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The middle and C-terminal domains of Escherichia coli DNA
polymerase I exhibit 3'-5' exonuclease and DNA polymerase
activity, respectively, and are both present in the large (Klenow)
proteolytic fragment of this enzyme. The structural basis for these
two activities has been extensively investigated using
crystallographic studies and site specific mutagenesis of the
Klenow fragment (rev. in 1). Little is known, however, about
the structural basis for the 5'-3' exonuclease that is characteristic
of the N-terminal domain, and exhibited by the small proteolytic
fragment of DNA Poll (N-terminal 323 amino acids). Sayers and
Eckstein (2) compared this region with three other homologous
5'-3' exonucleases: the phage T5 D15 exonuclease and the N-
terminal domains of Therrnus aquaticuts and Streptococcus
pnelumoniiae DNA Pol. Their comparison identified four
conserved regions (2). The genes of three additional bacterial
DNA Poll-like enzymes have now been sequenced (3-5)
including one from this laboratory (Deiniococculs radioduranns),
and it has been appreciated that three additional bacteriophage
have homologous exonucleases (6-8), permitting comparison
of the E.coli DNA Poll N-terminal domain with nine related
exonucleases with sufficient diversity that highly conserved
regions can be better discerned. In addition application of a
computer-assisted technique for multiple sequence alignment (9)
has allowed us to obtain a total alignment of the ten exonuclease
sequences (Figure 1). Thus, the four regions previously detected
(2) are now substantially refined (motifs A, D, E and F), and
two additional conserved domains are identified (motifs B and
C), one of which is supported by mutational data (Figure 1).

Within the 323 a.a. N-terminal proteolytic fragnment of DNA
Poll, the residues required for DNA Poll 5'-3' exonuclease
activity are within the first 297 amino acids, since the E. coli resA I
mutation [Gln(298)-Amber] yields an N-terminal 297 a.a.
polypeptide fragment that has 5'-3' exonuclease activity (10). The
region required for exonuclease activity might be even smaller.
since none of the six conserved regions we have detected are
beyond the first -215 N-terminal amino acids (Figure 1). The
six motifs include all 14 a.a. identities present (same residue
aligned in all ten sequences). The importance of two of the six
motifs is supported by the location of three of four sequenced
mutations (10) in E.coli polA that result in defective 5'-3'
exonuclease activity: polA107 is a substitution at an identity in

motif C, while polA480er and polA214 are substitutions at two
different identities within motif F (Figure 1). A fourth mutation
that causes defective 5'-3' exonucleolytic activity, polA4113
produces a change of Gly[ 103] to Glu (10). This residue does
not fall within a motif, but is present in five of the six bacterial
polymerases and absent in the four T-phage exonucleases. This
latter mutation results in a DNA Poll that is thermolabile for both
5'-3' exonuclease and polymerase activities (10). Consequently,
it may play a role in the interaction of the 5'-3' exonuclease and
polymerase domains, and accordingly' might not be necessary in
the T-phage 5'-3' exonucleases, since they do not have covalently
associated polymerase activities.
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A

Ec 1 H V Q I P Q N P L I L V D G S S Y L Y R A Y HA F P P - - - - - - - - - L T
Dr 3 D A S P D P S K P D A L V L I D G HA L A F R S Y F A L P P - - - - - - - - - - L
Tq 3 G H L P L F E P K G R V L L V D G H H L A Y R T F H A L K G - - - - - - - - - - L
Tf 2 A H L P L F E PK G R V L L V D G H H L A Y R T F F A L K G - - - - - - - - - - L
Sp 1 H D K K K L L L I D G S S V A F R A F F A L Y Q - - - - - - Q L D R F
Bc 1 H K K K L V L I D G S S V A Y R A F F A L P L - - - - - - - - - - L
T4 4 E H H L D E D Y K E G I C L I D - F S Q I - A L S T A L V N F P D K E - - - - - -
T5 11 E E E A E HA S R R N L M I V D G T N L G F R F K H N N SK - - - - - - - - - - -
T3 10 Y E L R E G C D D K G I L V H D G D W L V F Q A H S A A E F D A S W E E E I W H R
T7 9 Y E L R E G C D D K G I L V H D G D W L V F Q A H S A A E F D A S W E E E I W H R

L L L V D G - - - - F
B

30 N S A G E P T G A H Y G V L N H L R S L I HQ Y KP T H AAV V - F - D A K G K T -
34 N N S K G E H T D A I V G F H K L L L R L A R Q K S N Q V I V V - F - D P P V K T -
34 T T S R G E P V Q A V Y G F A K S L L K A L K E D G D A V I V V - F - D A K A P S -
33 T T S R G E P V Q A V Y G F A K S L LK A LK E D G D V V V V V - F - D A K A P S -
30 K N A A G L B T N A I Y G F Q LH L S H L L E R V E P S H I L V A F - D A G K T T -
25 H N D K G I H T N A V Y G F T H H L NK I L A E E E P T H H L V A F - D A G K T T -
37 K I N L S M V R H L I L N S I K F N V K K A R T L G Y T K I V L C - I D N A K S G Y
41 - - - - - - K P F A S S Y V S T I Q S L A K S Y S A R T T I V L - - G D K G K S V -
51 C C D H A K A R Q I L E D S I K S Y E T R K K A W V G A P I V L A F T D S V N - - -
50 C C D H A K A R Q I L E D S I K S Y E T R K K A W A G A P I V L A F T D S V N - - -

I V L - F - D

polAl07 polA4113
C Y-C G-E
mm m 10369 F R D E L F - E H YE S H R P PR P D D L R A Q I E P L H A M V K A H G L P L L - -

73 L R H E Q Y - E G YE S G R A Q T P E D L R G Q I N R I R A L V D A L G F P R L - -
73 F R H E A Y - G G YE A G R A P T P E D F P R Q L A L I K E L V D L L G L A R L - -
72 F R H E A Y - E A Y K A G R A P T P E D F P R QL A L I K E L V D L L G L V R L - -
70 F R T E H Y - A D Y K G G R A K T P D E F R E Q F P F I R E L L D H M G I R H Y - -
65 F R H E A F - Q E Y K G G R Q Q T P P E L S E Q F P L L R E L L R A Y R I P A Y - -
78 W R R D - F A Y Y Y K K N R G K A R E E S T W D W E G Y F E S S H K V I D E L K A Y
74 F R L E B L - P E Y K G N R D E K Y A Q R T E E E K A L D E Q F F E Y L K D A F E L
90 W R K E L V D P N Y K A N R K A T K K P V G Y F E F L E A L F E R E E F Y C I - - -
89 W R K E L V D P N Y K A N R K A V K K P V G Y F E F L D A L F E R E E F Y C I - - -

F R - E - - - - - Y K-- R

D E

108 - - - - - - - - A V S G V E A D D V I G T L A R E A E K A G - R P V LIIS T G D K D
112 - - - - - - - - E E P G Y E A D D V I A S L T R H A E G K G - Y E V R I V T S D R D
112 - - - - - - - - E V P G Y E A D D V L A S L A K K A E K E G - Y E V R I L T|A|D|K|D
111 --------E V P G F E A D D V L A T L A K( R A E K E G -Y E V R I L T|A|D|R|D|
109 - - - - - - - - E L A Q Y E A D D I I G T L D K L A E Q D G -F D I T I V S G D K D
104 - - - - - - - - E L E N Y E A D D I I G T L A A R A E Q E G -F E V K V I S G D R D
119 M P Y I V M - - D I D K( Y E A D D H I A V L V K K F S L E G -H K I L I I S|S|D|G|D|
115 C K T T F P T F T I R G V E A D D M A A Y I V K L I G H L Y - D H V W L I S T D G D
129 - - - - - - - - R E P M L E G D D V M G V I A S N P S A F G A R K A V I I S C D K D
128 - - - - - - - - R E P M L E G D D VIM G V I A S N P S A F G A R K A V I I S C D K D

E A D D V - A - L I I S - D K D

141 H A Q L V T P N I T L I N T H T N T I L G P E E V V N K Y - - - - G V P P E L I I D
145 A Y QIL L D E B V K V I A N D F S L I G P A Q V E E K Y - - - - - G V T V R Q W V D
145 L Y Q|L|L S D R I H V L H P E G Y L I T P A W L W E Kt Y - - - - - G L R P D Q W A D
144 L Y QL|L S E R I A I L H P E G Y L I T P A W L Y E K Y - - - - - G L R P E Q W V D
142 L I Q|LIT D E H T V V E I S K K G V A E F E A F T P D Y L H E E M G L T P A Q F I D
137 L T Q|L|A S P H V T V D I T K K G I T D I E P Y T P E A V R E K Y G L T P E Q I V D
158 F T Q|L|H K Y P N V KQ W S P M H K K W V K I K S G S A E I D C H - - - - - - - - -
156 W D T L L T D K V S R F S F T T R R E Y H L R D M Y E H H N V D D V - - - E Q F I S
163 F K Tl I P N C D F L W C T T G N I L T Q T K E T A - - - - - - - - - - - - D W W H L
162 F K T I P N C D F L W C T T G N I L T Q T E E S A - - - - - - - - - - - - D W W H L

polA480ex polA2l4 resAl
F G-D G-D Q(298)-Amber

179 F L A L H GDS - S D N I P G V P G V G E K T A Q A L L Q G L G G L D 212.. 928 (END)182 Y R A L T G D A - S|D N I P G A K G I G P K T A A K L L Q E Y G T L E 215. .921 (END)182 Y R A L T G D E - S|D N L P G V K G I G E K T A R K L L E E W G S L E 215.. 832 (END)181 Y R A L A G D P - S D N I P G V K G I G E K T A Q R L I R E W G S L E 214... .831 (END)
184 L K A L M G D| - S|D N I P G V T K V G E K T G I K L L L E H G S L E 217.. 877 (END)179 L K G L H G D K - S D N I P G V P G I G E K T A V K L L R Q F G T V E 212.. 877 (END)191 T K I L K G D K K K D N V A S V K V R S D F W F T R V E G E R T P S H 225. . 305 (END)195 L K A I H G D L - G D N I R G V E G I G A K R G Y N I I R E F G N V L 228... 291 (END)
193 F Q T I K G D H - T D G Y S G I P G W G D T A E G F L N D P F I V E P 226... .302 (END)
192 F Q T I K G D I - T D G Y S G I A G W G D T A E D F L N N P F I T E P 225... 299 (END)

L - G D --S D N I - G V - G - G

Figure 1. Conserved motifs in the 5-3' exonuclease in Poll family members and related phage exonucleases. Complete alignment of the N-terminal domain of
DNA polymerases and homologous bacteriophage 5'-3' exonucleases. Six conserved regions are identified, indicated by overlining, labeled A-F; the consensus
sequences are indicated below these regions. Boxed aligned residues indicate identity or homology of all ten aligned residues. Asterisks indicate similarity or identity
of all but one aligned residue. The following similarities were employed: acidic (D + E); basic (H + K + R); large aliphatic (I + L + M + V); aromatic (F
+ W + Y); hydroxyl/small aliphatic (A + S + T + G). Above the alignment four mutations are indicated that have been characterized in E.coli DNA polymerase
I (see text). Ec - E.coli DNA Poll (11): Dr - Deinococcus radiodurans DNA Pol (5); Tq -7hermus aquaticus DNA Pol (12); Tf -Thennus flavus DNA Pol
(3); Sp - Streptococcus pneumnoniae DNA Poll (6); Bc - Bacillus caldotenax DNA Pol (4): T5 - phage T5 D15 exonuclease (13); T4 - phage T4 RNAse H/5'-3'
DNA exonuclease (8): T3 - phage T3 gene 6 exonuclease (7): and T7 - phage T7 gene 6 exonuclease (14). The numbering of the phage T7 gene 6 exonuclease
is not that originally reported and has been corrected in accordance with subsequent findings (see 'Note in Proof in 6). Data base searching was performed through
the National Center for Biotechnology Information, Bethesda, MD. Microcomputer-assistance in alignment of a.a.'s employed the MACAW program (9).


