amidase  as  dem- 
onstrated by the  immunoblot  analysis (Fig. 8). Extracts of S. 
pneumoniae M31  (pNLC7) showed a  lytic activity of 250 
units/mg of protein when tested  on  choline-containing cell 
walls and of 1,100 units/mg of protein  on  ethanolamine- 
containing cell walls. S. pneumoniae RG(pNLC7) produced  a 
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FIG. 8. Immunoblot analysis of the LC7 and LYTA amidases 
present in pneumococcal cell extracts. Lane 1 ,  total  crude  ex- 
tracts of S. pneumoniae M31(pNLC7). Lane 2, total  crude  extract of 
S. pneumoniae M31. Lane 3, total  crude  extract of S. pneumoniae 
RG(pNLC7). Lane 4 ,  total  crude  extract of S. pneumoniae R6. The 
molecular mass of the  standard  markers is indicated  on  the left in 
kilodaltons. 

TIME ( h )  

FIG. 9. Growth  curves of S. pneumoniae R6,  M31, 
R6(pNLC7) and M31(pNLC7) incubated  under  different  cul- 
ture conditions. Cultures of strains R6 (O), MB1 (A), RG(pNLC7) 
(0) and  MBl(pNLC7) (0) were incubated a t  37 “C in C+Y medium 
(panel A ) ;  C+Y  medium containing penicillin (0.2 pg/ml, 28 X 
minimum  inhibitory  concentration) that  was added a t  a nephelome- 
tric reading of 350 (corresponding to  about 2.5 X 10’ CFU/ml) (panel 
H ) ;  C+Y medium plus 0.6% of choline (panel C) or Cden-EA medium 
(pane[ D). The growth and lysis were followed by nephelometry ( N ) .  

lytic activity of 1,600 units/mg of protein  on  ethanolamine- 
containing cell walls and 2,700 units/mg of protein  on  choline- 
containing cell walls. The  last  value  corresponds  to  the  sum 
of the  enzymatic  activity of both  the  host  LYTA  and  the 
chimeric LC7 amidases  present  in  this  strain (Fig. 8, lane 3 ) .  

S. pneumoniae M31(pNLC7)  and RG(pNLC7)  were studied 
under  different physiological conditions,  and we found that 
cultures of S. pneumoniae M31 (pNLC7)  autolysed at  the  end 
of the  stationary  phase of growth whereas  the  strain  M31 did 
not (Fig. 9A). As expected, the  strains  R6  and RG(pNLC7) 
used as  controls did  autolyse  in these  experimental  conditions 
(Fig. 9A). Furthermore,  the  strain  M31(pNLC7) was  lysed  by 
sodium deoxycholate a t  37 “C  in  contrast  with  the  result  found 
with  the  parental M31 strain  (data  not  shown).  The  sensitiv- 
ity of the pneumococcal  cells to deoxycholate is considered to 
be a specific characteristic of this species and  has been as- 
cribed to  the  uncontrolled  activity of the  LYTA  amidase  (7). 

Thus,  our  results  demonstrated  that  the  chimeric LC7  enzyme 
behaved  as  an  autolysin.  In  addition,  it was  observed that  the 
presence of the  LC7  amidase  in  the RG(pNLC7) strain,  ap- 
parently does not  alter  the physiological behavior of the wild- 
type  strain  R6 (Fig. 9A), i.e. the  activity of the  chimeric 
amidase  was  almost  maintained  under physiological control 
during  the  exponential  phase of growth. On  the  other  hand, 
the  M31  (pNLC7)  strain lysed when penicillin  was added  to 
the  culture  medium,  whereas  the  parental  M31  strain did not 
(Fig. 9B), indicating  that  the  chimeric  enzyme was  responsible 
for  the cell lysis in  the  presence of the  antibiotic. Again, the 
control  cultures of strain  R6  and RG(pNLC7) did lyse in  the 
presence of penicillin  (Fig. 9B). To  provide a clear proof of 
the  differential  properties of the pneumococcal strains  con- 
taining  either  LYTA or the chimeric  LC7 enzymes, we cul- 
tured  the cells in  the  presence of 0.6% choline (Fig. 9C) or  in 
a medium where  choline  was completely  replaced  by ethanol- 
amine  (Cden-EA  medium) (Fig. 9D). It  had been  previously 
demonstrated  that  choline at 0.6% inhibits  the  autolysis of 
pneumococcus, as well as  the lysis by deoxycholate, due  to  its 
inhibitory effect on  the  LYTA  amidase  (12,13)  (Table 11). As 
expected, S. pneumoniae R6  and  the  mutant  M31  did  not lyse 
in  the  presence of  0.6% choline (Fig. 9C), whereas  the  strains 
RG(pNLC7) and  M31(pNLC7),  expressing  the  LC7  amidase 
that was not  inhibited by choline,  did  autolyse (Fig. 9C) and 
were also lysed  by deoxycholate  (data  not  shown).  On  the 
other  hand,  although  the  replacement of choline by ethanol- 
amine  in  the cell wall of S. pneumoniae abolishes  the  autolysis 
of cultures of S. pneumoniae R6  and  M31 (Fig. 9D), as well 
as their  sensitivity to deoxycholate (data  not  shown),  the 
strains RG(pNLC7) and  M31(pNLC7),  expressing  the  LC7 
amidase,  autolysed  when  they were grown in  the  presence of 
ethanolamine (Fig. 9D) and became sensitive  to deoxycholate 
(data  not  shown). 

DISCUSSION 

The  modular  organization of genes and  proteins  has been 
postulated as a widely used principle  for  protein  evolution 
which would allow organisms to become adapted  to new 
environmental  conditions.  This  evolutionary  mechanism, 
based  on  the  interchangeability of functional modules, carries 
the  advantage of being  extremely effective, since a  single 
recombinant  event between  two  modules might  result  in  the 
rapid  generation of a new hybrid  functional gene or  protein. 
Unfortunately,  only a limited  number of direct  experimental 
approaches  have been  described so far  to  support  this  theory, 
mostly  dealing  with  the  construction of chimeric genes or 
proteins by in vitro recombination. 

The cloning  and  sequencing of several  genes  coding  for cell 
wall lytic enzymes of S. pneumoniae and  its  bacteriophages 
has allowed us  to  postulate  that  these  enzymes  might  have 
originated  from  the  interchange of two functional modules. 
Evidences in favor of this  hypothesis  have been obtained by 
different  approaches,  including i n  vitro exchange of homolo- 
gous domains (26). The  experiments discussed here, however, 
demonstrate  that a  single recombinant  event between  two 
non-homologous  genes, i.e. the lytA gene  coding  for the major 
autolysin from S. pneumoniae (LYTA  amidase)  and  the cp17 
gene  encoding  the  CPL7 lysozyme from  the pneumococcal 
phage  Cp-7  can  generate two novel and  active  hybrid enzymes. 
The  CL7 lysozyme shows biochemical properties  similar  to 
those of the  natural  CPLl lysozyme of phage Cp-1,  except 
that  the  chimeric  protein  must be “converted” by choline  to 
become fully active  (Table  I)  due  to  the  acquisition of the C- 
terminal module of the  LYTA  amidase, a property  that  might 
be not  relevant in uiuo since pneumococcus normally  contains 
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choline in the cell  wall. The comparison of the C-terminal 
sequences of the CPLl lysozyme and the LYTA amidase does 
not allow us to predict which amino acids are involved in the 
process of conversion, although we can speculate on the 
possibility that, provided the existence of an ancestral gene 
similar to cl7, punctual  mutations introduced in this gene 
during evolution could generate, by gradual replacement of 
amino acids, a lysozyme indistinguishable from CPLl  that 
does not require conversion. Interestingly, the CL7  lysozyme 
presents  a specific activity for choline-containing cell walls 
higher than  the  parental CPL7 lysozyme (Table 11), suggest- 
ing that  the acquisition of the C-terminal module that recog- 
nizes specifically the choline residues of the teichoic acid 
might represent an evolutionary advantage for cells growing 
in choline-containing media. In agreement with this obser- 
vation,  the LC7 amidase that does not  contain the C-terminal 
module that recognizes  specifically the choline residues shows 
lower activity on choline-containing cell  walls than  the LYTA 
amidase (Table 11). Although our experimental approach 
leaves the question unresolved of whether the  CPLl lysozyme 
has been produced in nature by an interchange similar to  that 
carried out in the laboratory, this hypothesis looks plausible 
since different mechanisms have been described to facilitate 
the interchange of DNA sequences between the genomes oY 
phages and bacteria. We have recently shown that  the exist- 
ence of regions of high nucleotide similarity between phage 
and bacterial DNAs promotes site-specific recombination 
which should allow the rearrangement  and evolution of the 
bacterial and phage genomes (21) as already suggested for 
other systems (43). In addition, several authors favor the 
theory that phage  genomes originated from the  host gene  pool 
and known mechanisms of gene rearrangement have been 
postulated to ensure that phage genomes can acquire new 
genes from that pool as occasion demands (44). It has been 
pointed out that “illegitimate” recombination should be the 
dominant force that converts the phage genomes in a mosaic 
of genes  from nonphage sources (45). Sonea (46) has proposed 
that phages (prophages) and plasmids offer to  the bacterial 
cells generalized access to each other’s genes. The result is 
the availability of an extremely rich gene bank.  Thus, most 
of the basic mechanisms for the living  world, the richest 
variety of  new genes, and particularly the improved ways of 
using DNA as an extremely adaptable genetic material  hap- 
pened in bacteria with the help of phages and plasmids (46). 

On the  other hand, the chimeric protein LC7 and  the 
parental LYTA amidase share only the characteristic of being 
amidases, since they differ in  other catalytic properties, e.g. 
the activity of the LC7 amidase on choline-containing cell 
walls decreases as  a consequence of the loss of the C-terminal 
choline-dependent module, although its activity on ethanola- 
mine-containing cell  walls increases when compared with the 
parental LYTA amidase (Table 11). As a  protein similar to 
the LC7 amidase has not yet been found in nature, we decided 
to clone the lc7 gene in S. pneumoniae to test whether this 
novel  enzyme should become functional i n  vivo in  the homol- 
ogous system. The results depicted in Fig. 9, A and B suggested 
that  the LC7 amidase behaves i n  vivo as an autolysin, and 
most importantly, the new enzyme  was placed under the 
regulatory system of the cell during the exponential phase of 
growth. Since the LC7 amidase is not inhibited by choline, 
the choline-mediated regulation of the LYTA amidase by the 
lipoteichoic acid, i.e. the previously postulated specific inhi- 
bition by the choline residues of the lipoteichoic acid anchored 
in  the cell membrane (3, 13), cannot be considered as the 
unique mechanism of control for the host autolysin. Thus,  it 
can be concluded that other regulatory mechanisms must exist 

to prevent the autolysis of pneumococcus during cell growth. 
In  this sense, we have demonstrated that  the LYTA amidase 
was anchored to  the inner membrane of E. coli (47),  a micro- 
organism that does not  contain choline in its cellular envelope. 
This interaction seems to represent an intrinsic property of 
the amidase, and  it is reasonable to assume a similar regula- 
tory mechanism for the LYTA amidase in S. pneumoniae. 

The experiments carried out  in Cden-EA medium demon- 
strated,  in  a  direct experimental way, that  the wild-type 
pneumococcal cells did not lyse in this medium  due to  the 
absence of an autolysin able to hydrolyze ethanolamine-con- 
taining cell walls since the cells expressing the lc7  gene did 
autolyse in  this medium (Fig. 9D). Nevertheless, it is impor- 
tant  to point  out that  in  the presence of ethanolamine,  pneu- 
mococci harboring pNLC7 still grow forming chains, although 
the length of the chains was smaller than  that found in 
ethanolamine-growing cells that do not  contain the plasmid. 
A similar result was observed when the cells were  grown in 
the presence of 0.6% choline.* This observation suggested that 
the LYTA amidase was not  the unique enzyme  involved in 
the process of daughter cell separation being necessary the 
contribution of other choline-dependent enzyme(s) such as 
the second autolysin present in S. pneumoniae, recently char- 
acterized as  a glucosaminidase (42). In fact, this suggestion is 
supported by the finding that  mutant  strains of pneumococcus 
lacking the LYTA amidase grew at 37 “C forming small chains 
in choline-containing medium whereas this morphology 
changed to  the typical “diplo” cells when incubated at 30 “C, 
the optimal temperature for catalytic activity of the pneu- 
mococcal glucosaminidase (48). From these results we can 
conclude that  the use of the newly created chimeric genes for 
i n  vivo experiments represents an important tool for obtaining 
valuable information about physiological processes that  oth- 
erwise could not be easily studied. 

Finally, the  data reported here also confirm and extend our 
previous results on structural  and functional relationships 
between the pneumococcal cell  wall lytic enzymes, since the 
newly constructed chimeric enzymes further  demonstrate that 
the active center of these  proteins lies in the N-terminal 
domain, whereas the C-terminal domain participates  both in 
substrate recognition and in the conversion process. Further- 
more, we have now found (Fig. 5 )  that  the interchauge of the 
C-terminal domains strongly affects the catalytic properties 
of the enzymes, that is, the C-terminal domain of the  CPL7 
lysozyme seems to be responsible for the shift down  of the 
optimal pH of the LC7 amidase or alternatively, the C- 
terminal domain of the LYTA amidase promotes a  shift up 
of the optimal pH of the CL7  lysozyme. 

In summary, the constructions of chimeric proteins using 
the genes coding for the lytic enzymes of S. pneumoniae and 
its bacteriophages provide examples of the type of novel  genes 
that  the bacteria or the phages might create to allow them to 
become adapted to new environmental situations,  a conclu- 
sion that reinforces the generally accepted view that one of 
the forces that drive evolution is the potential of mechanisms 
of recombination for creating DNA fusions. 
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