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DNA polymerase III is one of the five eubacterial DNA polymerases that is re-
sponsible for the replication of DNA duplex. Among the ten subunits of the DNA
polymerase III core enzyme, the alpha subunit catalyzes the reaction for polymer-
izing both DNA strands.
alpha subunit from 159 sequenced eubacterial genomes, and carried out sequence-

In this study, we extracted genomic sequences of the

based phylogenetic and structural analyses. We found that all eubacterial genomes
have one or more alpha subunits, which form either homodimers or heterodimers.
Phylogenetic and domain structural analyses as well as copy number variations of
the alpha subunit in each bacterium indicate the classification of alpha subunit into
four basic groups: polC, dnaE1l, dnaE2, and dnaE3. This classification is of essence
in genome composition analysis. We also consolidated the naming convention to

avoid further confusion in gene annotations.
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Introduction

DNA polymerases play central roles in DNA replica-
tion and repair, whose fidelity is the primary source
of DNA sequence variations. Among the five eubac-
terial DNA polymerases (I-V) (1-4), polymerase III
is responsible for catalyzing DNA polymerization in
replication, and the rest are involved in subsidiary
roles in replication (I) and repair (I, II, IV, and V)
(1-6). DNA polymerase III is a ten-component com-
plex consisting of the replicase («a, &, and 0), the
clamp loader or gamma complex (v, ¢, ¢', ¢, x, and
1), and the sliding clamp (82) (2, 7-17). The al-
pha subunit works as a dimer at the replication fork
and plays a central role in the complex. However,
its classification remains controversial and ambigu-
ous due to occasional redundancy and seemingly un-
related groupings, which are mainly resulted from the
horizontal gene transfer among prokaryotes. The al-
pha subunit has been roughly classified into polC and
dnaE groups (18-22). A “confused dnaE” (2%) and
“a split of dnaE” (into dnaEl and dnaE2) (24), as
well as the integrated dnakl and dnak2 in several
cyanobacterial species were noticed previously (25).
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When two intact dnakE genes were detected, they were
usually named as dnaEl and dnaE2 in an arbitrary
way (25, 26). No detailed analysis has been carried
out to classify these important molecules.

In this study, we collected DNA sequences from
159 representative eubacterial genomes and extracted
their alpha subunit genes according to their annota-
tions, followed by thorough searches with the BLAT
tools under variable parameters. After that, we com-
piled amino acid sequences of these genes and studied
the enzyme systematically at three different levels,
including their overall phylogeny, domain structures,
and identifiable motifs. As a result, we classified all
the alpha subunit genes into four groups.

Results

The distribution of the alpha subunit genes per
genome among the 159 eubacterial genomes is quite
variable (Table S1). According to our statistics,
77 (48.4%) genomes have one single alpha subunit
gene, 75 (47.2%) genomes have two alpha subunit
genes, and the remaining seven (4.4%) genomes
(Agrobacterium tumefaciens C58 UWash, Bacillus
subtilis, Clostridium acetobutylicum, Sinorhizobium
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meliloti, Staphylococcus epidermidis RP62A, Strepto-
myces coelicolor, and Symbiobacterium thermophilum
TAM14863) each contain three alpha subunit genes.
Therefore, these genomes have 248 alpha subunit
genes in total. We examined these genes carefully
and did not find frame shifts, stop codons, or other
anomalies. We believe that they are not pseudogenes
although we lack empirical data to establish their ex-

act functionality.

Phylogenetic analysis

We tried several methods (neighbor-joining, minimum
evolution, and maximum parsimony) to assess the

phylogeny of the alpha subunit genes and achieved
similar results. Based on the phylogenetic analysis,
we classified the 248 genes into four simple groups
(Figure 1), namely polC, dnaE1l, dnaE2, and dnaE3,
regardless whether some of the bacteria have multi-
ple alpha subunit genes or not. The polC group is
rather distinct from the other three, in which 41 polC
genes are clustered together, forming a single group.
The lengths of these genes in this group range from
1,367 to 1,658 amino acids (a.a.), with an average of
1,455 a.a., which are longer than those of the other
three groups in general. The dnaE genes are divided
into three groups according to the cluster results.
The lengths of these three groups are quite different:
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Fig. 1 Phylogeny of the alpha subunit gene groups. Genomes are labeled in abbreviated characters for the phylum
names (Table S1). The Arabian number after the becterium number denotes whether it is classified based on the
first alpha subunit gene or other co-existed isoforms. For instance, FI Bact181 1 stands for the Firmicute bacterium
No. 181 in the collection, which is classified based on its first alpha subunit gene. AC, Actinobacteria; AQ, Aquificae;
BA, Bacteroidetes/Chlorobi group; CH, Chlamydiae/Verrucomicrobia group; CI, Chloroflexi; CY, Cyanobacteria; DE,

Deinococcus-Thermus; FI, Firmicutes; FU, Fusobacteria; PL, Planctomycetes; PR, Proteobacteria; TH, Thermotogae;

SP, Spirochaetes.
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dnaF1 is the longest, with an average length of 1,174
a.a., whereas dnaE2 and dnaE3 are shorter, with aver-
age lengths of 1,078 and 1,033 a.a., respectively (Fig-
ure 2). To demonstrate the unequivocal relationship,

we selected five alpha subunits randomly from each
of the four groups, and grouped the subset of twenty
alpha subunits into four clusters with significant boot-
strap values (Figure 3).

DNA Polymerase lll Alpha Subunits Length Distribution

e dnaE1
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Fig. 2 The length distribution of all alpha subunit genes in the collection. Among the 248 genes, there are 129 dnaE1l

genes (average length of 1,174 a.a.), 44 dnaE2 genes (average length of 1,078 a.a.), 34 dnaE3 genes (average length of

1,033 a.a.), and 41 polC genes (average length of 1,455 a.a.). The shortest sequence is a dnaE3 gene found in Onion

yellows phytoplasma (Bact134; 625 a.a.). The longest one is a single dnaEl gene from Thermus thermophilus HB27

(Bact204; 2,067 a.a.).

DE Thermus thermophilus HB27
AC Nocardia farcinica IFM10152
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Fig. 3 Phylogeny of four alpha subunit groups from a partial and random selection. Five alpha subunits are randomly

selected from each group. The same nomenclature is used as in Figure 1. The trees are constructed with the program

MEGA (V3.1) by neighbor-joining with Kimura 2-parameter distance (scale bar). The reliability of the branching

orders is estimated by bootstrapping (500 replicates), and bootstrap values (percentage after 500 iterations) for major

branches are shown.
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In addition to sequence-based phylogeny, there is
ample taxonomic evidence that supports our four-
group scheme. Firstly, polC and dnaE3 frequently
appear together (27) and work on the leading and
the lagging strand, respectively, catalyzing the chem-
ical reaction of DNA replication (20, 21). In contrast,
dnaEl and dnaE2 in general do not appear together
in our collection so that dnaE1l could work on both
the leading and the lagging strand. Secondly, in the
case of dnaKE2, it pairs with dnaE1l primarily; how-
ever, in very rare occasions it works together with
polC (we found only one example of S. thermophilum
TAM14863 in the 159 bacteria). It seems that dnaE2
is not able to form a functional homodimer since it
always pairs with either dnaFE1 or polC, even though
some of the bacteria have more than one copy of the
gene. Thirdly, the distribution of dnaE1l homodimer
and polC/dnaE3 heterodimer is restricted to taxo-
nomic schemes. For instance, polC/dnaE3 combi-
nation is dominant in phylum Firmicutes, whereas
dnaEl is mostly found in non-Firmicute bacteria. In

T7H e dnaE1

o dnaE2
o dnaE3
e polC

57¢

contrast, dnaE2 is not related to bacterial taxon-
omy so that it has been found in different phyla,
such as Actinobacteria and Proteobacteria (Figure 4).
Fourthly, even for bacteria in the same genus, some
have dnaE2 while others do not. For instance, in Pro-
teobacteria, a fraction possesses only dnaEl whereas
others have both dnaEl and dnaE2; a similar clas-
sification result has also been observed in Actinobac-
teria (data not shown). The best example is the genus
Vibrio that has four species sequenced; two of them,
Vibrio vulnificus CMCP6 and Vibrio parahaemolyti-
cus, have dnaEl and dnaE2, whereas the other two,
Vibrio fischeri ES114 and Vibrio cholerae, do not
have dnaE2. Finally, it is rather curious that how
dnaEl functions in a genome that also has dnaKE2,
since dnaE1l can form functional homodimers by it-
self. From the distribution pattern of dnaE2, we be-
lieve that the heterodimer of dnaEl and dnaE2 over-
rides dnaE1 homodimer when forming the replicase
complex.

/?

Fig. 4 Alpha subunits in different bacterial phyla.

v

One solid circle represents one alpha subunit.

777777777

‘We mark the

bacterial genome numbers together with phylum names; for example, “17 Actinobacteria” represents 17 bacterial

genomes included in Actinobacteria.
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Domain analysis

In this part of analysis, we investigated what do-
main structures and their function classes separate
the four alpha subunit groups. We used Inter-
Pro (28), a popular database for protein annota-
tions, which integrates information for protein fam-
ilies and functional domains as well as incorporates
efforts from different data-mining and data-curating
projects, such as PROSITE, PRINTS, Pfam, and
ProDom. We initially identified 49 domains in the
alpha subunit genes among the eubacterial genomes.
However, upon scrutiny on the sequences, we learnt
that most of these domains are rare and only shared
by less than five genomes. After removing the rare
domains, we have 11 domains left. We then clas-
sified them into five basic classes based on their func-
tions and positions in the four groups of alpha sub-
unit genes (Table 1). The first class contains two
exonuclease domains, IPR006054 (DNA polymerase
IIT and epsilon subunit) and TPRO06055 (exonucle-
ase), which are located at the same position in all
polC genes and appear to be the same sequences.
In fact, the function of epsilon subunit is its exonu-
clease activity so that it is class-specific. The sec-
ond class is the alpha subunit domains composed of
TPR006308 (DNA polymerase III, alpha subunit, and
Gram-positive type), IPR004805 (DNA polymerase
IIT and alpha subunit), and IPR011708 (bacterial
DNA polymerase III and alpha subunit); two of them
are class-specific, IPR006308 to polC and IPR004805
to dnaFE, and one, IPR011708, appears common to all
alpha subunit genes. The third class is the phospho-
esterase PHP domains, including ITPR003141 (phos-
phoesterase PHP N-terminal) and IPR004013 (PHP

C-terminal). This class is universal to all alpha sub-
unit genes but becomes ambiguous in a minor frac-
tion of them. The fourth class is the nucleic acid-
binding/OB-fold domains consisting of IPR004365
(nucleic acid binding, OB-fold, and tRNA /helicase-
type) and IPR008994 (nucleic acid-binding and OB-
fold). Some of these domains become more ambigu-
ous among the genomes. The fifth class has two do-
mains, IPR001093 (IMP dyhydrogenase/GMP reduc-
tase) and IPR012337 (polynucleotidyl transferase and
ribonuclease H fold); the former appears universal and
the latter seems polC-specific, although the sequence-
based detection of these domains is usually poor for
this class of domains.

We also examined the relative positions of the
identified domains in protein alignments (Figure 5;
the last class was ignored in the display). The al-
pha subunit domains are universal but their rela-
tive positions are distinct in dnaE (in the middle)
and polC (in the C-terminal portion). This most
lengthy domain class, with nearly 500 a.a. in length,
occupies the core of the alpha subunit gene and
manifests DNA-dependent 5-to-3’ polymerase activ-
ity (29). The other two universal domain classes are
the phosphoesterase PHP domains and the nucleic
acid binding/OB-fold domains. They are shorter than
the alpha subunit domains, having a length of nearly
100 a.a. The positions of these domains are conserved
only within polC and dnaE. Comparatively, the ex-
onuclease domain class is the most distinctive, for it
is polC-specific and positioned in the middle of the
gene with a length of nearly 200 a.a., which has 3'-
to-5" proofreading exonuclease activity (21). Since
genomes without polC always have an equivalent
activity fulfilled by dnaQ, the exonuclease activity

Table 1 Domain Analysis of the Four Groups of Alpha Subunit Genes

Class Domain Domain annotation polC dnaEl dnaE2 dnaE3
(41)  (129) (44) (34)
1 IPR006054 DNA polymerase III, epsilon subunit 100% 0 0 0
IPR0O06055 Exonuclease 100% 0 0 0
2 IPR006308 DNA polymerase III, alpha subunit, Gram-positive type 100% 0 0 0
IPR004805 DNA polymerase III, alpha subunit 0 100%  100% 97%
IPR011708 Bacterial DNA polymerase III, alpha subunit 100% 100%  100%  100%
3 IPR003141 Phosphoesterase PHP N-terminal 95%  95% 95% 85%
IPR004013 PHP C-terminal 93% 99% 75% 76%
4 IPR004365 Nucleic acid binding, OB-fold, tRNA /helicase-type 38%  88% 95% 74%
IPR008994 Nucleic acid-binding, OB-fold 60% 56% 55% 68%
5 IPR001093 IMP dehydrogenase/GMP reductase 33% 25% 23% 33%
IPR012337 Polynucleotidyl transferase, ribonuclease H fold 55% 0 0 0
Geno. Prot. Bioinfo. Vol. 4 No. 4 2006 207
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seems essential for the DNA polymerase III core en-
zyme (11,21).

The lengths of dnaE1l, dnaE2, and dnaE3 domains
showed great differences in their sequences (Table 2).
We analyzed the three dnaE groups to search for the
common ancestor for each dnaE group, believing that
dnaFE1 is older than dnaE2 since it is much longer than
dnaE2 and dnak3. When deciphering three shared
domains (IPR003141, IPR004365, and IPR011708) of
each dnaE group, we found that their lengths are all
longer in dnakE1l than in the other two dnakE groups,
especially domain IPR011708, whose length is 839 a.a.
in dnaE1l, compared with 563 a.a. in dnak2 and 528
in dnaE3. We suspect that the longer dnaE1l
domains may form secondary structures for special
functional requirement.

a.a.

Table 2 Average Lengths of three Domains of
the dnaE Groups

Motif analysis

To find further differences among the dnakE groups,
we analyzed the protein motifs, which are subsets
of domain structures, by using the MEME tool for
discovering motifs or highly conserved regions with
its default settings (30, 31). We detected ten mo-
tifs among the dnakE genes, nine of which are shared
by all members (Figure 6). Eight of the nine motifs
were found in the alpha subunit domains while one
(motif 9) was found in the phosphoesterase PHP do-
mains. Motif 5 is the only one standing out that is
different from the other nine motifs in its distribution
among the genomes; it was identified in dnaE1l and
dnaE3 genes but rarely in dnaE2 genes. Detailed anal-
ysis revealed that motif 5 is part of the alpha subunit
domain and has a unique amino acid sequence, “LD-
VINQMGFPGYFLIVMEFIQWSKDNGIP” | which is
almost undetectable in dnaE2 genes. No recognizable

Group Domain length (a.a.) motif was found in the nucleic acid-binding/OB-fold
IPR003141 IPR004365 IPR011708 domains with similar parameters in the same way. In
dnaE1l 134 110 839 addition, we further investigated individual portions
dnaE2 105 83 563 of the alpha subunit genes by varying MEME param-
dnaE3 68 81 528 eters but still failed in finding any meaningful motifs
in the phosphoesterase PHP domains. However, this
Alpha subunit of DNA polymerase IlI
Phosiphoesterase PHP l Nucleic acid bindingIO¢B-foId
dnaE1 I — N —
dnaE2 —— ]
dnaE3 (—— -
Exonu‘clease
polC T — ] I e s
0K 0.5K 1K 1.5K

Fig. 5 Domain alignments of the four groups of alpha subunit genes. InterProScan has been used to identify the

domains. Scale bar marks the length measured by amino acids.

9 5 110 6 4 3 27
dnaE1 [ [ [e[a] [T T [T T
9 110 8 6 4 3 27
dnaE2 [ 10| W 1 0 0 e
9 5 110 8 6 4 3 27
dnaE3 [ . 1L W T [0 [0 e
0K 0.5K 1K

Fig. 6 Protein motifs among the three groups of dnaE genes. The MEME tool has been employed for this analy-

sis. Each motif describes a pattern of a fixed width, and no gaps are allowed in MEME motifs. MEME numbers the

motifs consecutively starting from 1 as it found them, and the most statistically significant (low E-value) motifs are usu-

ally found first. Relative to dnaE1l and dnaE3, dnaE2 appears to miss motif 5. Scale bar indicates amino acid positions.
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procedure paid off in finding another motif unique to
dnaE2 in the nucleic acid-binding/OB-fold domains,
which is a short sequence, “VVHLVAQRLED”, at the
end of this domain (data not shown). Collectively,
dnaFE1 and dnaE3 share a common motif in the alpha
subunit domain, while dnaE2 has a unique motif in
its nucleic acid-binding/OB-fold domain.

Discussion

Our results clearly pointed out two important obser-
vations about the grouping of alpha subunit genes;
one is the existence of the four distinct groups in eu-
bacterial genomes, and the other is that the group-
ing scheme always has exceptions albeit mostly minor.
We do believe that the grouping scheme is related to
the nucleotide compositional dynamics of prokaryotic
genomes, which exceeds taxonomy, so that it breaks
the boundaries of the bacterial taxa, even within a
genus. For instance, polC is characteristic in phylum
Firmicutes and co-exists with dnaE3 (89% in Firmi-
cutes), except in four genomes in class Clostridia of
Firmicutes where polC co-exists with dnaEl. Hav-
ing detected these four dnaEl genes, we found that
they are clustered together in dnaE1l group and are
homologous to the dnaEl gene of S. thermophilum
TAM14863 in phylum Actinobacteria.
phylogenetic analysis (Figure 1) showed that the polC
gene of S. thermophilum IAM14863 is homologous to
the polC genes of the above four genomes in Clostridia
and also homologous to that of one genome in phylum
Fusobacteria. The dnaEl gene of S. thermophilum
TAM14863 is also different from those of other bacte-
ria in Actinobacteria; it is clustered with the dnaE1l

Meanwhile,

gene of Dehalococcoides ethenogenes 195 (Bact063) in
phylum Chloroflexi (which contains only one dnaE1)
and the four dnaE1 genes of the genomes in Clostridia,
whereas the other dnaEl genes in Actinobacteria
are clustered together. These results of the detec-
tion of homologous dnaE1l and polC genes in distant
species suggests that horizontal gene transfer occurs
frequently among prokaryotic genomes (32).

This co-existence between polC and dnaE3/dnaE1l
suggests that polC can form heterodimers with both
dnaEl and dnaE3 but prefers dnaE3 in most of the
cases. Besides the bacteria in Firmicutes, three bac-
teria in other phyla also possess polC: Fusobacterium
nucleatum in Fusobacteria and Thermotoga maritima
in Thermotogae both harbor polC and dnaE1l. The
third one, S. thermophilum IAM14863 in Actinobac-

Geno. Prot. Bioinfo.

teria, is even more complex, which contains one polC,
one dnaEl, and one dnaE2; however, it seems that
dnaE2 may pair with dnaE1l to form a heterodimer
just like other bacteria in Actinobacteria. Alterna-
tively, polC might be a latecomer that has not yet
made its signature visible in this genome. It would be
interesting to know what is going on in this bacterium
in terms of DNA replication.

PolC and dnaKEl play a dominant role in the repli-
cation in Firmicutes and non-Firmicutes, respectively.
DnaE3 is present only together with polC in Firmi-
cutes. DnaE2 is present only in the dnaEl/dnaE2
type of bacteria (mostly Actinobacteria and Pro-
teobacteria), and pairs with dnaE1, while very rarely
with polC, and never dnaE3 (at least in our current
collection), despite the fact that horizontal gene trans-
fer is frequent. Another observable fact is the compat-
ibility among these genes. For instance, dnaE2 and
dnaE3 are never found in the same genome so that
they should be incompatible.

We also reviewed the literature to see what has
been noticed in alpha subunit diversity by other in-
vestigators. It is clear that the difference of dnaE
genes in E. coli and B. subtilis was described previ-
ously (20). Our analysis indicated that the dnaEgg
gene discovered in B. subtilis actually belongs to
the dnaE3 group in our study. It is reported that
dnaE genes contain two different isoforms; one is en-
coded by an intact gene, the other is encoded by a
split dnaE1l and dnaE2 interrupted by an intein se-
quence (24). We identified these “split dnaE genes”
in four Cyanobacteria genomes within our dataset:
Nostoc sp., Synechococcus elongatus PCC 6301, Syne-
chocystis sp. PCC6803, and Thermosynechococcus
elongates. The four genes are all members of the
dnaE1l group. The dnakE2 genes found in other stud-
ies (25, 26) are exclusive members of our dnaE2 group
although they were assigned with different functions.

Conclusion

We have classified eubacterial alpha subunit genes
into four different groups: polC, dnaE1l, dnaE2, and
dnaE3.
rest form heterodimers.

DnaE1l functions as homodimers and the
Phylogenetic analysis have
suggested that dnaE and polC might have diverged
from the same ancestor and the former further split
into three subclasses. Two isoforms of dnakl form a
homodimer that catalyzes DNA replication. DnaE2
might have subsequently lost a small but significant
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motif and is flexible to dimerize with dnaE1l and polC.
DnakE3 is the least flexible so that it pairs only with
We
hope that our consolidated naming convention will
be used in future gene annotations for eubacterial

polC, becoming Firmicute-specific as a result.

genomes.

Materials and Methods

We extracted alpha genes from 191
bacterial sequences deposited in GenBank (May
19, 2005; ftp.ncbinlm.nih.gov/genomes/Bacteria/),

subunit

which cover 159 species, and classified them according
to the NCBI taxonomy database.
we numbered the bacteria in an alphabetic order and
assigned abbreviations (Table S1). For those taxo-
nomic groups with more than one genome sequenced,

For convenience,

we randomly selected one to represent the species.
Since incomplete annotation may lead to oversight,
we also searched each genome with the extracted se-
quence with the BLAT tools (33). We detected the
alpha subunit genes that are diverged in sequences
and lengths, which are far shorter than the average
As a result, we obtained 248 alpha subunit
genes from the 159 genomes. For phylogenetic analy-
sis, we used ClustalW for amino acid sequence align-
ments (34) and MEGA (bootstrap neighbor-joining
method) (35) for phylogeny. The InterProScan (28)
and MEME (30, 31) tools were used for domain and
motif analyses.

sizes.
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