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Abstract The nucleotide sequences of the drnaQ genes from
Salmonella typhimurium and Buchnera aphidicola, encoding the
e-subunit of the DNA polymerase III holoenzyme, have been
determined. The Salmonella typhimurium dnaQ protein consists
of 243 amino acid residues with a calculated molecular weight of
27224, The Buchnera aphidicola dnaQ) protein contains 233
amino acid residues with a calculated molecular weight of 27 170.
A multiple sequence alignment of the amino acid sequences of the
dna(Q) proteins and those of DNA polymerase IIIs from Gram-
positive bacteria produced six homologous segments. These
homologous segments contain highly conserved amino acid
sequence motifs involved in catalytically important metal ion
bindings (ligands 1, 2 and 3). However, metal ligand 4 is found to
be altered in the 3'-5' exonuclease domain of the family C DNA
polymerases and dnaQ proteins in Gram-negative bacteria. From
these results, we propose that the last common ancestor of the
dnaQ gene of Gram-negative bacteria and the DNA polymerase
111 gene (pol C gene) of Gram-positive bacteria was a single gene
containing both 3’-5’ exonuclease and DNA polymerase domains
and then the dnaQ) gene separated from the polymerase gene in
Gram-negative bacteria.
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1. Introduction

In bacteria, chromosomal DNA replication is carried out
by DNA polymerase III (pol IIT) which contains a 3’ to 5’
exonucleolytic proofreading activity [1]. DNA pol IIIs have
been globally classified as family C DNA polymerases [2,3].
While the 3’ to 5’ exonuclease resides in the polymerase cat-
alytic polypeptide in Gram-positive bacterial pol IIIs, it exists
as a separate subunit in Gram-negative bacterial pol IIIs
[1,4,5]. In E. coli DNA pol III holoenzyme, the o-subunit
encoded by the dnaE gene has polymerase catalytic activity
and the e-subunit encoded by the dnaQ gene has proofreading
3’ to 5’ exonuclease activity [1,6-8]. The dnaQ genes of Sal-
monella typhimurium and Buchnera aphidicola, like that of E.
coli, specify the e-subunits of their pol III holoenzymes and
have been partially sequenced previously [9,10]. It has been
shown that the primary sequence of the E. coli dnaQ protein
has weak but significant homology with that of the N-ter-
minal region of Bacillus subtilis pol 111 [4,5]. Subsequently,
site-directed mutagenesis has localized the 3’ to 5" exonuclease
domain within a 200 amino acid segment in the N-terminal of
B. subtilis DNA pol III [11]. Our interest in understanding the
evolutionary relationships between Gram-positive and Gram-
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negative family C DNA polymerases has led us to perform
comparative analyses between dnaQ proteins from Gram-neg-
ative bacteria and DNA pol IIIs from Gram-positive bacteria.
For these analyses, we have determined the complete nucleo-
tide sequences of the dnaQ genes of S. typhimurium and B.
aphidicola and compared them to other reported sequences of
dnaQ genes of Gram-negative bacteria and DNA pol IIIs of
Gram-positive bacteria.

2. Materials and methods

A recombinant plasmid, pFF1, carrying the wild type dnaQ gene of
S. typhimurium in a 3.1 kb HindIII-EcoRI fragment was prepared
from a strain, RM616 [9]. For sequencing purposes, the 3.1 kb
HindIII-EcoRI fragment was then subcloned into a pCRII vector
(Invitrogen Corp., San Diego, CA, USA). The DNA sequence was
determined with double-stranded DNA templates and the Sequenase
version 2.0 DNA sequencing Kit (US Biochemical, Cleveland, OH,
USA). Both strands of the template DNA were sequenced. The pur-
ified genomic DNA of B. aphidicola was generously provided by Dr.
Paul Baumann at the University of California at Davis.

3. Results and discussion

The nucleotide and deduced amino acid sequences for the
dnaQ genes of S. typhimurium and B. aphidicola are shown in
Figs. 1 and 2, respectively. The Salmonella dnaQ gene consists
of 732 nucleotides encoding 243 amino acid residues with a
calculated molecular weight of 27224. The Aphidicola dnaQ
gene consists of 699 nucleotides specifying 233 amino acid
residues with a calculated molecular weight of 27 170. Com-
parisons of the S. typhimurium dnaQ gene sequence to the
nucleotide sequences of homologous genes from E. coli
[8,12], Haemophilus influenzae [13], and B. aphidicola show
identities of 83%, 61.8%, and 58.1%, respectively. In addition,
the B. aphidicola dnaQ gene shows sequence identities to E.
coli and H. influenzae of 58.8% and 65.1%, respectively. Simi-
lar comparisons of the deduced amino acid sequences of Sal-
monella and Aphidicola dnaQ proteins show the following
identities: Salmonella-E. coli, 93.4%; Salmonella—H. influen-
zae, 60.7%; Salmonella—aphidicola, 52.2%; Aphidicola—E. coli,
47.4%; and Aphidicola—H. influenzae, 50.2%.

Fig. 3 shows that the amino acid sequences of the dnaQ
proteins clearly align with those of the DNA polymerase
IITs. Six blocks of homology (A-F) in a linear array are evi-
dent in this analysis. Since the sequence similarity stretches
over the major N-terminal portion of the dnaQ proteins and
only small gaps are necessary for optimal alignment, it is
unlikely that these similarities arose by convergent evolution.
Rather, the dnaQ genes of Gram-negative bacteria and the
DNA polymerase III genes of Gram-positive bacteria must
have evolved divergently from a common ancestor.
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1 gtagacttectgtaattgaaatcgataacaaaacgeaagtctgacataaatgaccgatATGAGCACTGCAATTACACGACAGATTGTCCT 80

1 M 8 T A I T R Q I V L 11
91 CGATACCGAAACCACCGGTATGAATCAGATAGGCGCGCACTATGAAGGTCACAAGATTATTGAGATCGGTGCGGTTGAGGTGATAAACCG 180
12 D T E T T G M N Q I 6 A HY E G HI K I I E I 6 A YV E V I NR 41
181 TCGTCTGACCGGCAACAATTTTCATGTTTACCTGAAGCCCGATCGCCTTGTCGATCCAGAGGCTTTTGGCGTACACGGTATTGCCGATGA 270
42 R L T G N N F HV ¥ L K P DRUL VD PEW AV FGV HG I A DE 71
271 GTTTCTGCTGGATAAGCCGGTTTTTGCTGATGTGGTCGATGAGTTTCTTGATTATATCCGCGGCGCGGAGCTGGTCATCCATAACGCATC 360
72 F L L D K P V F A DV VD EF L D Y I R G AEILVYV I HNA S8 101
361 GTTCCATATCGGCTTTATGGATTATCGAGTTTGCTCTGCTTAAACGCGATATTCCTAAAACCAATACTTTCTGCAAAGTTACCGACAGCCT 450
102 F DI 6 FMD Y E F GL L K RD I P KTNTV F CI KUV TD 8 L 131
451 GGCGTTGCCGCGGAAAATGTTCCCCGGCAAGCGTAACAGCCTTGATGCACTGTGTTCGCEGTTATGAGATAGATAATAGCAAACGTACTTT 540
132 A L AR KM F P 6 K RN S L D AL C S R Y E I DN S KU RTIL 161
541 GCACGGCGCATTGCTCGATGCCCAGATCCTTCGCTCGAAGTCTATCTGGCGATCGACGGGCEGACAAACGTCCATGACGTTTGCGATGGAAGG 630
162 H G A L L D A Q0 I L A E V Y L A MT G G Q T S M T F A M E G 191
631 AGAGACGCAACGGCAGCAAGGTGAGGCGACCATTCAGCGAATCGTTCGCCAGGCCAGCCCCTTACGEGTCGTTTTTGCCTCTGAGGAAGA 720
182 E T Q R Q Q G E A T I Q R I V R Q A S R L RV V F A S E E BE 221
721 GCTGGCTGCGCATGAATCCGAGGCTTGATCTGCTGCAGAAAAAGGGCGEAAGTTGCCTTTGEGCGGECGTAALEtatteectttttaggectat 810
222 L A A H E S R L DL V ¢ K K G 6 8 €C L W R A * 244
811 aaaaatcatcctttegggegatttttgeagecaactgattcaaaaggtgagaaaaagegttgacgggecgacaccgeaaaccgtaatatten 900
901 nctegttccoccageggaacatcacggageggtagttecagttggttagaatacetgectgteacgeagggggtt 972

95

Fig. 1. Nucleotide sequence of the dnaQ gene of Salmonella typhimurium. The predicted amino acid sequence is given in one-letter code (aligned
with first nucleotide of each codon) (GenBank accession number U77465).

Based on crystallographic as well as site-directed mutagen-
esis studies on the 3’ to 5’ exonuclease domain of the E. coli
DNA pol I Klenow fragment, Steitz and coworkers have pro-
posed a two-metal-ion model for phosphodiester hydrolysis
[14,15]. One metal ion (metal A) is considered to activate a
coordinated HoO molecule to yield an attacking nucleophile,
while the other metal ion (metal B) facilitates the departure of
the 3’ oxyanion and stabilizes the pentacovalent transition
state. Three aspartic acid side chains in the Klenow fragment

have been identified as binding metal ions and deoxynucleo-
tides [16]. These aspartic acids are Asp®® (metal A and B
binding), Asp*?* (metal B binding), and Asp® (metal A bind-
ing) and correspond to ligands L1, L3, and L4, respectively, in
Fig. 3. In addition, two other important amino acid side
chains are Glu%%" (corresponding to ligand L2 in Fig. 3) and
Tyr*¥, both of which bind metal A and orient the attacking
nucleophile [15,16]. Assuming the two-metal-ion catalysis op-
erates in family C DNA polymerases, motifs containing the

1 ttaataattattccaatattaaataacttaaatagatcatttatgATGAATAATACACAAAGAATAATTGTTTTAGATACTGAAACAACA S0
1 M N N T Q R I I V L D T E T 7T 15
91 GGAATGAATAGTGTAGGTCCACCTTATCTTAATCATAGAATTATTGAAATTGGTGCCATTGAAATAATTAATCGTCGTTTTACAGGGAAA 180
16 6 M N 8 VvV ¢ P P ¥ L N H R I I E I GG A I E I I N R R F T G K 45
181 AAATTTCATACTTATATTAAACCTAATAGATTGATAGAATCTGACGCTTCAAAAATTCATGATATTACTGATGATTTTTTATCAGATAAA 270
46 K F H T ¥ I XK P N R L I E 8 D A 8 K I H 66 I T D D F L S D K 75
271 CCATCITTTAAAGACATAGCTAAAGATTTTTTTAATTATATAAAAAATTCAGAATTAATAATTCATAATGCATCTTTTGATGTAGGTTTC 360
7 P 8 F K D I A K D F F N Y I K N S8 E L I I H N A S8 F D V G F 105
361 ATAAATCAAGAATTTTCAATGTTAACTAAAAAAATACAAGATATATCAAATTTTTGTAATATTATAGATACATTAAAGATAGCTAGARAA 450
106 I N ¢ BE F 8 M L T K XK I ¢ D I 8 N F C N I I DT UL K I A R K 135
451 TTATTTCCTGGTAAAAAAAATACCTTAGACGCATTATGTATGCGTTATAAAATAAAAAATTCTCATAGAGTTTTACATGGTGCTATTTTA 540
13 L. F P ¢6 K K N T L D AL ¢C M R Y K I KN S8 HRV L HG A I L 165
541 GATGCTTTTCTATTAGGTAAATTATATCTTTTAATGACTAGTGGTCAAGAATCAATTATATTTAATAAAAATATCCAAAATGAAAGAAAT 630
166 D A F L L 6 K L ¥ L L. M T 8 6 Q E 8 I I # N K N I @ N E R N 195
631 TTTAGATATATTAAAAAATCAATAACAAAAAAACATCGTTTTTTAAAAATAATAAAAGCAAATAAAACAGAATTAARACTTCATAATGAA 720
196 ¥ R ¥ I K K 8 I T X K H R F L K I I K AN K T™ E L K L H N E 225
721 TATTTAAAATTTTTAAAACAAAAATAAtgtctatttegtagtaaattatgaataactataaaaagatgattgacteatttttttasaata 810
226 Y L K F L K E K * 255
811 Tgtacaatgtataaatattaataataaaggtgcggtagttcagtcecggttagaatacetgcetgtea 876

Fig. 2. Nucleotide sequence of the dnaQ gene of Buchnera aphidicola. The predicted amino acid sequence is given in one-letter code (aligned
with first nucleotide of each codon) (GenBank accession number U77464).
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S.t. da 1 MSTAITRQI INRRLTGNNFEVYLKPDRLVDP 6
E.c. daQ 1 MSTAITRQI VNRRLTGNNFHVYLKPDRLVDP &
H.i. dnad 1 .MINPNRQI INRRYTGNNXHIYIKPDRPXDP 59
B.a. diQ 1 .MNNTQRIX INRRFTGKKFHTYIKPNRLIES 53

B.s. A pal IIT 414 RLLEEETYV
S.a. DApal III 413 VVLXDATYV
Mp. A pal IIT 387 YKILDQEYV
Mg INApal III 408 TKLSDATFV

KGGEII.DKFEAFANPHRPLSA 467
HNGEII .DKFERFSNPHERLSE 466
KNGRII.ETHBHFFIKPKSKLDS 450
KNNSEI .DHQQFFLKIDKPIPK 462

Creenss =~ - e wwe=eV-DeETTGw--=-=momme e wIEr A=V m oo o m e = o — - o
C
80
S.t.cm) 61 EAFGVHGI LDKPVFADVVDEFLDYIRGAEL FleLLKRDIP 119
Ec. deQ 61 EAFGVHG|I LDKPTFAE[VADEFMDYIRGAEL FSLLKRDIP 119
Hi. amo 6 DAIKVHG|I ADKPEFKEVAQDFLDYINGAEL FRKLNLNV. 117
Ba dwQ 6 DASKIHG[ SDKPSFKDIAKDFFNYIKNSEL F[SMLTKKIQ 18
B.s. DApcl III 468 TIIELTGI QDAPDVVD[VIRDFREWIGDDIL ¥|.KKLLEVE 55
S.a. DNApol IIT 467 TIINLTH|I VDAPEIE[E[VLTEFKEWVGDAIF ¥[.ER.LGFG 523
Mp. DApal III 451 FTTKLTGI EKGYELQEALEKISSIFKARINM FIIDNNIEFE 509
Mg. APl III 463 TITEITKI EGGIDQQGLEKIRNYLDDCVHMY] FIEX..YNIKX 520
Gnsensus 0 mow - I-DE-L===m=== Erommm e V-HNA--FD==-FommeFoommm ==~
E B
140 160 If(")
st .axp 120 KTNTFcekvTpsnalljarkMrre . xrysfipaftlcsryeffovskrrifdeAliplagrrasirnan 18
E.c.dhad 120 KTNTFCKvTpsialviaARkMFrPe . krNs|ipaltjcaryEjzpNskRTLH|GALLDlAQILAEVYLANM 178
Hi. dwaQ 118 KTDDICLVTDTLIOMARQMYPG. KRNNLDALICDRLGIDNSKRTL|H|GlAlLLDlAE T LADV[Y LMY 176
Ba. dwQ 119 DISNFCNIIPDTLKIARKLIFPG.KKNTILDALICMRYKIKNSERVL[HGAIILDAFLLeKLlYLL M 177
B.s. MApal III 526 KAKN. .PVIDTLELGRFLYPEFRKNERLNT|LIcKKFD|Z|. . ELTOHERAT ¥DlTEATAY/LILLKY 581
Sa DApAl IIT 524 PSTN. .GVIDTLELISRI|INTEYGKEGLNFLIARKKYGv|. . ELToHERAI ¥blrEATAY|I[FIRY 579
Mp. DB pol III 510 EMIS....IpTiNuakvlinpivyrsyYRLlceVaskLslvivyprsIaRRADYDlssvLTNIIFILO 565
Mg DRpAl III 521 PLTN..PLIPTLCILISWALNPLFSSHTL/sNIjcSKLKLEFDDERL|HRAEYDITEALKKV[FFYF 58
Gnsensus 00— - mmmo oo DTL-L-=-Lermemm——- A T~ H-A--Dowmwn-- V----
200 220
St. o) 179 TGGQTSMTFAMEGETQRQQGEATIQRIVRQAS...... RLRVVFASEEELAAHESRLDLYV 232
Ec. ) 179 TGGQTSMAFAMEGETQQQQGEATIQRIVRQAS...... KLRVVFATDEEIAAHEARLDLV 2%
Hi.da) 177 TGGQTNLFDEEESVESGVIRVMQEKTAEEIKSAVDFSHNLKLLOQPTNDELQAHLEFLEKMM 2%
Ba doQ 178 TSGQESIIFNKNIQNERNFRYIK....... KSITKKHRFLKIIKANKTELKLHNEYLKFL 236
B.s. MApcl III 582 LKDAAEKGIQYHDELNENM...GQSNAYQRSRPYHATLLAVNSTGLKNLFKLVSLSHIHY 63
S.a DBpal IIT 50 VQQMKELGVLNHNEINKKL...SNEDAYKRARPSHVTLIVONQQOGLKNLFKIVSASLVKY 63%
Mp. DB pol III 56 MSHLKEKGINLFKELN.SL...SSEKFYSKMFAKDISIIAKNQAGLKELFKINSDVLTKY 62
Mg DApal III 579 KKQLKEMGINTLTEIDQNLNKKCQIDLMKRVFTNTAIVYVKNQRGFQNLYEMLSIALTDH 68
GNSENSUS === ™ ™ % % s e s e e e S e e e M M be e e M e e e S e e e e
260
S.t.deQ 233 QKKGGS.CLWRAX........ 243
Ec. dioQ 233 QKKGGS.CLWRA*........ 243
Hi.da) 237 NKKSGNNCLWDKRFGNNNVH* 256
Ba e 237 KEK* . . oo v v i ie e 22

Bs. A pal III 633 FYRVPRIPRSQLEKYREGLLI 659
S.a. DApol IITI 637 FYRTPRIPRSLLDEYREGLLV 657
Mp. A pal ITI 62 YFANPKMFWEDIKRSKN.LLI 641
Mg Dpal IIT 639 NANRPLVLASSLAKFRKSFLL 659
NSEnsils == S o e e e e e s e o e o e e e e e e -

Fig. 3. Alignment of the amino acid sequences of the dnaQ proteins of Salmonella typhimurium and Buchnera aphidicola with the sequences of
homologous proteins of Gram-negative bacteria and sequences of DNA polymerase I1Is from Gram-positive bacteria. Six blocks of conserved
tegions are identified (labeled A—F). Identical and similar residues are boxed. Possible metal binding ligands are indicated by the arrows and la-
beled L1-14 (sce text). Salmonella typhimurium (S.t.) dnaQ ([9] and this study); E. coli (E.c.) dnaQ [8,12]; Haemophilus influenzae (H.i.) dnaQ
[13]; Buchnera aphidicola (B.a.) dnaQ ([10], and this study); Bacillus subtilis (B.s.) DNA polymerase 111 [5]; Staphylococcus aureus (S.a.) DNA
polymerase III [22]; Mycoplasma pulmonis (M.p.) DNA polymerase 111 [23]; Mycoplasma genitalium (M.g.) DNA polymerase III [24]. The mul-
tiple sequence alignment was performed using the PILEUP program from the Genetics Computer Group (GCG). Some mismatches were hand-
corrected to include obvious short signatures and the boxes and notation were added using a word processing program.
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Fig. 4. An evolutionary scenario for the dnaQ gene of Gram-negative bacteria. Numerals 1, 2, 3 in the 3’ to 5’ exonuclease domain represent
3’-exo I, 3'-exo II, and 3’-exo III motifs, respectively. The 3'-exo III motif of family C DNA polymerases is different from that common to
family A and family B DNA polymerases. It has been suggested that Gram-positive and Gram-negative bacteria diverted 1.2-1.5 billion years

ago [17].

three carboxylic acids L1 and L2 and L3 were found to be
conserved in all dnaQ and pol 111 proteins, but a YxxxD motif
containing 14 [15] could not be found. We have found, in-
stead, a highly conserved HxAxxD motif in these proteins.
This motif must have arisen from a common ancestor se-
quence which evolved before the Gram-positive and Gram-
negative bacteria diverged some 1.2 billion years ago [17].
We suggest that this motif is equivalent to the conserved
YxxxD motif found among family A and B DNA polym-
erases [15,18-20]. Recently, Brown and coworkers have also
identified this HxAxxD motif and used site-directed muta-
genesis on His®® and Asp®™® in B. subtilis pol III to show
the motif is critical for 3’ to 5’ exonuclease activity [21].
Therefore, our observations and those of Brown and cowor-
kers [21] raise the strong possibility that a metal ligand (L4)
was altered during the course of evolution.

Based on the phylogenetic analyses with the heat-shock
chaperonin proteins (Hsp60 and Hsp70), Gupta has suggested
that the Gram-positive bacteria have more ancient lineages
than Gram-negative bacteria [25]. Studying the secondary
structure of 58 ribosomal RNA, Hori and Osawa earlier sug-
gested a similar view [17]. It seems likely that a common
progenitor of the dnaQ gene of Gram-negative bacteria and
the DNA pol III gene of Gram-positive bacteria was a single
gene containing both 3’ to 5’ exonuclease and DNA polymer-
ase domains and that the dnaQ gene then separated from the
polymerase gene in Gram-negative bacteria, as shown in Fig.
4. When did the editing exonuclease domain separate from the
DNA polymerase domain in Gram-negative bacteria? It has
been estimated that E. coli and S. typhimurium separated
around 100 million years ago [26]. Obviously, the two genes
separated well before that time. Buchnera aphidicola is an
interesting Gram-negative bacterium which is an obligate in-
tracellular symbiont of aphids [27]. Like E. coli and S.
typhimurium, B. aphidicola is a member of the y-subdivision

of Proteobacteria [27]. Evolutionary studies with 16S rRNA
sequences indicated that the endosymbiont-aphid association
originated 200-250 million years ago, at which time the dnaQ
gene was already separated from the polymerase gene [28].
Therefore, one can infer that the dnaQ and dnaE genes be-
came apart in Gram-negative bacteria 0.25-1.2 billion years
ago. This time frame could be considerably refined by study-
ing the dnaQ and DNA pol III genes from various groups of
microorganisms.
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