
THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 264, No. 7 ,  Issue of March 5 ,  pp. 4255-4263, 1989 Printed in U.S.A. 

Characterization  of  the poZA Gene  of Streptococcus  pneumoniae and 
Comparison of the DNA Polymerase I It  Encodes to Homologous 
Enzymes  from Escherichia  coli and Phage T7* 

(Received for publication,  September 12, 1988) 

Paloma Lopez$, Susana Martinez& Asuncion Diaz$, Manuel EspinosaS, and Sanford A. LacksQll 
From  the  SCentro  de Znuestigaciones Biologicas, Velazquez,  144-28006  Madrid,  Spain  and  the  §Department of Biology, 
Brookhauen  National  Laboratory,  Upton,  New  York  11973 

The DNA sequence of thepolA  gene of Streptococcus 
pneumoniae was determined, and the DNA polymerase 
I encoded by  the  gene  was purified to homogeneity. 
Determination of the amino-terminal amino acid se- 
quence of the protein showed it to correspond to the M, 
99,487 polypeptide predicted from the nucleotide se- 
quence. The mRNA transcript was mapped with  re- 
spect to its sites  of  initiation and termination in the 
DNA. Inasmuch as the mRNA begins  only  two nucleo- 
tides before the  first codon, it lacks a typical ribosome 
binding site.  Nevertheless, 500 molecules of the protein 
are produced per cell.  Like the Escherichia  coli DNA 
polymerase I, the protein from S. pneumoniae  has  5‘- 
and 3‘-exonuclease as well as polymerase activities, 
and it  also undergoes a single  cleavage on mild prote- 
olysis. Alignment of the  two  different polymerase I 
proteins shows 40% of their amino acid residues to be 
identical. Homology is evident  also  with  the DNA po- 
lymerase encoded by phage T7  gene 5. In addition, the 
amino-terminal regions of the bacterial polymerase I 
proteins  are homologous to  the separate 5’-exonuclease 
protein encoded by phage T7  gene 6. Analysis of the 
patterns of homology suggests that the bacterial polym- 
erase I may represent the accretion of at least six 
separate genetic  regions. 

Historically,  Escherichia coli DNA  polymerase  I (Pol I)’ has 
played an  important role in  elucidating  the  mechanisms of 
DNA  replication  and  repair.  Its  three  enzymatic  activities, 
DNA polymerase,  3’-exonuclease, and 5’-exonuclease,  have 
been investigated  in  detail  (Kornberg, 1980) and  ascribed  to 
separate  protein  domains by  limited proteolytic cleavage (Kle- 
now and  Henningsen, 1970) and crystallographic analysis 
(Ollis et al.,  1985a). The  recent  cloning of a  gene  encoding  a 
similar  DNA polymerase in Streptococcus pneumoniae  (Mar- 
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tinez  et al., 1986) enabled  us  to purify and  characterize  the 
pneumococcal Pol I and  to analyze the  structure  and  expres- 
sion of the gene encoding it. 

The  Gram-positive S. pneumoniae  and  the  Gram-negative 
E. coli are  separated by at  least  one billion years of evolution 
(Schwartz  and Dayhoff,  1978), yet  functionally similar pro- 
teins  in  the two  species  have  been shown  to  retain  similarity 
in  amino acid  sequence (Mannarelli  et al., 1985; Priebe  et al., 
1988). I t  was of interest,  therefore,  to  compare  the  structural 
and  functional  features of the two Pol I proteins  and of the 
genetic  regions  encoding them.  Comparison of amino acid 
sequences  deduced from  the DNA  clearly indicates  the  ho- 
mology of the  Pol I proteins. I t  was instructive to compare 
sequence conservation  in  terms of the  three-dimensional 
structure deduced  for the Klenow fragment of E. coli Pol I 
(Ollis et al., 1985a).  Sequence similarities were observed  also 
with  other enzymes of related  function, which  may indicate a 
common  origin  for particular  parts of proteins. 

The pneumococcal polA gene was cloned in S. pneumoniae 
by screening for the nuclease activity of its  product  (Martinez 
et al., 1986). There  appeared  to be no  problem  in cloning this 
gene in multicopy plasmids  either  in S. pneumoniae  or E. coli, 
unlike the  situation for the polA gene of E. coli (Minkley  et 
al., 1984). Under  control of the  T7  RNA polymerase expres- 
sion system,  the pneumococcal Pol I can be  produced in 
amounts  corresponding  to  5% of cellular protein  (Martinez  et 
al., 1986). Its  normal cellular  expression  was  analyzed by 
mRNA  transcript mapping. An unusual  feature of its  mRNA 
is  the absence of a leader  sequence upstream of the  translation 
start  site  that could participate  in ribosome  binding. 

MATERIALS AND  METHODS 

Bacterial  Strains,  Growth  Media,  and  Plasmids-The strains of S. 
pneumoniae used were derivatives of the nonencapsulated, nonpath- 
ogenic “wild” strain R6 as follows: 641 (end-1  exo-3  noz-lg), 681 ( thy-  
7  Itr-1  ult-3  end-1  exo-2  trt-1  hex-4  str  nou), and 708 (end-1  exo-2  trt- 
1  hex-4  malM.594). They were grown on  a  casein-hydrolysate-based 
medium (Lacks,  1966). Strains of Bacillus  subtilis and E. coli used 
were MBl l  (lys-3 metBlO  hisH2) and C600 (thr-1  thi-I  leu-6  lacy1 
tonA2l  supE44), respectively. They were grown on a medium com- 
posed of 1% tryptone (Difco), 0.5% yeast extract (Difco), and 0.5% 
NaC1, adjusted to  pH 7.3 with NaOH. 

Plasmids used were pLSl  (Stassi et al., 1981), pC194 (Iordanescu 
et al., 1978), pJS3 (Ballester et al., 1986), pSM22 (Martinez et al., 
1986), and pSM31 (Lopez et al., 1987). Purified  plasmids were pre- 
pared from 708[pSM22] and 681[pJS3] according to Currier and 
Nester (1976). 

D N A  Sequence  Determination-Trace amounts of RNA were re- 
moved from plasmid  samples by treatment with  pancreatic  rihonucle- 
ase and gel filtration. After cleavage with  restriction enzymes, the 
DNA fragments were treated with intestinal alkaline  phosphatase 
and labeled at  their 5’-ends with [y3*P]ATP  and  T4 polynucleotide 
kinase. Nucleotide sequences were determined by the chemical 
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method of Maxam and Gilbert (1980). 
Mapping of Transcripts-To prepare total RNA, freshly grown  50- 

ml cultures at A660 = 0.4-0.5  were centrifuged. Cells of S. pneumoniae 
were suspended in 2.5  ml  of 0.1% sodium deoxycholate in 5% sucrose; 
cells of E. coli and B. subtilis were suspended in  2.5  ml  of 20  mM 
sodium acetate (pH 5.5), 1 mM EDTA containing 2.5  mg  of lysozyme. 
The cells were  lysed by freezing and thawing four times. SDS was 
added to 0.5%, and the mixture was  held at 37 "C for 2 min. The 
extracts were treated with 5 ml of phenol, previously saturated with 
20 mM sodium acetate (pH 5.5), at 70 "C for 5 min, After the aqueous 
phase was again treated with phenol, the nucleic acids were precipi- 
tated four times from 200 mM sodium acetate (pH 7) with 2.5 volumes 
of ethanol and dissolved finally in 0.5 ml of 10 mM Tris.HC1 (pH 8), 
1 mM EDTA. Yields of RNA  were approximately 0.5  mg for S. 
pneurnoniae and 1 mg  for the other species. 

DNA probes were labeled at their  5'-ends as for DNA sequencing. 
They were labeled at 3'-ends by treating 12 pg  of restriction enzyme- 
cleaved plasmid DNA with Pol I Klenow fragment (Amersham Corp., 
5 pm) in  30 p1 of a solution containing 50 mM Tris. HC1 (pH 7.9), 10 
mM MgCL, 5 mM dithiothreitol, 0.1 mM spermidine, and 50 pCi  of 
[w3'P]dCTP (Amersham Corp., 3000 Ci/mmol) at 20  "C for 15 min; 
after addition of 3 nmol of each of the four unlabeled dNTPs, 
incubation was continued for 5 min. Fragments were purified by 
phenol treatment  and ethanol precipitation. The requisite labeled 
fragments were extracted from 5% polyacrylamide gels after electro- 
phoresis. 

Hybridization was carried out by mixing DNA probes (30,000 cpm) 
and total RNA (150 pg) in 50 pl of solution containing 40 nM 
piperazine-N,N'-bis(2-ethanesulfonate) (pH 6.3), 0.4 M NaCI, 1 mM 
EDTA,  and 70% (v/v) deionized formamide. The mixtures were 
heated at 85 "C  for 10 min to denature the DNA. Incubation was 
continued for 3 h at 45 "C in the case of the transcription start site 
and  at 49  "C in the case of the transcription  termination site mapping. 

Hybridized samples were treated with 50 or  100 units of nuclease 
S1 (Sigma) after addition of  0.45  ml  of solution containing 30 mM 
sodium acetate (pH 4.6), 4.5 mM ZnS04,  and 9 pg  of sonicated calf 
thymus DNA. The mixtures were incubated for 20 min at 30 "C, and 
the reactions were stopped by chilling and addition of 113 pl contain- 
ing 2.5 M ammonium acetate and 50 mM EDTA. After shaking with 
an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1 v/v/ 
v), 10 pg  of tRNA (E.  coli, Sigma) were added, and  the protected 
fragment was precipitated by the addition of 0.7  ml of isopropyl 
alcohol. Samples were then dissolved, and portions  containing 3000 
cpm  were applied to  an 8% polyacrylamide sequencing gel. 

Enzyme  Actiuity Measurements-Exonuclease activity was deter- 
mined by incubating samples for 60 min at 30 "C in 40 p1 of a mixture 
containing 10 mM Tris.HCI (pH 7.61, 3 mM 6-mercaptoethanol, 2 
mM MnCI2,  16 pg  of bovine serum albumin, and 0.2  pg  of [3H]DNA. 
Labeled chromosomal DNA  was prepared as described (Lacks and 
Greenberg, 1976)  from strain 681  grown with [meth~l-~Hlthymidine 
and had a specific activity of  73,000 cpm/pg. Exonuclease reactions 
were terminated by addition of  40 p1 of 3.5% perchloric acid; after 20 
min at 0 "C, the mixture was centrifuged, and 60 pl of the  supernatant 
fluid was taken for scintillation counting. 

To test  for 3'- and 5'-exonuclease activities specifically, pJS3 
uniformly labeled with [meth~l-~Hlthyrnidine was prepared from a 
culture of 681[pJS3] to give a specific activity of  70,000 cpm/pg. The 
plasmid was  cleaved at its unique AuaI site to give a  linear fragment 
with a 5'-TCGA overlap at each end. Part of this material was labeled 
at 5'-ends with [Y-~'P]ATP  and  T4 polynucleotide kinase, and  an- 
other part was labeled at 3'-ends by filling in the overlap with Klenow 
fragment in the presence of [cI-~'P]~ATP  and all four unlabeled 
deoxynucleoside triphosphates. Relatively faster release of acid-sol- 
uble 32P from the specifically end-labeled substrate compared to 3H 
was taken to indicate specific exonuclease activity. 

Polymerase activity was determined by incubating samples for 30 
min at 30  "C in 0.1  ml  of a mixture containing 10 mM Tris. HCl (pH 
7.6), 3 mM 6-mercaptoethanol, 5 mM MgCL,  40  pg  of bovine serum 
albumin, 4 pg  of salmon sperm DNA (previously nicked with pan- 
creatic DNase), 15 p~ each of M T P ,  dGTP,  and  dCTP, 3 p~ TTP, 
and 20 nCi of [3H]TTP  at 55 Ci/mmol. Reactions were terminated 
by chilling, and the assay mixtures were applied to DEAE-paper disks 
(Whatman DE81), which  were then washed six times with 0.5 M 
Na2HP04, twice with water, and once with ethanol, and dried. Tritium 
remaining on the disk was counted with an efficiency of 55% in a 
liquid scintillation system. 

Enzyme units correspond to nucleotides released or incorporated 

in nanomoles per h at 30 "C. Protein was determined according to 
Lowry et al. (1951). 

Protein Purification-A 2-liter culture of 641[pSM22] was  grown 
at 37 "C to A650 = 0.75.  Cells  were harvested by centrifugation, washed, 
and suspended in 20  ml of gel filtration buffer consisting of 0.5 M 
NaCl, 10 mM Tris .HCI (pH 7.6), 3 mM P-mercaptoethanol, and 1 mM 
EDTA. An extract was prepared by passage through a French pressure 
cell at 20,000 p.s.i. and removal of cell debris by centrifugation at 
20,000 X g for 20 min. A sample of 15 ml was applied to  an agarose 
column (Bio-Rad Bio-Gel  A-0.5m,  3.9 X 140 cm) and eluted with the 
gel filtration buffer. Fractions of 16 ml  were collected. Fractions from 
the agarose column were dialyzed against a buffer composed of 3 mM 
P-mercaptoethanol, 1 mM EDTA, and 20 mM Tris.HCI (pH 7.6), 
applied to a column of heparin-agarose (Bio-Rad, 1 X 27 cm),  and 
eluted with a linear gradient of NaCl in the same buffer. Fractions of 
2 ml  were collected. 

For  amino-terminal sequence analysis, the Pol I protein was puri- 
fied further. Pol I-containing fractions of a heparin-agarose column, 
which eluted at 0.2 M NaC1, were diluted 4-fold with the same buffer 
and applied to a diethyl-2-hydroxypropylaminoethyl-agarose column 
(Pharmacia Q-Sepharose, 1.2 X 1.4 cm high). The enzyme was eluted 
by a linear gradient of NaCl at 0.2 M NaCl in a volume of 4 ml. This 
material was concentrated to 0.5 ml  by ultrafiltration and fractionated 
on an agarose column (Bio-Rad A-0.5m,  0.9 X 63 cm) by elution with 
50 mM NH4HC03. Pol I protein was  recovered, free of contaminating 
polypeptides detectable by Coomassie Blue staining  after gel electro- 
phoresis, with a yield of 0.1 mg. 

Amino-terminal Protein Sequence Determinution-To a 4-ml sam- 
ple of the electrophoretically pure Pol I protein in 50 mM NH4HC0, 
was added 0.4  mg  of SDS. The sample was lyophilized and dissolved 
in 0.4 ml  of water four times to remove NHrHC03. Approximately 
0.5 nmol of polypeptide was subjected to amino-terminal sequence 
determination  in  a gas-phase sequenator (Applied Biosystems). 

Protease Susceptibility of Pol I-In 10 pl of  50 mM Tris-HCl  (pH 
7.6) and  3 mM 6-mercaptoethanol, I-pg samples of S. pneumoniae 
Pol I (heparin-agarose fraction) or E. coli Pol I (New England 
BioLabs) were treated with 0.2 or 0.5 ng of subtilisin (Carlsberg, 
Sigma Type VIII) and incubated for 30 min at 37 "C. Samples were 
applied to polyacrylamide gradient gels and subjected to electropho- 
resis in the presence of SDS  as described (Weinrauch and Lacks, 
1981). 

RESULTS 

Nucleotide Sequence of the polA  Gene of S. pneumoniae- 
The  pol4 gene of S. pneumoniae was originally cloned (Mar- 
tinez et al., 1986) on a 4.2-kb chromosomal fragment  inserted 
into the streptococcal vector pLSl (Lacks et al., 1986) to give 
pSM22,  which is depicted in Fig. la. The nucleotide sequence 
was determined for both  strands of DNA along a 2.8-kb 
stretch of the fragment from a DraI site to  the EcoRI site at 
the end of the insert,  as shown in Fig. 1. The sequence did 
not shown a  HindIII  site previously reported to be 0.2 kb to 
the left of the EcoRI site  (Martinez et al., 1986). This site was 
never completely cleaved  by HindIII  (data  not  shown),  and it 
may correspond to a sequence similar to  the normal recogni- 
tion sequence of that enzyme, such as S'AAGCCT located at 
position 2441  (Fig. lb). A single large open reading frame 
consisting of 892 codons is  present in the region sequenced 
(Fig. I b ) .  Numbering of the sequence begins at  the ATG 
codon shown below to correspond to  the  translation  start site 
of S. pneumoniue Pol I, and  it proceeds positively in the 
direction of translation. Possible promoter and  terminator 
sites for transcription  are indicated in Fig. lb. 

Mapping of the Transcription Start Site-Fig.  2a  shows the 
strategy used to locate the beginning of RNA transcripts of 
the polA gene by mapping with S1 nuclease (Berk  and  Sharp, 
1977). An AuaII-BstXI fragment that straddled the beginning 
of the gene  was labeled at  its 5'-end  internal  to  the gene and 
annealed to total cellular RNA. After treatment with S1 
nuclease, the length of the protected portion of the labeled 
DNA strand was determined in  a sequencing gel (Fig. 2b). 
RNA  was prepared from cells of S. pneumoniae and B. subtilis 
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FIG. 1. Plasmid  pSM22  contain- 
ing  the polA gene of S. pneumoniae 
and DNA sequence of the gene. a,  
physical map of pSM22 linearized at   an 
EcoRI site. Open bar, pLSl vector; solid 
bar, S. pneumoniae chromosomal insert. 
Positions of genes for plasmid  replica- 
tion  and  tetracycline  resistance func- 
tions  and region around polA for which 
sequence  was determined  are shown. b, 
nucleotide  sequence of thepolA gene and 
its immediate vicinity.  Only the coding 
strand is shown;  positive numbering be- 
gins at   the protein  start site. Symbols: 
continuous underline, promoter; dashed 
underline, transcription  terminator; 
nnn, translation  start codon; ***, stop 
codon. 

FIG. 2. Mapping of pneumococcal 
polA transcript start sites in S. 
pneumoniae, B. subtilie, and E. coli 
host cells. a, mapping  strategy. Filled 
circles, 5'-[3ZP]phosphate label; sawtooth 
line, RNA transcript. b, gel electropho- 
resis of protected DNA. Lanes 1-3, DNA 
protected from S1 nuclease a t  100 units/ 
ml  by RNA from E. coli C600[pSM31], 
R. subtilis MBll[pSM22],  and S. pneu- 
moniae 708[pSM22], respectively. Lanes 
4-8, DNA sequencing reactions for 
AuaII-RstXI fragment: 4,  A + C; 5, G; 
6, A + G; 7, T + C; 8, C. Lane 9, same 
as lane 3. Lanes 10-13, DNA  sequenc- 
ing reactions for an  unrelated reference 
fragment: 10, G; 11, A + G; 12, T + C; 
13, C. Lanes 14-16, DNA protected 
from S1 nuclease a t  50 units/ml by RNA 
from E. coli C600[pSM31], B. subtilis 
MBll[pSM22],  and S. pneumoniae 
S08[pSM22], respectively. c, transcrip- 
tion promoter and  start  site. 
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carrying pSM22 and from E. coli carrying pSM31,  which 
contains  the S. pneumoniae chromosomal pol4 insert in  a 
derivative of pSClOl (Lopez et al., 1987). Thus, expression of 
the gene  was examined  in  three  different  bacterial species. 

Identical  transcription  start  sites were found in  the  three 
species. In Fig. 2b, lanes 1-3, protected RNA  from S. pneu- 
moniae, B. subtilis, and E. coli, respectively,  was  compared to 
the sequence of the labeled AvaII-BstXI  DNA strand frag- 
ment (lanes 4-8). After  allowing  for  a 1.5-nucleotide down- 
ward shift of chemically cleaved relative to S1 nuclease- 
cleaved bands  (Sollner-Webb  and Reeder,  1979), protected 
lengths of 80-83 nucleotides were observed  when S1 nuclease 
was  used a t  100 units/ml.  The  variation  in  length  is  appar- 
ently  due  to a  nibbling  effect of the nuclease (Sollner-Webb 
and Reeder, 1979). When  the nuclease was reduced to 50 
units/ml,  the  protected  RNA was predominantly 83 nucleo- 
tides long in all three cases (Fig. 26, lanes 14-16). (An unre- 
lated DNA  sequence, lanes 10-13, was  used  for  reference in 
this gel, but  the  sample of lane 1 was run  in lane 9 for 
comparison.) The  transcripts,  therefore, begin with a G resi- 
due as shown  in Fig. 2c. 

The mRNA extends only  two  nucleotides upstream from 
the  translation  start  site  (see below), which is  the second  ATG 
codon in the  open  reading frame. Thus,  it  lacks a ribosome- 
binding site composed of either  the typical  sequence (Shine 
and Delgarno,  1975) or  the  atypical sequence apparently used 
by some  streptococcal  genes (de la Campa  et al., 1987). Situ- 
ated  upstream from the  transcription  start  site  is a sequence 
characteristic of prokaryotic  promoters, with a -10 site iden- 
tical to  the  consensus  and a -35 site  deviating from it  in  three 
residues (Rosenberg  and  Court, 1979). Promoter sequences 
similar  to  the  consensus were previously reported in S. pneu- 
moniae (Stassi et al., 1982). 

Mapping of Transcription Termination Sites-Mapping of 
3'-ends of mRNA  transcripts was  also  accomplished by the 
S1 nuclease  procedure as  indicated  in Fig. 3a. In  this case the 
3'-end of a  DNA fragment  spanning  the vector junction a t  
the  right of the  insert,  as shown in Fig. la, was  labeled and 
annealed to  total cellular RNA from plasmid-containing cells 
of the  different species. In  the case of S. pneumoniae carrying 
pSM22 (Fig. 3b, lane 8) ,  four strong  and four weak bands 
were seen. As determined by chemical  sequencing of the DNA 

fragment (lanes 4-7), these  bands indicate termination of the 
transcripts a t  nucleotides  located near  the  3'-end of a poten- 
tial  hairpin in the mRNA. This  hairpin corresponds to  the 
palindrome  shown by the dashed underline in Fig. lb. Such 
hairpins  ending  in a stretch of U residues are typical of 
prokaryotic  transcription  terminators (Rosenberg and  Court, 
1979). Similar  termination  sites  are  evident for B. subtilis 
carrying pSM22 (Fig. 3b, lane 9)  and E. coli carrying  pSM31 
(lane IO), although in the  last  case a number of shorter  and 
longer  RNA molecules appeared to be present.  The  positions 
and prominence of the RNA end  points observed in vivo for 
transcription of the S. pneumonine pol4 gene in the  three 
bacterial species are shown symbolically in Fig. 3c. 

Cells of E. coli containing  pJS3  or B. subtilis containing 
pC194, neither of which  plasmid carries pol4, did not produce 
RNA that could protect  any  part of the NcoI-Hind111 fragment 
(Fig. 36, lanes 1 and 2). However, S. pneumoniae containing 
only the vector  plasmid pLSl did  produce  RNA that protected 
the DNA fragment (Fig. 3b, lane 3). This  must  result from 
transcription of mRNA  from  the chromosomal polA gene. 
Transcripts from the chromosomal and plasmid-borne  genes 
terminate  in identical  fashion. 

Purification of Pneumococcal DNA Polymerase I-Because 
S. pneumoniae strain 641[pSM22]  produces  approximately 15 
times  the  amount of DNA  polymerase  produced by the  plas- 
mid-free host  (Martinez e t  al., 1986), it was  chosen as  the 
source of enzyme for purification of milligram quantities. 
Crude  extracts  obtained by passage of the cells through a 
French  pressure cell were fractionated by gel filtration (Fig. 
4a). A single peak of Pol I  measured both by its polymerase 
and exonuclease activities  eluted a t  a  position  expected for a 
protein of M, 100,000. It  thus behaved  similarly to  the  chro- 
mosomally encoded  enzyme (Lacks, 1970). Fractions 59-61 
were pooled, dialyzed, and  chromatographed  on heparin-aga- 
rose. Again, a  single peak of Pol I, which eluted a t  0.18 M 
NaCl, was obtained (Fig. 4b). The purification a t  this stage, 
indicated  in Table I, was 50-fold. Fig. 5, lanes 1-3, shows the 
polypeptides present a t  various stages of purification, as re- 
vealed by SDS-polyacrylamide gel electrophoresis. The  pneu- 
mococcal Pol  I  evidently consists of a single  polypeptide of 
M, 100,000. After  heparin-agarose, the enzyme was >90% 
pure. With  the exception of the  amino-terminal  amino acid 

FIG. 3. Mapping of pneumococcal 
polA transcript termination in S. 
pneumoniae, B. subtilis, and E. coli 
host cells. a, mapping strategy. Filled 
circles, :l'-[J"P]dCMP label; sawtooth 
line, RNA transcript. b, gel electropho- 
resis of protected DNA. Lanes 1-3, DNA 
protected from S1 nuclease at 100 units/ 
ml  by  RNA from E. coli C6OO(pJS3], R. 
subtilis MBll[pC194], and S. pneumo- 
niae 708[pLS1], respectively. Lanes 4-7, 
DNA sequencing reactions for NcoI- 
Hind111 fragment: 4, A + C; 5, G; 6, T + 
C; 7, C. Lanes 8-10, DNA protected from 
S1 nuclease at 100 units/ml by  RNA 
from S. pneumoniae 708(pSM22], B. 
subtilk MBll[pSM22], and E. coli 
C600[pSM31], respectively. c, transcrip- 
tion terminator sequence and end points 
of  mRNA. Symbols: filled, major end 
points; open, minor end points; circles, 
S. pneumoniae;  triangles, E. coli; line seg- 
ments, R. subtilis;  box, translation  stop 
codon. 
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FIG. 4. Purification of Pol I from S. pneumoniae. a, agarose 
gel filtration. A crude  extract  (15  ml) from 1.5 liters of a culture of S. 
pneumoniae 641[pSM22] grown to AM = 0.75 was applied to a  column 
of Bio-Gel A-0.5m (3.9 X 140 cm)  and  eluted  with a solution composed 
of  0.5 M NaCI, 3 mM 8-mercaptoethanol, 1 mM EDTA,  and 10 mM 
Tris.HCI  (pH 7.6). Fractions of 16 ml were collected. b, heparin- 
agarose fractionation.  Fractions 59-61 from a were dialyzed against 
a buffer composed of 3 mM j3-mercaptoethano1, 1 m M  EDTA,  and 20 
mM Tris.HCI  (pH 7.6), applied to a  column of heparin-agarose (1 X 
27 cm),  and  eluted with  a linear  gradient of NaCl in  the  same buffer. 
Fraction of 2 ml were collected. 0, polymerase; 0, exonuclease; A, 
protein; 0, NaCl  concentration. 

TABLE I 
Purification of DNA polymerase I of S. pneumoniae (from strain 
641[pSM22], which is deficient in the major  endonuclease  and 

exonuclease of S. pneumoniae.) 
Stage of Protein Polymerase Exonuclease 

purification activity activity 

mg unitslmg %yield unitslrng %yield 
Crude  extract 262 75  (100) 69 (100) 
Bio-Gel A-0.5m 40 364 74 219 49 
Heparin-agarose 1 5480 28 3680 20 

sequence determination,  this  material was  used  for further 
characterization of the pneumococcal Pol I. From  the  amount 
of enzyme protein  obtained,  it  can be  calculated  (see "Discus- 
sion") that  the level of Pol  I  produced  by a single copy of the 
chromosomal gene in cells of S. pneumoniae lacking the 
plasmid is 0.1%  of the  total  protein. 

Amino-terminal Amino Acid Sequence-To eliminate pos- 
sible contributions of contaminating polypeptides  in the de- 
termination of the  amino-terminal sequence of Pol I, the 
enzyme was purified further.  Heparin-agarose  fractionated 
material was diluted  to reduce the NaCl concentration  and 
applied to Q-Sepharose. Pol  I-containing  fractions, which 
eluted from this column a t  0.2 M NaCl, were concentrated 
and  fractionated again by agarose gel filtration.  No polypep- 
tides  other  than  the M, 100,000 Pol I were detected by SDS- 
gel electrophoresis of the  final material.  A  sample of this 
preparation  containing 0.5 nmol of Pol I was used for deter- 
mination of its  amino-terminal sequence. 
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FIG. 5. Proteolytic cleavage of S. pneumoniae Pol I. Lanes 
1-3, samples of purification  shown in Fig. 4: 1,0.6 p1 of crude extract; 
2, 15 pl of a,  fraction 60; 3, 15 pl of b fraction 57. Lane 4, protein 
molecular weight standards:  rabbit muscle phosphorylase b, bovine 
serum albumin,  chicken  ovalbumin, and bovine  carbonic  anhydrase. 
Lanes 5-7, 1 pg of S. pneumoniae Pol I (heparin-agarose  fraction) 
treated with: 5, no protease; 6, 0.2 ng of subtilisin; 7, 0.5 ng of 
subtilisin. Lanes 8-10,l pg of E. coli Pol I treated with: 8, no protease; 
9,0.2 ng of subtilisin; 10,0.5  ng of subtilisin. Samples were subjected 
to electrophoresis in a 5-15% polyacrylamide  gradient gel in  the 
presence of SDS. The gel was stained with Coomassie Blue and 
photographed. 

The sequence  found  for the  first  10 residues at  the  amino 
terminus of S. pneumoniae Pol I was Met-Asp-Lys-Lys-Lys- 
Leu-Leu-Leu-Ile-Asp. This corresponds  exactly to  the se- 
quence  predicted from the  translation start site shown in Fig. 
lb.  The result  comfirms the identification of polA as  the 
structural gene of the enzyme and  the absence of a ribosome- 
binding  site  in  the mRNA upstream from the  starting codon. 
The calculated M, for The Pol I polypeptide predicted from 
the DNA sequence is 99,487. 

Proteolytic Cleavage of S. pneumoniae Pol I-Treatment of 
E. coli Pol I with small amounts of proteases cleaves the 
protein  into two fragments approximately 70,000 and 35,000 
in M, (Klenow and Henningsen, 1970; Brutlag et al., 1969). 
Such cleavage of E. coli Pol I by subtilisin is illustrated  in 
Fig. 5, lanes 8-10. The larger fragment retains polymerase 
and 3'-exonuclease activities  (Klenow and Henningsen, 1970; 
Brutlag et al., 1969); the smaller fragment  retains 5"exonu- 
clease  activity (Klenow and Overgaard-Hansen, 1970). Treat- 
ment of S. pneumoniue Pol  I  with  subtilisin  similarly gives 
rise to two fragments. In Fig. 5 two bands  that  are  not  present 
(as  contaminating polypeptides) in  the  intact  Pol I prepara- 
tion ( l a n e  5 )  are seen after proteolysis (bands in lanes 6 and 
7 indicated by arrows at left). According to  their migration in 
the SDS-polyacrylamide gel, the  fragments of the S. pneu- 
m o n k  enzyme are each  slightly  smaller than  their E. coli 
counterparts, in  keeping  with the smaller size of the  intact 
enzyme (Mr 99,487 compared to 103,576 for the E. coli en- 
zyme). The  similar proteolytic  susceptibility of the two en- 
zymes suggests that  their overall  domain structure may be the 
same. 

Exonuclease Activities of S. pneumoniae Pol I-The purified 
pneumococcal enzyme  exhibited both 3'- and 5'-exonuclease 
activities. This was shown by its action on a linear duplex 
DNA substrate labeled uniformly  with  [3H]thymidine and 
with terminal nucleotide phosphates a t  either  its  3'-  or 5'- 
ends labeled with "P (Fig. 6).  The  substrate was prepared by 
cleavage at   the unique AuaI site of pJS3 grown with  [3H] 
thymidine, followed by terminal labeling  with Klenow frag- 
ment polymerase or polynucleotide  kinase, respectively. Exo- 
nucleolytic  activity was indicated by the more rapid release 
to  an acid-soluble form of 32P relative to 'H. The  preferential 
release of "P from the 3'-end-labeled substrate was less 
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FIG. 6. Exonuclease activities of S. pneumoniae Pol I. Hep- 
arin-agarose purified protein (10 ng) was  incubated with 20 ng of a, 
3’-32P-end-labeled and b, 5’-3ZP-end-labeled linearized pJS3 DNA 
uniformly labeled with 3H. 0, 3zP; 0, 3H rendered acid-soluble. 

dramatic, probably because the blunt-end substrates  are less 
susceptible to  the 3’- than  the 5’-exonuclease activity. The 
presence of both  types of exonuclease activity is another 
similarity between the enzymes from S. pneumoniae and E. 
coli. 

Homology with E. coli and  Phage T7 Enzymes-Comparison 
of the predicted amino acid sequences of the Pol  I enzymes 
from S. pneumoniae and E. coli indicates that  they  are ho- 
mologous along their  entire length (Fig. 7). Overall, 40% of 
the residues of the S. pneumoniae protein are identical to 
those at corresponding positions in the E.  coli protein, and 
many of the identities occur in blocks. Particularly in the 
vicinity of blocks, differences are frequently conservative in 
terms of amino acid side chain  properties (see legend to Fig. 
9). There is a region of homology from G1Y294 to (E. 
coli) surrounding the protease-susceptible bond between 
Thr323 and  at  the beginning of the Klenow fragment 
(Brown et al., 1982). The proteolytic break  in the pneumococ- 
cal Pol I may occur in  the corresponding region between 
ThrSo4  and I1esos, which also has  an aliphatic side chain. 

The degree of interspecific similarity varies considerably 
among the  three domains of the Pol I  proteins. If the division 
between the 5‘- and 3‘-exonuclease domains is the protease- 
sensitive site, and  the division between the 3‘-exonuclease 
and  the polymerase is just before Glyszl for E. coli Pol  I (Ollis 
et al., 1985a) and G1y468 for S. pneumoniae, then  the propor- 
tion of identical residues is highest for the polymerase (49%), 
lowest for the 3’-exonuclease (28%),  and intermediate for the 
5’-exonuclease (36%) domains. The pneumococcal protein is 
51 residues shorter  than  that from E. coli. Fig. 7 suggests that 
this difference is mainly due to several large deletions near 
the border of the two exonuclease domains. 

When the conserved residues are located (Fig. 8) in the 
structure determined for the Klenow fragment of E. coli Pol 

I (Ollis et al., 1985a), many of them surround the cleft in 
which the template DNA is believed to lie. Their tendency to 
be conserved may result from their importance for interaction 
with DNA. One of the most highly conserved segments, with 
59% identity, lies between residues 521-570 in S. pneumoniae 
Pol  I and 574-622 in E. coli Pol I. This segment appeared to 
be disordered in the crystal structure (Ollis et al., 1985a). It 
may also be important for binding DNA and may not  take up 
a fixed structure  until  it is bound to  the DNA. These proper- 
ties would make it suitable for closing off the cleft after 
attachment of template DNA. This suggested function (Ollis 
et at., 1985a) is supported by the high degree of conservation 
found in the  “disordered segment. 

It was previously reported that E. coli Pol  I is homologous, 
at  least  in part, with the DNA polymerase polypeptide en- 
coded by E. coli phage T7 (Ollis et al., 1985b;  Argos et al., 
1986). By comparing Pol  I of S. pneumoniue as well as E. coli 
with the predicted sequence of the  T7 DNA polymerase (Dunn 
and Studier, 1983), the regions of homology can be confirmed 
and extended (Fig. 7). Although some stretches of the  T7 
polymerase, such as  the 16 residues from 211 to 226 in that 
polypeptide, show more similarity to Pol  I of S. pneumoniae 
(eight  identical) than  to  Pol I of E. coli (four  identical), overall 
the  T7 polypeptide showed 16%  identity to  that of S. pneu- 
moniue and 18% to  that of E. coli. Most of the similarity 
between the T7 and bacterial enzymes was found in the 
polymerase domain. However, two stretches of the  T7 poly- 
peptide, residues 68-80 and 89-92, were found to show some 
similarity to  the carboxyl-terminal  portions of the bacterial 
Pol 15’-exonuclease domains (Fig. 7). This was not previously 
reported. Only one region of possible homology with the  T7 
protein was found in the 3’-exonuclease domain (see “Discus- 
sion”). 

Homology is evident between the amino-terminal  portions 
of the bacterial Pol I 5’-exonuclease domains and  the 5’- 
exonuclease of phage T7, which is encoded by gene 6 (Kerr 
and Sadowski, 1972a, 1972b). Alignment by the ALIGN pro- 
gram obtained from the  Protein Identification Resource 
(Georgetown University, Washington, D.C.)  of these  portions 
of the Pol  I  proteins with a 214-amino-acid stretch (see Fig. 
7) of the polypeptide predicted from the gene 6 DNA sequence 
(Dunn  and Studier, 1983) gave scores significantly higher 
than random arrays. Fig. 7 shows several regions of homology 
along the compared stretch,  and  the similarity is strongest 
where the two Pol I proteins themselves are similar. 

Four residues of the 5’-exonuclease domain of E. coli Pol I, 
Tyr77, GlY103,  Gly,,, and GlylgZ, in which mutations affected 
enzyme function (Joyce et al., 1985), are  identical  in the S. 
pneumoniae and E. coli proteins. All except Glyl,, are con- 
served also in the  T7 5’-exonuclease polypeptide. A  notable 
position of identity of amino acid residues in all three polym- 
erase  proteins is LysTSs, which was  localized at  the deoxynu- 
cleotide triphosphate binding site of the E. coli enzyme (Basu 
and Modak, 1987). With regard to residues ArgGw and GlyS50, 
where mutations (Arg + His  and Gly + Arg, respectively) in 
E. coli Pol  I affect polymerase activity (Joyce et al., 1985), 
identical residues are  present  in  the corresponding positions 
of S. pneumoniue Pol  I and  in  the first case for T7 polymerase, 
as well. 

DISCUSSION 

The Pol I enzymes of S. pneumoniae and E. coli show many 
similarities. Both  are the most prominent DNA polymerases 
in the cell, carry  out 5‘- and 3’-exonuclease as well as polym- 
erase activity, consist of a polypeptide of approximately Mr 
100,000, are susceptible to a single proteolytic cleavage at  a 
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FIG. 7. Comparison  of  DNA  polymerase I proteins  from S. pneumoniae and E. coli and  their 

relationship  to DNA polymerase  and  exonuclease  proteins  encoded  by  phage T7. Spn, S. pneumoniae Pol 
I; Eco, E. coli Pol I; T7e, phage T7 gene 6 protein; T7p, phage T7 gene 5 protein. Amino-acid sequences of proteins 
in  the direction from amino- to carboxyl-terminus are shown from left to right and top to bottom. Only Spn and 
Eco are shown in their  entirety. Residues on the right of each line are numbered; superior dots mark every 10th 
residue. Dashes represent the absence of corresponding residues; numbers in inserts pertain to residues of T7 
proteins not shown at these positions. Shaded boxes indicate identical amino acid residues. 

FIG. 8. Common  amino acid  residues in Pol I from S. pneumoniae and E. coli shown in the  structure 
of the E. coli Klenow fragment. Two  views are shown of the E. coli Klenow structure determined by Ollis et al. 
(1985a), for which a-carbon coordiqates were taken from the Brookhaven Protein  Data  Bank and portrayed on an 
Evans and Sutherland PS300 Graphics Representation System using the FRODO program (Jones, 1978). The 
DNA substrate  is presumably bound to  the protein in the large cleft with the axis of the double helix perpendicular 
to the plane of the figure.  Color  code: yellow-green, identical residues in Pol I of S. pneumoniae;. red-orange, 
different residues in S. pneumoniae; blue-white, residues absent  in S. pneumoniae. 
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FIG. 9. Possible amino acid sequence homology in proteins 

Pol I ) ,  E. coli Pol I (Eco Pol I ) ,  E. coli Pol 111, c subunit (Eco Pol 
with 3’-exonuclease activity. Enzymes: S. pneurnoniue Pol I (Spn 

ZZIc), T7 DNA polymerase, phage-encoded polypeptide (T7 DNA 
Pol). Numbers indicate position in protein of first and last residues 
shown. Symbols depict similarity of residues at  position indicated: W, 
all four identical; 0, four similar; A, three identical; A, three similar; 
. , no more than two identical; -, residue absent in two or more cases. 
Groups of amino acids taken to have similar side-chain properties 
are: (A, G),  (D, E,  N, Q ) ,  (F, 1, L, M, V, W, Y), (H,  K, R), and (S, T). 

similar point in the peptide, and show much similarity in 
amino acid sequence. 

Transcription of the S. pneumoniaepolA segment in various 
bacterial hosts produces essentially identical mRNA  mole- 
cules. These were mapped at both ends and shown to include 
only the polA gene. Transcription begins at a promoter with 
a -10 site identical to  the prokaryotic consensus sequence, 
and  it  terminates at a  hairpin  structure typical of prokaryotic 
terminators (Rosenberg and Court, 1979). To our knowledge 
this is the  first mRNA transcript of a DNA polymerase gene 
to be characterized. Promoter  and  terminator signals were 
not clearly apparent in the DNA sequence adjacent to polA of 
E. coli (Joyce et al., 1982). 

Because the polA transcript begins only two nucleotides 
before the translation  initiation codon, the mRNA contains 
no upstream site for ribosome binding. This  situation  has 
been observed  twice before, in CI expression from the PRM 

promoter of X prophage (Ptashne et al.,  1976) and in V gene 
expression of P2 bacteriophage (Christie  and Calendar, 1985) 
in E. coli. In  both cases only small amounts of protein  are 
made.  Lysogenic cells were estimated to contain only 200 
monomers of the cI repressor (Ptashne  et al., 1976). The 
amount of Pol I  present  in cells of S. pneumoniae can be 
calculated from Table  I using the following relationships for 
cultures of the pneumococcal strains  used As50 of 0.4 = 0.1 
mg  of cell protein/ml = 2 X IO8 colony-forming units/ml; each 
colony-forming unit  contains an average of four cells; there- 
fore, each cell contains 1.2 x g of protein.’ The results 
of Table I indicate that each cell of strain 641[pSM22] con- 
tains 10,000  molecules of Pol I. Inasmuch as  strains lacking 
the plasmid contain only 5% of this polymerase activity 
(Martinez et al., 1986), cells without the plasmid contain 500 
molecules of Pol I.  This is comparable to 400 molecules per 
cell calculated for E. coli Pol I (Kornberg, 1980). Rather poor 
potential ribosome binding sequences, 5’AGG or 5’GGA,  were 
observed upstream of the E. colipolA  gene (Joyce et al., 1982). 
The pneumococcal Pol I is translated in the heterospecific 
hosts, E. coli and B. subtilis, as indicated by its ability to 
complement mutants of those hosts in DNA damage repair 
(Martinez et al.,  1987;  Lopez et al., 1987) and plasmid repli- 
cation functions (Lacks et al., 1986). 

The polA transcript is the first mRNA  from S. pneumoniae 
to be directly characterized. However, its lack of a ribosome 
binding region upstream of the translation start site does not 
appear to be  common in this species. Sequence analysis of a 
number of genes  shows that  their putative transcripts  contain 
typical (e.g. Stassi  et al., 1982) or atypical (de la Campa et al., 
1987) prokaryotic ribosome binding sites. 

The c subunit of DNA polymerase I11 possesses 3“exonu- 
clease activity similar to  that found in the Pol I enzymes. 

* S. Lacks, unpublished data. 

Joyce et al. (1986) suggested that five short  stretches (I-V) of 
similarity between amino acid residues of E. coZi Pol I and c 
indicated homology of the proteins. Four of these regions 
show  no conservation in S. pneumoniae Pol I; their similarity 
in the E. coli enzymes is presumably coincidental. However, 
region I1 does  show evidence for homology not only with the 
bacterial enzymes but also with the  T7 DNA polymerase, as 
shown in  Fig.  9. The similarities in these  stretches of approx- 
imately 30 amino acid residues may indicate a common evo- 
lutionary origin of their genetic determinants. 

From the foregoing analysis it appears that  the bacterial 
Pol I  proteins consist of more than  three genetic domains. At  
the amino terminus is a  stretch of  220 residues related to 5’- 
exonuclease activity as shown by  homology to  the  T7 gene 6 
exonuclease. A subsequent stretch of 40 residues is  present  in 
all  three polymerases examined; inasmuch as  it  is  not  part of 
the Klenow fragment, it is not essential for 3’-exonuclease or 
polymerase activity in uitro, but  it may  be required for enzy- 
matic functions in uiuo. The next  stretch of 144 residues in 
E. coli Pol I, which includes the proteolytically sensitive site, 
shows similarity only with the corresponding 98-residue 
stretch in S. pneumoniue Pol I. This hinge region, which  may 
be important for coordinating Pol I functions, is followed  by 
the 30-residue segment pointed out above in all four 3’- 
exonuclease regions. The next 60 residues again show simi- 
larity only between the bacterial polymerase. In their 400 or 
so carboxyl-terminal residues, all  three polymerases are ob- 
viously  homologous. These various regions of homology define 
as many as six possible domains. 

Three of the domains deduced  from  homologies are clearly 
functional and associated with 5‘-exonuclease, 3”exonucle- 
ase, and polymerase activities previously ascribed to physi- 
cally distinct domains in the protein (Ollis et al., 1985a). 
Another region of homology found here lying between the 5‘- 
and 3’-exonuclease domains is of unknown function. The 
presence of as many as six domains in the Pol I  proteins is 
consistent with an evolutionary origin of the pol4 gene as  a 
composite of exons from which intervening sequences were 
eliminated (Gilbert, 1985). Although the S. pneumoniae and 
E. coli polA genes appear to have  evolved  from the same 
ancestral composite gene, the corresponding domains in the e 
subunit  and the T7 exonuclease and polymerase may have 
been introduced into  the genes encoding them at a more 
ancient stage of exon shuffling. 
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Note Added in Proof-Phage T7 DNA  was found to contain an 
additional, unreported T residue at position 17,511 (J. Dunn, personal 
communication). This alters the coding region of the gene 6 exonu- 
clease so that  it begins 48 codons past the previously assumed start 
site. Thus,  the amino acid residues shown in Fig. 7 are correct, but 
48 should be subtracted from their numbering to correspond to  the 
actual exonuclease protein, and  the first T7e residue shown is number 
13. Therefore, the similarity of the gene 6 exonuclease and the two 
polymerase I proteins begins quite close to their amino termini. 
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