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ABSTRACT

Aim: To analyze the active sites of various prokaryotic and eukaryotic DNA polymerases and
propose a plausible mechanism of action for the polymerases with the Escherichia coli DNA
polymerase | as a model system.

Study Design: Bioinformatics, Biochemical and X-ray crystallographic data were analyzed.
Place and Duration of Study: Department of Molecular Microbiology, School of
Biotechnology, Madurai Kamaraj University, Madurai — 625 021, India. From 2007 to 2012.
Methodology: The advanced version of T-COFFEE was used to analyze both prokaryotic
and eukaryotic DNA polymerase sequences. Along with this bioinformatics data, X-ray
crystallographic and biochemical data were used to confirm the possible amino acids in the
active sites of different types of polymerases from various sources.

Results: Multiple sequence analyses of various polymerases from different sources show
only a few highly conserved motifs among these enzymes except eukaryotic epsilon
polymerases where a large number of highly conserved sequences are found. Possible
catalytic/active site regions in all these polymerases show a highly conserved catalytic amino
acid K/R and the YG/A pair. A distance conservation is also observed between the active
sites. Furthermore, two highly conserved Ds and DXD motifs are also observed.
Conclusion: The highly conserved amino acid K/R acts as the proton abstractor in catalysis
and the YG/A pair acts as a “steric gate” in selection of only dNTPS for polymerization
reactions. The two highly conserved Ds act as the “charge shielder” of ANTPs and orient the
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alpha phosphate of incoming dNTPs to the 3’-OH end of the growing primer.

Keywords: DNA polymerases; T-COFFEE; conserved motifs; active sites; E. coli DNA
polymerase I; polymerase active site; polymerization mechanism; exonuclease
active site; proof-reading mechanism.

1. INTRODUCTION

DNA polymerases are cardinal enzymes, which play a vital role in not only preserving but also
maintaining the blue print of life in all living cells. Polymerization of deoxynucleoside
triphosphates (ANTPs) into DNA by E. coli extract was first demonstrated by Arthur Kornberg in
1955 [1]. Since then a large number of DNA polymerases from various sources have been
purified, characterized, cloned and sequenced. Complete nucleic acid and protein sequence
data are available for many of these enzymes. These data have become valuable tools in
analyzing and understanding the highly conserved motifs and their structure-function relations
of these enzymes. Many of these prokaryotic enzymes are usually multifunctional enzymes and
exhibit three different activities, viz., polymerization, proof-reading and DNA repair. Some of the
polymerases like Thermus aquaticus and Pyrococcus furiosus are extensively used in
polymerase chain reaction techniques because of their exceptional thermostability. Except
viruses, there is always more than one type of polymerases in a living cell. For example, at least
five different polymerases have been characterized in prokaryotes such as E. coli, (e.g.), pol |,
I, Ill, IV and V. Eukaryotic DNA polymerase family is a more complex one. At least 18 different
polymerases have been reported from eukaryotes. To distinguish them from prokaryotic
polymerases, they are called alpha, beta, gamma, delta, epsilon, zeta, eta, theta, iota, tau, etc.
Among them, the five key enzymes are; a, B, v, 8 and & which are also analyzed in this article.
Except y polymerases, all are localized in the nucleus. The DNA polymerases, which undertake
replication, are also known as replicases.

1.1 Dynamics of DNA Polymerization and Proof Reading Activities
DNA polymerases synthesize a new strand of DNA on a given template DNA using a primer
and the four dNTPs. They add nucleotides one at a time to the 3' OH end of the primer as

shown in Fig. 1 and thus the new strand grows from 5— 3’. The overall reaction catalyzed by
DNA polymerases may be written as,

a) Template + Primer,—3'0OH + dNTPs DNA polymerase_ (Primer) n.+—3'0OH + PP;

Pyrophosphatase

2 P+ Energy
Proof reading activity
b) (DINA primmer), + H>O > (DINA primer),; + dNMP

Fig. 1. Dynamics of a) DNA polymerization and b) Poof reading activity

In a dNTP, the strong negative charges on the phosphate groups repel each other and hence weakens the
P—O bond. The hydrolysis of P—O bond results in release of large negative free energy, which is utilized
in the formation of the phosphodiester bond involving large positive free energy. The inorganic
pyrophosphate formed during the reaction is hydrolyzed immediately by the enzyme pyrophosphatase and
results in release of more energy which helps in the translocation of the polymerase on the template.
Such a coupling of reaction drives the polymerization reaction only in the forward direction, (i.e.), the
polymerized nucleotides cannot be depolymerized.
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1.2 Crystal Structure of Polymerases

Crystal structures of many polymerases like Klenow polymerase, DNA polymerase | of E. coli,
Taq polymerase, HIV-1 Reverse transcriptase, T, RNA polymerase, rat DNA polymerase 3,
etc., are known. Although their primary structures are markedly different (probably due to
convergent evolution), their crystal structures are remarkably similar in overall shape. All DNA
polymerases, irrespective of their source, have a common protein fold that resembles the shape
of a half opened "right hand" with three distinct domains, “thumb”, “palm” and “fingers” with
analogous functions. The catalytic centre is located on the “palm” domain with two conserved
Asp residues. The “thumb” and “fingers” domains, although analogous, are not homologous
between the pol families. The "thumb," "fingers," and "palm" form a pocket along which the DNA
template with the primer can move. The DNA molecule interacts with specific amino acids
located in the "palm" region whereas the “thumb” and “finger” are involved in the polymerization
reaction. The finger and thumb domains wrap up the DNA around and hold it across the
enzyme’s active site, which comprises residues primarily from the palm domain. Among them
the palm region is the most conserved [2]. Similar spatial arrangements of the highly conserved
carboxylic acids in these enzymes suggest that the polymerases contain similar active sites and
therefore, are likely to operate by the same catalytic mechanism.

2. MATERIAL AND METHODS

For multiple sequence analysis of various polymerases the sequences were retrieved from
SWISS-PROT and PUBMED sites and analyzed using the advanced version of T-COFFEE
available at the website: https://tcoffee.org.

3. RESULTS AND DISCUSSION

3.1 Active Site Analysis of DNA Polymerases

To-date the most well characterized polymerase is the DNA polymerase | of E. coli. DNA
polymerase | is a multifunctional enzyme and harbours at least 6 different binding/active sites
on the single polypeptide viz., One binding site for all four ANTPs, One binding site for template
DNA or at nicks on DNAs, One binding site for the primer, One binding site for the 3' OH on the
primer, One binding site (exonuclease-1 active site) for proof-reading function and One binding
site (exonuclease-2 active site) for DNA repair-function. In addition to the above binding sites, it
also contains several binding sites for metal ions as well. The dNMP site (part of proof-reading
active site) and ANTP site (part of polymerase active site) bind their respective ligands non-
competitively. In eukaryotic polymerases the polymerization and proof reading activities are
accomplished by two different polymerases. In order to analyze various active and binding sites
of different polymerases a multiple sequence alignment was done.

3.2 Multiple Sequence Analysis of Different Polymerases from Different Sources
Figs. 2A — 2E show the results of multiple sequence alignment of various prokaryotic
polymerases (pol | to pol V). (The conserved regions are shaded and the active site regions are

underlined and shaded yellow).

Fig. 2F shows the results of multiple sequence alignment of various viral polymerases. (The
conserved regions are shaded and the active site regions are underlined and shaded yellow).
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Figs. 2G - 2K show the results of multiple sequence alignment of various eukaryotic
polymerases (alpha, beta, gamma, delta and epsilon. (The conserved regions are shaded and
the active site regions are underlined and shaded yellow).

It is clear from the Figs. 2A-2K, irrespective of the type and origin of the polymerase, marked
similarities are observed in their catalytic regions which are summarized in Table 1.

Fig. 2A Prokaryotic DNA polymerases (pol I)

sp|P52026|DPO1_BACST
sp|P00582|DPO1_ECOLI
sp|POA550 | DPO1_MYCTU
sp|034996|DPO1_BACSU
sp|Q9F173|DPOLl_SALTY
sp|P59200|DPO1_STRR6
sp|032801|DPO1_LACLM
sp|P43741|DPO1_HAEIN
sp|Q9ZJE9 | DPO1_HELPJ
sp|Q9CDS1 | DPO1_LACLA
sp|P59199|DPO1_STRPN
sp|Q9S1G2|DPOLl_RHILE
sp|Q92GB7|DPOL_RICCN
sp|POA551 | DPO1_MYCBO
sp|Q9HT80 | DPO1_PSEAE
sp|Q04957|DPOL1_BACCA
sp|P46835|DPO1 MYCLE
sp|P52027|DPO1_DEIRA

sp|P52026|DPO1_BACST
sp|P00582|DPO1_ECOLI
sp|POA550 | DPO1_MYCTU
sp|034996|DPO1_BACSU
sp|Q9F173|DPOLl_SALTY
sp|P59200|DPO1_ STRR6
sp|032801|DPO1_LACLM
sp|P43741|DPO1_HAEIN
sp|Q9ZJE9 | DPO1_HELPJ
sp|Q9CDS1 | DPO1_LACLA
sp|P59199|DPO1_STRPN
splQ9S1G2|DPO1_RHILE
sp|Q92GB7|DPO1_RICCN
sp|POA551 |DPO1_MYCBO
sp|Q9HT80 | DPO1_PSEAE
sp|Q04957|DPO1_BACCA
sp|P46835|DPO1 MYCLE
sp|P52027|DPO1_DEIRA

GKTTFRHETFQDYKGGRQQOTPPELSEQFPLLRELLKAYRIPAYELDHY[EADDIIGTNAAR
KGKTFRDELFEHYKSHRPPMPDDLRAQIEPLHAMVKAMGLPLLAVSGVEADDVIGTLARE
SROTFRLORYPEYKANRSSTPDEFAGQIDITKEVLGALGITVLSEPGEEADDLIATLATQ
GKTTFRHGTFKEYKGGRQKTPPELSEQMPFIRELLDAYQISRYELEQY[EADDIIGTLAKS
KGKTFRDELFEHYKSHRPPMPDDLRAQIEPLHAMVKAMGLPLLAVSGVEADDVIGT]LARE
GKTTFRTEMYADYKGGRAKTPDEFREQFPFIRELLDHMGIRHYELAQYEADDIIGTL.DKL
GKTTFRTEMFADYKGGRSKTPDEFREQLPFIKEMIEKLGIRHYELANY[EADDIIGTL.DKM
KGKTFRDEMFEQYKSHRPPMPDDLRKQIQPLHDMIRALGIPLLVVEGIEADDVIGTLALQ
QTKTKRAEKLGEYKQNRKDAPKEMLLQIPIALEWLQKMGFTCVEVGGEHEADDVIASLATL
GKTTFRTEMFADYKGGRSKTPDEFREQLPFIKEMIEKLGIRHYELANYJEADDIIGT1.DKM
GKTTFRTEMYADYKGGRAKTPDEFREQFPFIRELLDHMGIRHYDLAQYEADDIIGTL.DKL
SAKTFRKDLYDAYKANRSAPPEELIPQFGLIREATRAFNLPCIETEGEHEADDIIATYARQ
GGKNFRHQIYPDYKANRPPPPEDLIIQLPLVRDVASNLNFPILEKNGYEADDIIATFATK
SROTFRLORYPEYKANRSSTPDEFAGQIDITKEVLGALGITVLSEPGEEADDLIATLATQ
KGPTFRDELFAEYKANRPSMPDDLRVQVEPLHASVRALGLPLLCVEGVEADDVIGTLARS
GKTTFRHEAFQEYKGGRQQTPPELSEQFPLLRELLRAYRIPAYELENY[EADDIIGT1AAR
SRKTFRSECYAGYKANRSSIPAEFHGQIDITKEVLGALGITVFAEAGEHEADDLIATYATQ
PVKTFRHEQYEGYKSGRAQTPEDLPGQINRIRALVDALGFPRLEEPGY[EADDVIASYTRM

* * % * K e . * . KKK K ok .

AER--EGFAVKVISGEDRDLTQLASPQVIVEITKKGITDIESYTPETVVEKYGLTPEQIVD
AEK--AGRPVLISTEDKDMAQLVTPNITLINTMTN----TILGPEEVVNKYGVPPELIID
AEN--EGYRVLVVTGDRDALQLVSDDVTVLYPRKGVSELTRFTPEAVVEKYGLTPRQYPD
AEK--DGFEVKVEFSGDKDLTQLATDKTTVAITRKGITDVEFYTPEHVKEKYGLTPEQIID
AEK--VGRPVLISTEDKDMAQLVTPNITLINTMTN----TILGPDEVVNKYGVPPELIID
AEQ--DGFDITIVSGEDKDLIQLTDEHTVVEISKKGVAEFEAFTPDYLMEEMGLTPAQFID
AEAPDVNEDVTIVT@DKDMIQLVDGNTRVEISKKGVAEFEEFTPDYLLEKMGLTPSQFID
ASS--LGKKVLISTGDKDMAQLVDDNIMLINTMNN----SLLDRKGVIEKYGIPPELIID
SP---—-- YKTRIYSKDKDFNQLLSDKIALFDGK-———--— TEFLAKDCVEKYGILPSQFTD
AEAPNVNEFDVTIVTEDKDMIQLVDGNTRVEISKKGVAEFEEFTPDYLLEKMGLTPAQFID
AEQ--DGFDITIVSGDKDLIQLTDEHTVVEISKKGVAEFEAFTPDYLMEEMGLTPAQFID
AEA--TGADVTIVSSDKDLMQLVSPNVHMYDSMKD----KQIGIPDVIEKWGVPPEKMID
TAA--LGAHVVIISSDKDLLOLMTENIKIYDPLKG----KYITEDDVVKKFGTTSDKLRE
AEN--EGYRVLVVTEDRDRLQLVSDDVTVLYPRKGVSELTRFTPEAVVEKYGLTPRQYPD
SAA--ADRPVVISTGEDKDMAQLVDGHITLVNTMTG----SRLDVDGVKEKFGVGPELIID
AEQ--EGFEVKVISGDRDLTQLASPHVTVDITKKGITDIEPYTPEAVREKYGLTPEQIVD
AEN--EGYRVLVVTEDRDRLQLVSNDVTVLYPRKGVSELTRFTPEAVIEKYGVTPAQYPD
AEG--KGYEVRIVTS YOLLDEHVKVIAN-—---- DFSLIGPAQVEEKYGVTVRQWVD

* * . . X .

120
124
134
122
124
125
126
124
130
126
125
147
122
134
121
120
135
163

178
178
192
180
178
183
186
178
179
186
183
201
176
192
175
178
193
216
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sp|P52026|DPO1 BACST NMEFTGVKVDTKRLEQMGAELTEQLQAVERRIYELAGQEFNINSPKQLETVLEDKLQLPV 546
sp|P00582|DPO1 ECOLI RIERNGVKIDPKVLHNHSEELTLRLAELEKKAHEIAGEEFNLYSTKQLGTILFEKQGIKP 598
sp|POA550|DPO1 _MYCTU KMESAGIAVDLPMLTELQSQFGDQIRDAAEAAYGVIGKQINLGSPKQLJVVLFDELGMPK 573
sp|034996|DPO1 BACSU EMESTGVKVDVDRLKRMGEELGAKLKEYEEKIHEIAGEPFNINSPKQLYGVILFEKIGLPV 550
sp|Q9F173|DPO1 SALTY RVERNGVKIDPAVLHKHSEEITLRLAELEKKAHDIAGEAFNLYSTKQLGTILFEKQGIKP 598
sp|P59200|DPO1 STRR6 KMEIAGIVVKKETLLEMQAENELVIEKLTQEIYELAGEEFNVNSPKOLGVLLFEKLGLPL 545
sp|032801|DPO1 LACLM KMEITGISVSQONTLEEIGAENEEKLASLTREIYDLAGEEFNINSPKQLYGVILFEKLQLPV 548
sp|P43741|DPO1_HAEIN RMERTGVLIDSDALFMQSNEIASRLTALEKQAYALAGQPFNLASTKQOLJEILFDKLELPV 601
sp|Q9ZJE9|DPOl HELPJ GMEFQGFKIDAPYFKRLEQEFKNELNVLERQILDLIGVDEFNLNSPKQLGEVLYDKLGLPK 575
sp|Q9CDS1|DPO1 LACLA KMEITGIAVSONTLEEIGAENEEKLASLTREIYDLAGEEFNINSPKQLQVILFEKLQLPV 548
sp|P59199|DPO1 STRPN KMEIAGIMVKKETLLEMQAENELVIEKLTQEIYELAGEEFNVNSPKOLGVLLFEKLGLPL 545
sp|Q951G2|DPO1_RHILE RMEARGITVDRQILSRLSGELAQGAARLEDEIYVLAGERFNIGSPKQOLGDILFGKMGLSG 679
sp|Q92GB7|DPO1 RICCN KMEKVGITVDANYLKQLSAEFGTEILKLEEEIFALSGTKENIGSPKQLGEILFEKMQLPFEF 545
sp|POA551|DPO1 MYCBO KMESAGIAVDLPMLTELQSQFGDQIRDAAEAAYGVIGKQINLGSPKOLGVVLFDELGMPK 573
sp|Q9HT80|DPO1l PSEAE RIERNGALVDANLLGIQSRELGEKMVALERQAYDLAGQEFNLGSPKQLGAILYDKLGLPV 582
sp|Q04957|DPO1 BACCA EMEFAGVKVDTKRLEQMGEELAEQLRTVEQRIYELAGQEFNINSPKQLGVILFEKLQLPV 546
sp|P46835|DPO1 MYCLE DMEKAGIAADLRLLTELQSQFGDQIRDAAEAAYAVIGKQINLYSPKOLGVVLFEELGMPK 577
sp|P52027|DPO1 DEIRA RMEVRGVQVDSDFLQTLSIQAGVRLADLESQIHEYAGEEFHIRSPKQLETVLYDKLELAS 627
.-k * . . * ... * kKK .o K. . .
sp|P52026|DPO1 _BACST TGKVHTMENQALTQTGRLSSVEPNLONIHIRLEEGRKIRQAFVPSEP--DW-LIFAADYS [655
sp|P00582|DPO1_ECOLI TGRVHTSYHQAVTATGRLSS[IDPNLONIHVRNEEGRRIRQAFIAPE---DY-VIVSADYS (707
sp|POA550|DPO1 _MYCTU DGRIHTTENQTIAATGRLSS[TEPNLONIHIRTDAGRRIRDAFVVGD---GYAELMTADYS [682
sp|034996|DPO1 BACSU SHKVHTREFNQALTQTGRLSSTDPNLONIHIRLEEGRKIRQAFVPSEK--DW-LIFAADYS|659
sp|Q9F173|DPO1 SALTY TGRVHTSYHQAVTATGRLSSTDPNLONIHVRNEEGRRIRQAFIAPE---DY-LIVSADYS|707
sp|P59200|DPO1_STRR6 DGKIHTRYVQDLTQTGRLSSVDPNLONIHARLEQGRLIRKAFVPEWE--DS-VLLSYDYS|[655
sp|032801|DPO1_ LACLM DGKIHTRYVQDLTQTGRLSSVDPNLONIHVRLEEGRKIRKAFVPS-Q--DS-LLLSYDYS|[655
sp|P43741|DPO1 HAEIN TGRVHTSYHQAVTATGRLSSISDPNLONIHIRNEEGRHIRQAFIARE---GY-SIVAADYS|710
sp|Q92ZJE9|DPO1 HELPJ DDKIHTTFIQTGTATGRLSSHSPNLONIHVRSPKGLLIRKGFIASSK--EY-CLLGYDYS|679
sp|Q9CDS1|DPO1 LACLA DGKIHTRYVQDLTQTGRLSSVDPNLONIHVRLEEGRKIRKAFVPS-K--DS-LLLSYDYS|[655
sp|P59199|DPO1 STRPN DGKIHTRYVQDLTQTGRLSSVDPNLONIHARLEQGRLIRKAFVPEWE--DS-VLLSYDYS [655
sp|Q9S1G2|DPO1 RHILE TKRVHTSYSLASTTTGRLSSISEPNLONIHVRTAEGRKIRTAFISTP---GH-KLISADYS|789
sp|Q92GB7|DPO1 RICCN THRVHTTFLQOTSTTTGRLSSPREPNLONVHIRSSEGNQIRKAFIAEE---GY-KLISADYS|656
sp|POA551|DPO1 MYCBO DGRIHTTENQTIAATGRLSS[TEPNLONIHIRTDAGRRIRDAFVVGD---GYAELMTADYS 682
sp|Q9HT80|DPO1 PSEAE TGRIHTSYHQAVAATGRLSSISDPNLONIHIRTAEGRRIRQAFVAPQ---GY-KLLAADYS (692
sp|Q04957|DPO1 BACCA TKKVHTIFNQALTQTGRLSSTEPNLONIHIRLEEGRKIRQAFVPSES--DW-LIFAADYS|656
sp|P46835|DPO1 MYCLE DGRIHTTFNQTIATTGRLSSTEPNLONIHIRTNAGRQIRDAFVVGSENNGYTELMTADYS |689
sp|P52027|DPO1 DEIRA TGRLHTTFAQTAVATGRLSSILNPNLONIHIRSELGREIRKGFIAED---GF-TLIAADYS (737
::** * Kk Kk kK . k****:* * * * * .*: <. * * *
sp|P52026|DPO1 BACST |QIELRVLAH[AEDDNLIEAFRRGLDIHTKTAMDIFHVSE-EDVTANMRRQAKAVNFGIVY|714
sp|P00582|DPO1 ECOLI |[QIELRIMAHL.SRDKGLLTAFAEGKDIHRATAAEVFGLPL-ETVTSEQRRSAKAINFGLIY|766
sp|POA550|DPO1 MYCTU [QIEMRIMAHL.SGDEGLIEAFNTGEDLHSFVASRAFGVPI-DEVTGELRRRYKAMSYGLAY|741
sp|034996|DPO1 BACSU [QIELRVLAH[SKDENLIEAFTNDMDIHTKTAMDVFHVAK-DEVTSAMRRQAKAVNEGIVY|718
sp|Q9F173|DPO1 SALTY |QIELRIMAHL.SRDKGLLTAFAEGKDIHRATAAEVFGLPL-DSVTGEQRRSAKAINFGLIY|766
sp|P59200|DPO1_STRR6 |QIELRVLAH[SKDEHLIKAFQEGADIHTSTAMRVFGIERPDNVTANDRRNAKAVNEGVVY| 715
sp|032801|DPO1 LACLM [QIELRVLAH[SADEHLIDAFKHGADIHTSTAMRVFGIEKAEDVTANDRRNAKAVNEGVVY|715
sp|P43741|DPO1 HAEIN [QIELRIMAHL.SGDQGLINAFSQGKDIHRSTAAEIFGVSL-DEVTSEQRRNAKAINFGLIY|769
sp|Q9ZJE9|DPO1 HELPJ |QIELRLLAHFSQDKDLMEAFLKGRDIHLETSKALFG----EDLAKEKRSIAKSINFGLVY|735
sp|Q9CDS1|DPO1 LACLA |QIELRVLAH[SGDEHLIDAFKHGADIHTSTAMRVFGIEKAEDVTANDRRNAKAVNEGVVY | 715
sp|P59199|DPO1 STRPN [QIELRVLAH[SKDEHLIKAFQEGADIHTSTAMRVFGIERPDDVTANDRRNAKAVNFGVVY| 715
sp|Q9S1G2|DPO1 RHILE [QIELRVLAHVAEIPQLTKAFEDGVDIHAMTASEMFGVPV-EGMPGEVRRRAKAINFGIIY|848
sp|Q92GB7|DPO1_RICCN |QIELRILSH[ANIDALKQAFINKDDIHTQTACQIFNLQK-HELTSEHRRKAKAINFGIIY|715
sp|POA551|DPO1 _MYCBO |QIEMRIMAHL.SGDEGLIEAFNTGEDLHSFVASRAFGVPI-DEVTGELRRRYKAMSYGLAY|741
sp|Q9HT80 |DPO1 PSEAE [QIELRIMAHL.AKDDGLLDAFRHDLDVHRATAAEVFGVPL-EDVSGDQRRSAKAINFGLIY|751
sp|Q04957|DPO1 BACCA (QIELRVLAH[AEDDNLMEAFRRDLDIHTKTAMDIFQVSE-DEVTPNMRRQAKAVNEGIVY|715
sp|P46835|DPO1 MYCLE |QIEMRIMAHL.SRDEGLIEAFHTGEDLHSFVASRAFGIPI-EDITPELRRRYKAMSYGLAY|748
sp|P52027|DPO1 DEIRA |QIELRLLAH[ADDPLMQQAFVEGADIHRRTAAQVLGLDE-ATVDANQRRAAKTVNEFGVLY | 796
hhkk ok o o ok . . * * * .k . . . * K. .o k. *
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sp|P52026|DPO1_BACST
sp|P00582|DPO1_ECOLI
sp|POA550 | DPO1_MYCTU
sp|034996|DPO1_BACSU
sp|Q9F173|DPOLl_SALTY
sp|P59200|DPO1_ STRR6
sp|032801|DPO1_LACLM
sp|P43741|DPO1_HAEIN
sp|Q9ZJE9 | DPO1_HELPJ
sp|Q9CDS1 | DPO1_LACLA
sp|P59199|DPO1_STRPN
splQ9S1G2|DPO1_RHILE
sp|Q92GB7|DPO1_RICCN
sp|POA551 |DPO1_MYCBO
sp|Q9HT80 | DPO1_PSEAE
sp|Q04957|DPO1_BACCA
sp|P46835|DPO1 MYCLE
sp|P52027|DPO1_DEIRA

sp|P52026|DPO1_BACST
sp|P00582|DPO1_ECOLI
sp|POA550 | DPO1_MYCTU
sp|034996|DPO1_BACSU
sp|Q9F173|DPOLl_SALTY
sp|P59200|DPO1_ STRR6
sp|032801|DPO1_LACLM
sp|P43741|DPO1_HAEIN
sp|Q9ZJE9 | DPO1_HELPJ
sp|Q9CDS1 | DPO1_LACLA
sp|P59199|DPO1_STRPN
splQ9S1G2|DPO1_RHILE
sp|Q92GB7|DPO1_RICCN
sp|POA551 |DPO1_MYCBO
sp|Q9HT80 | DPO1_PSEAE
sp|Q04957|DPO1_BACCA
sp|P46835|DPO1 MYCLE
sp|P52027|DPO1_DEIRA

sp|P52026|DPO1_BACST
sp|P00582|DPO1_ECOLI
sp|POA550|DPO1_ MYCTU
sp|034996|DPO1_BACSU
sp|Q9F173|DPO1_SALTY
sp|P59200|DPO1_ STRR6
sp|032801|DPO1_LACLM
sp|P43741|DPO1_HAEIN
sp|Q9ZJEY | DPO1_HELPJ
sp|Q9CDS1 | DPO1_LACLA
sp|P59199|DPO1_STRPN
sp|Q9S1G2|DPO1_RHILE
sp|Q92GB7|DPO1_RICCN
sp|POA551 |DPO1_MYCBO
sp|Q9HT80 |DPO1l_ PSEAE
sp|Q04957|DPO1_BACCA
sp|P46835|DPO1_MYCLE
sp|P52027|DPO1_DEIRA
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Q@

G
G
G
G

G

* . . K

*
m—

RRYINHTLDFGRTHGYVET

DITSRNFNVRSFAERTAMNTP]
DIKSSNGARRAAAERAAINAPN
ELDSSNRQVREAAERAALNAP]
ELTSRNFNIRSFAERTAMNTP]
DIKSSNAARRAGAERAAINAPN
DINSRNFNIRGFAERTAINSP]
DINARNEFNVRGFAERTAINSP]]
DINSSNAMRRKGAERVAINAPN
DFTGVNDYVKGNYLREGVNATIH
DINARNFNVRGFAERTAINSP]
DINSRNENIRGFAERTAINSP]]
EIRSSNPSVRAFNERAAINAP]
LIHDK--KLKQFAERAAINAP]
ELDSSNRQVREAAERAALNAP]
ETIHSKNGAMRKAAERTAINAPN
DITSRNEFNVRSFAERMAMNTP]]
ELDSSNRQIREAAERAALNAP]
GLSSRNRVQREAEERLAYNMP ]

* *

0GSH
OGT
0GS]
0GS]
QGT4
0GSH
0GS]
OGT
0GSH
0GSH
0GS]
0GS]
OGTY
QGSH
OGT
0GS]
0GSH
QGT4

Jx* .

MADIIKKAMIDLSVRLREERL--QAR
MADIIKRAMIAVDAWLQAEQP--RVR]
MADITKVAMIQVDKALNEAQL-—-ASRI
MADIIKKAMIDMAAKLKEKQL--KAR
MADIIKRAMIAVDAWLQAEQP--RVR]
MDILKIAMIQLDKALVAGGY--QTK
MADILKIAMINLDKALTERQS--KSK
MADIIKRAMIKLDEVIRH-DP--DIE
ASDLLKLGMLKVSERFKN-NP--SVR!
MDILKIAMINLDKALSARDF--KSK
MDILKIAMIQLDKALVAGGY--QTK

MADVIRRAMIKIEPALVEVGLADRVR

ITDIIKIAMINLDQEIEKRKL--KTR

MADIIKVAMIQVDKALNEAQL--ASR]

MADIMKRAMVAVDNWLQESGL--DAR]

MADIIKKAMIDLNARLKEERL--QAR

MADIIKVAMIAVDKSLKQAKL--ASR]

MADIMKLAMVQLDPQLDA--I--GAR]
* *eo . .

ILEAPKEEIERLCRLVPEVME-QA----VTLRVPLKVDYHYGPTWYD-AK
VFEYHKDDVDAVAKQIHQLME-NC----TRLPVPLLVEVGSGENWDQ-AH
LFEJAPGERERVEALVRDKMG-GA----YPLPVPLEVSVGYGRSWDAAAH
IFEAPKEEIEILEKLVPEVME-HA----LALPVPLKVDFASGPSWYD-AK
VFEYHKDDLDAVAKRIHQLME-NC----TRIDPVPLLVEVGSGENWDQ-AH
VLEYPKSELVEMKKLVKQTME-EA----IQL$VPL[ADENEGATWYE-AK
ILDYPLEELEDIKALVKQTME-EA----IELAVPLKVDDNTGKTWYE-AK
VFEYRSEKVAFFREQIKQHME-AA----AELYVPLIVEVGVGONWDE-AH
IFEJEEKNAPELQQEIQRILNDEV----YPLRVPLETSAFIAKRWNELKG
ILDYPLEELDEIKVLVKQTME-EA----IELAVPLKVDENTGKTWYE-AK
VLEYPKSELVEMKKLVKQTME-EA----IQL$VPL[ADENEGATWYE-AK
IFEYEDQDVEKAMPVIVSVME-NATMPALEMRVPLRVDARAATNWDE-AH
LFEAPIDEVEIITPIIKKIME-NS----TNMAVPI[TEIRAGNNWME-IH
LFEJAPGERERVEALVRDKMG-GA----YPLPVPLEVSVGYGRSWDAAAH
VLEYREDLVEQVCEGIRPLMS-GA----ATLPVPLYVEAGVGSNWDE-AH
ILEAPKEEMERLCRLVPEVME-QA-—-—--VTLRVPLKVDYHYGSTWYD-AK
LFEYAIGEREQIEAMVREQMG-SA----YPLPVPLEVSVGFGRSWGAAAH
LIEAPLDKAEQVAALTKKVME-NV----VQLEVPLAVEVGTGPNWFD-TK
coo . T *

SDYGLAQNLNITRKEAAEFIERYFASFPGVKQYMDNIVQEAKQKGYVTTLLHRRRYLP
MSAFGLARQLNIPRKEAQKYMDLYFERYPGVLEYMERTRAQAKEQGYVETLDGRRLYLP
LSAYGLSQQLKISTEEANEQMDAYFARFGGVRDYLRAVVERARKDGYTSTVLGRRRYLP
SDYGLSONLGITRKEAGAFIDRYLESFQGVKAYMEDSVQEAKQKGYVTTLMHRRRYIP
GNMISAFGLSRQLNIPRKEAQKYMDLYFERYPGVLEYMERTRAQAKEQGYVETLEGRRLYLP
SDFGLSNNLGISRKEAKAYIDTYFERFPGIKNYMDEVVREARDKGYVETLEFKRRRELP
SDFGLARNLGITRKDAKNYIETYFERYPGIKTYMENIVREARDKGFVETMSHRRRKIP
GNMISAFGLSRQLGISRADAQKYMDLYFQRYPSVQQOFMTDIREKAKAQGYVETLFGRRLYLP
GNGSKKLSETLSIPLSEAKSYIEAYFKRFPSIKDYLNGMREEILKTSKAFTLLGRYRV-F
SDFGLARNLGITRKDAKNYIETYFERYPGIKTYMENIVREARDKGFVETMSHRRRKIP
SDFGLSNNLGISRKEAKAYIDTYFERFPGIKNYMDEVVREARDKGYVETLFKRRRELP
SAFGLANQLSIERSEAGDYIKKYFERFPGIRDYMESRKAMARDKGYVETIFGRRINYP
SAFGLAKQLNVTNGEASEYIKKYFAEYKGVQEYMEQTKAFASSNGYVTNCEFGRKCEVP
GLSAYGLSQQLKISTEEANEQMDAYFARFGGVRDYLRAVVERARKDGYTSTVLGRRRYLP
GNMSAFGLAKQIGVERKEAQAYIDRYFARYPGVLAYMERTRAQAAEQGEFVETLFGRRLYLP
SDYGLAQNLNISRKEAAEFIERYFESFPGVKRYMENIVQEAKQKGYVTTLLHRRRYLP
GLSAYGLATQLKISTEEAKLOMEQYFARFGGVRDYLMDVVEQARKDGYTSTVLGRRRYLP
GNMSAHRLSNDLGIPYAEAATFIEIYFATYPGI

*:

LYGRRRYVP

*

876
928
904
880
928
877
877
930
897
877
877
1016
875
904
913
877
911
956

774
826
801
778
826
775
775
829
794
775
775
908
775
801
811
775
808
856

832
884
859
836
884
833
833
886
851
833
833
968
831
859
869
833
866
912

Fig. 2A. CLUSTAL format for T-COFFEE version of Pol | DNA polymerases (Prokaryotes)
The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
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Fig. 2B Prokaryotic DNA polymerases (pol Il)

sp|Q9V2F3|DP2S_PYRAB
sp|Q9HMR7 | DP2S_HALSA
sp|Q9HLKS | DP2S_THEAC
sp|027456|DP2S METTH
sp|BOR7UL | DP2S_HALS3
sp|028484|DP2S_ARCFU
sp|P81412|DP2S_PYRFU
sp|Q58113|DP2S_METJA

sp|Q9V2F3|DP2S_PYRAB
sp|Q9HMR7 | DP2S_HALSA
sp|Q9HLKS | DP2S_THEAC
sp|027456|DP2S_METTH
sp|BOR7UL | DP2S_HALS3
sp|028484|DP2S_ARCFU
sp|P81412|DP2S PYRFU
sp|Q58113|DP2S_METJA

sp|Q9V2F3|DP2S_PYRAB
sp|Q9HMR7 | DP2S_HALSA
sp|Q9HLKS | DP2S_THEAC
sp|027456|DP2S_METTH
sp|BOR7UL | DP2S_HALS3
sp|028484 |DP2S ARCFU
sp|P81412|DP2S_PYRFU
splQ58113|DP2S_METJA

sp|Q9V2F3|DP2S_PYRAB
sp|Q9HMR7 | DP2S_HALSA
sp|Q9HLKS | DP2S_THEAC
sp|027456|DP2S METTH
sp|BOR7UL | DP2S_HALS3
sp|028484|DP2S_ARCFU
sp|P81412|DP2S PYRFU
sp|Q58113|DP2S_METJA

LISDIHVGSREFCEKAFLKFLEWLNGHVESKEEEEIVSRVKYLIIAGDVVDGIGIYPGQY

LISDVHVGSQEFAADAWRSFADWLHT-----——-— PAAESVEYLLIAGDMVEGVGVYPGQD
SISDIHVGSKTFRKNEFEAMVRWISGS-—-—-——-— DPDASRVKYLILSGDVVDGIGVYPDQE
FISDVHIGSQTFLEDAFMKFVKWINGDFGSEEQRSLAADVKYLVVAGDIVDGIGIYPGQE
LISDVHVGSQEFAADAWRSFADWLHT-—----——-— PAAESVEYLLIAGDMVEGVGVYPGQD

FLSDTHFGSKEFLEKEWEMFVRWLKGEVGGKKSQNLAEKVKYIVIAGDIVDGIGVYPGQE
LISDIHVGSKEFCENAFIKFLEWLNGNVETKEEEEIVSRVKYLIIAGDVVDGVGVYPGQY
FLSDIHVGSKEFLHKEFEKFIRFLNGDVDNELEEKVVSRLKYICIAGDLVDGVGVYPGQE

ekk kK KKk e Kk . . ek . e ek ke ke ke ke kK K

SDLVIPDIFDQYEALANLLANVPEHITMFIGPGNHDAARPAIPOQPFFYKEYAKPIYKLKN
EELDIVDIYDQYETFAEHLKDVPGDMEIVMIPGNHDAVRLARPOQPAFDEEL-RSIMRAHD
NDLEILNPLEQYANLAEYLVDVPEDVKVEVMPGNHDTVRLSHPQPYFPGKI-RDLFEP-N
KELLIRDIHEQYEEAARLFGDIRSDIKIVMIPGNHDYSRIARPOQPAIPEEYAKSLYSIRN
EELDIVDIYDQYETFAEHLKDVPGDMEIVMIPGNHDAVRLARPOPAFDEEL-RSIMRAHD
DDLAISDIYGQYEFAASHLDEIPKEIKIIVSPGNHDAVROARPOPAFEGEI-RSLEFP-KN
ADLTIPDIFDQYEALANLLSHVPKHITMFIAPGNHDAARQATPOPFFYKEYAKPIYKLKN
EDLYEVDIIEQYREIAMYLDQIPEHISIIISPGNHDAVRPARPOPKLPEKI-TKLEFNRDN

.k . * % * . . kxxxx o * * Kk

AITISNPAVIRLHGRDFLIAHGRGIEDVVSFVPG--LTHHKPGLPMVELLKMRHLAPTFEG
ARITSNPSTVTIDGVSVLLYHGVSLDEVIAEHPSDDVTYDDPONAMELLLKHRHVAPPEG
VAFLPNPYNLKLEGKNVLVYHGMSLNDMIELIPG--ANYDSIGKAIEAILVRRHLSPKYG
IEFLSNPSLVSLDGVRTLIYHGRSFDDMAMSVNG--LSHERSDLIMEELLEKHRHLAPIYG
ARITSNPSTVTIDGVSVLLYHGVSLDEVIAEHPSDDVTYDDPONAMELLLKHRHVAPPEG
VEHVGNPAYVDIEGVKVLIYHGRSIDDIISKIPR--LSYDEPQKVMEELLKRRHLSPIYG
AVIISNPAVIRLHGRDFLIAHGRGIEDVVGSVPG--LTHHKPGLPMVELLKMRHVAPMEG
IYFVGNPCTLNIHGFDTLLYHGRSFDDLVGQIRA--ASYENPVTIMKELIKRRLLCPTYG

* * . . % * . kK ... K e K ek

416
308
288
285
308
290
410
386

476
367
346
345
367
348
470
445

534
427
404
403
427
406
528
503

GKVPIAPDPEDLLVIEEVPDLVOMGHVHYYDAVVYRGVQIVNSATWQAQTEFQKMVNIVP
GRTRLAPEAEDHLAIDTVPDVFHIGHVHKLGVGIHHNVRIVNSGECWQHQTAFQESVNISP
GNTPMIPSAVDYHVIEEVPDIFITGHIH$HYIGNYKGVRYVNSSETWQSQTEYQKMMNENP
ERTPLASEIEDHLVIDEVPHVLHTGHVHINAYKKYKGVHIINSGTFQSQTEFQKIYNIVP
GRTRLAPEAEDHLAIDTVPDVFHIGHVHKLGVGIHHNVRIVNSGECWQHQTAFQESVNISP
GRTPLAPEREDYLVIEDVPDILHJGHIHTYGTGFYRGVENVNSBTWQAQTEFQKKVNLNP
GKVPIAPDPEDLLVIEEVPDVVHMGHVHYYDAVVYRGVQLVNSATWQAQTEFQKMVNIVP
GRCPIAPEHKDYLVIDRDIDILHTGHIHINGYGIYRGVVNIVNSGETFQEQTDFQKRMGISP

. . K

* * . . * Kk o K e K o Kk K ek KKk e k.

594
487
464
463
487
466
588
563

Fig. 2B. CLUSTAL format for T-COFFEE version of Pol Il polymerases (Prokaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
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Fig. 2C Prokaryotic DNA polymerases (Poll lll)

tr|Q8G7V8|Q8G7V8_BIFLO
tr|C4ZRS6|C4ZRS6_ECOBW
tr|Q88MG5|Q88MG5_PSEPK
tr|C1DST1|C1DST1 AZOVD
tr[Q1D042[Q1D042 MYXXD
tr|Q72ZD3[Q72ZD3_BACC1
tr|Q97RC7 |Q97RCT STREN
tr|Q4QMF6\Q4QMF67HAEI8
tr|Q2FG35|Q2FG35 STAA3
tr|A1R5G9|A1R5GY ARTAT
tr|Q6NGE6 | Q6NGE6_CORDT
tr|Q6D8CS | Q6D8CE_ERWCT
tr|Q7NZL1|Q7NZL1_ CHRVO
tr|Q5NM98|Q5NM98 ZYMMO
tr|Q6KHF7|Q6KHE7_ MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|B8ZR78\BSZR787MYCLB
tr|AlF2E4|AlF2E4 VIBCH
tr|C7C104|C7C104 HELPB
tr|Q2K9RO\Q2K9R07RHIEC
tr|B5YII7\B5Y1177KLEP3
tr|Q2KYR1|Q2KYR1 BORA1L
tr|Q5HV63|Q5HV63 CAMJIR

tr|Q8G7V8|Q8G7V8 BIFLO
tr|C4ZRS6|C4ZRS6_ECOBW
tr|Q88MG5|Q88MG5 PSEPK
tr|C1DST1|C1DST1 AZOVD
tr|Q1D042|Q1D042 MYXXD
tr|Q72zD3|Q722D3_BACCL
tr|Q97RC7 |Q97RCT_STREN
tr|Q4QMF6|Q4QOMF6 HAEIS
tr|Q2FG35|Q2FG35 STAA3
tr|A1R5G9\A1R5G97ARTAT
tr|Q6NGE6|Q6NGE6 CORDI
tr|Q6D8C8|Q6D8CS ERWCT
tr|Q7NZL1|Q7NZL1_CHRVO
tr|Q5NMI8 | Q5NMI8 ZYMMO
tr|Q6KHF7\Q6KHF77MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|BSZR78|B8ZR78_MYCLB
tr|A1F2E4\A1F2E47VIBCH
tr|C7C104|C7C104 HELPB
tr|Q2K9R0|Q2KIR0_RHIEC
tr|B5Y1I7|B5Y1I7 KLEP3
trIQZKYRl\Q2KYR17BORAl
tr|Q5HV63|Q5HVE3 CAMJIR

FCGYFLVVADYIQWAKDHGIMV
FPGYFLIVMEFIQWSKDNGVPV
FPGYFLIVMDFIKWAKNNDVPV]
FPGYFLIVMDFIKWAKNNGVPV]
FCGYFLIVQDFINWAKKMNIPV
FSDYFLIVWDFMKYAHENHILT
FDDYFLVVWDLLRFGQSNGYYM|
FPGYFLIVMEFIQWSKDNDIPV|
FEDYFLIVSDLIHYAKTNDVMV]
FPGYFLVVADFINWAKNNGIRY]
YPSYFLIVAELIKHARSIGIRY]
FPGYFLIVMEFIQWSKDNDVPV
FPGYFLIVADFIQWGKANGCPV
FPGYFLIVADFIKWAKSNQIPV]
FADYFLIIYDIVKFAKENKISV
FPGYFLIVMDFIQWAKSNGVPV]
FPAYFLIVADLVNHARSVGIRYVY|
FPGYFLIVMEFIQWSKDNDIPV
FPGYMLIVWDEFIRYAKEMGIPV]
FPGYFLIVSDFIKWAKQHDIPV]
FPGYFLIVMEFIQWSKDNGVPV|
FPGYFLIVQDFINWGKNNGVPV
FSGYMLIVHDFIKVAKDKGIPV]

KooK e oo . .

GPGRGSAAQJ
PGRGSGA(J
PGRGSGA(Q
PGRGSGA(Q
GPGRGSGA(J
GPGRGSAAQJ
GMGRGSAV({
PGRGSGA(Q
PGRGSSAG
PGRGSGA(J
PGRGSAAQ
LPGRGSGAQ
PGRGSGAQJ
GPGRGSGA(J
LPGRGSAAQJ
PGRGSGA(Q
PGRGSAAQ
GPGRGSGA(J
GPGRGSAAQJ
PGRGSGA(Q
PGRGSGAQ
PGRGSGAQJ
GPGRGSAAQJ

P ****'

AMVAYSMGITELDPLKHG

SLVSYLLGITTIDPIKEN

ALVAYALTITNIDPMEH(Q
SLVAYSLKITDLDPLEFD]

'*.

SLVAYALKITDLDPLEFD
SLVAYVLKITDLDPLAYD
SLVAYALKITDLDPLAYD
SLVAYALRITDVDPIPYN|
SLVSYVLEITDIDPIEYD
SLVSYALDITGIDPVEKN|
SLVAYALKITDLDPLEFD

SMVAYAMRITDLDPLQHG

SLVAYSLSITDLDPLKYA
SVVAWALTITNLDPLRLG
SIVSYLLNITSINPLKYD
SLVAYVQKITDLDPLEYD
SLAAYALGITDIDPIPHG
SLVAYALKITDLDPLEYD
SLVAFALKITDIDPLKYD
SLVAYALTITDVDPLRES
SLVAYALKITDLDPLEFD
SLVAYALGITDLDPIRYD
SLVSYCLRITDLDPIPYS

Kk e e K.

LIFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
[LLFERFLNPER
LLFERFLNPER
[LIFERFLNRER
LLFERFLNPER
LLFERFLNPER
[LIFERFLNPDR
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
LLFERFLNPER
[LLFERFLNPER

*:****** :*

VSLPDIDVDEDPEGRARVIEYCGEKYGTDKVAQCVIYGTIKTKQALKDSARIM-GY-EFS
VSYMIPDFDVDEICMEKRDQVIEHVADMYGRDAVSQIITFGTMAAKAVIRDVGRVL-GH-PYG
VSNMPDEFDVDEICMDGRDRVIDYVAEAYGRNAVSQIITFGTMAAKAVVRDVARVO-GK-SYG
ISMIPDEDVDE[CMDGRDRVIDYVADTYGRNAVSQIITFGSMAAKAVVRDVARVQ-GK-SYG
VSYMIPDFDIDEICODRRDEVIQYVGRKYGEMNVGQIITFGSLKAKSVLRDVCRVE-AL-PFS
VTLPDIDIDE[PDIRRDEMIRYVKDKYGQLRVAQIVTFGTLAAKAAIRDIARVM-GL-PPR

YTYMPDIDIDI

PDIYRPDFIRYVGNKYGSKHAAQIVTFSTFGAKQALRDVLKRF-GV-PEY

VSNMPDEFDVDEICMDGRDRVIEHVAETYGRGAVSQITITFGTMAAKAVIRDVGRVL-GH-PYG
VTMPDIDIDE[EDTRRERVIQYVQEKYGELHVSGIVTFGHLLARAVARDVGRIM-GF-DEV
VSYMIPDFDVDE[DDRRRSEVIDYVTKKYGDERVAMIVTYGTIKTKQALKDSSRVL-GY-PFS
PSAPDIDIDEDDRRRGEMIRYAAQRWGEDKIAQVITFGTVKTKQALKDSARVQYGQEGYK
VSNMPDFDVDECMEKRDMVIDHVAEMYGRDAVSQIITFGTMAAKAVIRDVGRVL-GH-PYG
VSNMPDEFDVDECQENRWRVIEYTRRKYGEEAVSQIATFGTMSSKSVIRDVGRVL-DL-PFG
VSYMIPDFDIDEICETRRSEVISYVQHKYGLDHVAQIITFGRMKARAVLKDTGRVL-QM-SYG
ITMPDIDIDEJQDDRRDEIVEYVTKKYGHQKVALITTFQRFGAKMALRDVGRNL-NF-TQV
VSNMPDEFDVDEICMDGRDRVIEYVAEKYGRNAVSQIITFGSMAAKAVIRDVARVQO-GK-SYG
TSYIPDIDIDEDDRRRGEMVRYAADKWGHDRVAQVITFGTIKTKAALKDSARIHYGQPGFA
VSYMIPDFDVDE[CMDKRDQVIDHVAEMYGRDAVSQIITFGTMAAKAVIRDVGRVL-GH-PFG
ISMPDIDTDE[CORRRKEIIEYMIEKYGKYNVAQVITEFNKMLAKGVIRDVARVL-DM-PYK
VSNPDEDIDEICODRREEVIRYVQAKYGREQVAQIITFGSLOARAALRDVGRVL-EM-PYG
VSNMPDEFDVDECMEKRDQVIEHVADMYGRDAVSQIITFGTMAAKAVIRDVGRVL-GH-PYG
VSMPDFDIDEICODNRERVIEYVKLKYGRAAVSQIATFGTLGAKAVVRDAGRVL-DM-PYM
VSYMPDIDVDEICODRRAEVIDYVIDKYGADKVAQVITFGKLLAKGVIRDV,
* . . .k . .

KK ek K.

:*

ARVC-DM-SIQ

418
396
398
399
398
378
344
396
342
419
416
396
398
347
324
398
412
401
420
423
396
401
421

476
454
456
457
456
436
402
454
400
4717
476
454
456
405
382
456
472
459
478
481
454
459
479
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tr|Q8G7V8|Q8G7V8 BIFLO
tr|C4ZRS6|CAZRS6_ECOBW
tr|Q88MG5|Q88MG5_PSEPK
tr|CIDST1|C1DST1_AZOVD
tr|Q1D042|Q1D042 MYXXD
tr|Q722zD3|Q727D3_BACC1
tr|Q97RCT|Q9TRCT_STREN
tr|Q4QMF6 | Q4QMF6_HAETS
tr|Q2FG35|Q2FG35 STAA3
tr|A1RS5GY9|ALIR5GY ARTAT
tr|Q6NGE6|Q6NGE6_CORDI
tr|Q6D8C8|Q6D8CE_ERWCT
tr|Q7NZL1|[Q7NZL1 CHRVO
tr|Q5NMI8 | Q5NMI8_ZYMMO
tr|Q6KHF7 | Q6KHF7 MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|B8ZR78|B8ZR78 MYCLB
tr|AlF2E4|ALF2E4 VIBCH
tr|C7C104|C7C104_HELPB
tr|Q2KI9R0|Q2KIRO_RHIEC
tr|B5Y1I7[B5Y1I7 KLEP3
tr|Q2KYR1|[Q2KYR1 BORAL
tr|Q5HV63|Q5HV63 CAMJIR

tr|Q8G7V8|Q8G7V8_BIFLO
tr|C4ZRS6|CA4ZRS6_ECOBW
tr|Q88MG5|Q88MG5_PSEPK
tr|C1DST1|C1DST1 AZOVD
tr[Q1D042[Q1D042 MYXXD
tr|Q72ZD3[Q72ZD3_BACC1
tr|Q97RC7 |Q97RCT STREN
tr|Q4QMF6|Q4QMF67HAE18
tr|Q2FG35|Q2FG35 STAA3
tr|A1R5G9|A1R5GY ARTAT
tr|Q6NGE6 | Q6NGE6_CORDT
tr|Q6D8CS | Q6D8CE_ERWCT
tr|Q7NZL1|Q7NZL1_ CHRVO
tr|Q5NM98 | Q5NM98 ZYMMO
tr|Q6KHF7|Q6KHF77MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|B8ZR78|B8ZR78 MYCLB
tr|AlF2E4|AlF2E4 VIBCH
tr|C7c104|C7C104 HELPB
tr|Q2K9RO|Q2K9R07RHIEC
tr|B5Y117|B5YlI77KLEP3
tr|Q2KYR1|Q2KYR1 BORA1L
tr|Q5HV63|Q5HV63 CAMJIR
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TLGLVKMPFLGISNLTIIHDTLKNIEANG---———-— K-PAIDYTKIPLDDAETYKLMSR
YAGLVKFPFLGIYRTLTIINWALEMINKRRAK----NGE-PPLDIAAIPLDDKKSFDMLQR
AAGLVKFPFLGIHRTLTITKWAME I INREQAK----KNL-PDLNIDFIPLDDRKTYELLQK

AAGLVKFPFLGIHRTLTITKWAMETITHREQRR----RGETELVDIDRIALDDKATYALLQR
AAGLVKFPFLGHKTLTVIQHALDLVKRNH-———--=— G-KDIPRHEIPLNDEKTWELMAK
ELGLLKMPFLGIYRNLTLLENIIKFIVQKT-—----——-— G-KEIDIRNLPLQODEKTFQLLGR
ASGLLKMPFLGIRNLTFVQKMQELLAETE-—==-=-~ G-IHLKIEEIDLEDKETLALFAS
YAGLVKFPFLGIRTLTIIKWALDIINVRMVR----EGK-PRVDIAAIPLDDPESFELLKR
RIGLLKIPFLGHYRNLSITHQILTQVKKDLGI--==———-— NIDIEKIPFDDQKVFELLSQ
GLGLIKMPFLGIRNLTIISDALENIKMNR---———-— G-VDLDLENLELDDAASYELLAR
AIGLLKMPFLGIRNLTVIGDCLENIKINR-—-——-—-—--— N-EELDLEALQTDDPNVYKLLSS
YAGLVKFPFLGIRTLTIIDWALEMINARRAK----LGQ-EPIDIATIPLGDKKSFDMLQR
QIGLVKFPFLGIRNLTIIELAQKYIKDLT-----——-— G-EDVDVAHLPLDDKPAYKVFAT
KTGLVKFPFLGHYKTLSVLNKAVOMLKAR-——-==——~— G-VEVDLDHIPLDDEAVFELLKQ
NFSLLKIPLLGIKALSTIKLIEQKIREAYKIKYNEFSNEDEYTEQLKKDLDPKKAFQLLSD
AAGLVKFPFLGURTLTIIDWALKTINRDRAK----VNE-EPLDIAFIPLDDKPTYSLLQK
AIGLLKMPFLGLRNLTIIGDAIENIKTNR-———--=— G-IDLDLESVPLDDQATYELLGR
TAGLVKFPFLGHRTLTIIDWALGLVNPRLKK----AGK-PPVRIEAIPLDDARSFRNLQD
PVDLIKFPFLGUKTLTVIDDALKIIKTQH-—-——-—--— N-IDVDFLSLDMDDPKVYKTIQS
QAGLVKFPFLGUKTLTVLKVAVDFVAKR-——-—-—-——-— G-INVDLAAIPLDDKPTYEMLSR
YAGLVKFPFLGURTLTIINWALEMINKRRAK----NGE-GPLDIAAIPLDDKKSFDMLQOR
AAGLVKFPFLGLRNLTILDWAVRYVRQEFN-———--— PDQ-RDFDIMALSLDDPAAYKVLCD
DVDLIKFPFLGUKTLTVINNAIKLIKKRY--—-—-—-——-— N-KDIIWETIDVNDSKVYKTIQS

Kk ok o K o kK K| * . . .
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tr|Q8G7V8|Q8G7V8 BIFLO
tr|C4ZRS6|CA4ZRS6_ECOBW
tr|Q88MG5|Q88MG5 PSEPK
tr|C1DST1|C1DST1 AZOVD
tr|Q1D042|Q1D042 MYXXD
tr|Q72ZD3[Q72ZD3_BACC1
tr[Q97RC7|Q97RC7_STRPN
tr|Q4QMF6\Q4QMF67HAEI8
tr|Q2FG35|Q2FG35_STAA3
tr|A1R5G9|A1R5GY ARTAT
tr|Q6NGE6 | Q6NGE6 CORDI
tr|Q6D8CS | Q6D8CE_ERWCT
tr|Q7NZL1\Q7NZL17CHRVO
tr|Q5NM98 | Q5NM98 ZYMMO
tr|Q6KHF7|Q6KHE7_ MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|B8ZR78\BSZR787MYCLB
tr|AlF2E4|AlF2E4 VIBCH
tr|C7C104|C7C104 HELPB
tr|Q2K9RO\Q2K9R07RHIEC
tr|B5YII7\B5YlI77KLEP3
tr|Q2KYR1|Q2KYR1 BORA1L
tr|Q5HV63|Q5HV63 CAMJIR

tr|Q8G7V8|Q8G7V8 BIFLO
tr|C4ZRS6|C4ZRS6_ECOBW
tr|088MG5|Q88MG5 PSEPK
tr|C1DST1|C1DST1_AZOVD
tr|Q1D042|Q1D042 MYXXD
tr|Q72zD3|Q722D3_BACCL
tr|Q97RC7 |Q97RCT_STRPN
tr|Q4QMF6|Q4QOMF6_HAEIS
tr|Q2FG35|Q2FG35 STAA3
tr|A1R5G9\A1R5G97ARTAT
tr|Q6NGE6 | Q6NGE6_CORDI
tr|Q6D8C8|Q6D8CS ERWCT
tr|Q7NZL1|Q7NZL1_CHRVO
tr|Q5NMI8 | Q5NMI8 ZYMMO
tr|Q6KHF7\Q6KHF77MYCMO
tr|C3K6H1|C3K6H1 PSEFS
tr|B8ZR78|B8ZR78_MYCLB
tr|A1F2E4\A1F2E47VIBCH
tr|C7C104|C7C104 HELPB
tr|Q2K9RO\Q2K9R07RHIEC
tr|B5Y1I7|B5Y1I7 KLEP3
tr|Q2KYR1|Q2KYR1 BORAL
tr|Q5HV63|Q5HV63 CAMJIR
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PIHPEL-EEPLKQVLDETYGHYIIYQEQVOSAARILAGYSLGKADVLRRAMGKKKPEVLAK
YPDVOWQHESLKPVLEPTYGIILYQEQVNMOIAQVLSGYTLGGADMLRRAMGKKKPEEMAK

YPHSDYQYEGLKPVLAPTYGIILYQEQVMOIAQVMAGY TLGGADMLRRAMGKKKPEEMAK
YPHPDYQYAGLEPVLKPTYGIILYQEQVMOIAQVMAGY TLGGADMLRRAMGKKKPEEMAK
YPHPA----- LEPVLKDTYGVIIVYQEQVNQOISQVLGGYTLGRADLLRRAMGKKKAEVMQA
YLH---—-- PDLKPILERTYGVIVYQEQINQOIASKLAGFSLGEADLLRRAVSKKNRDILDQ
VLD-—-—--- PVLEDILAPTYGIMLYQEQVYOVAQRLAGFSLGKADILRRAMGKKDASAMHE
YPDAEYQHASLKPILEPTYGIILYQEQVNOTIAQVLAGY TLGGADLLRRAMGKKKPEEMAK
YLH----- PHLEPILKNTYGVIIYQEQINOIASTFANFSYGEADILRRAMSKKNRAVLES

PIHPEL-EEPLKEILGGTFGHYIVYQEQVIMAVAQKLAGYSLGQADILRRAMGKKKKSELDK
PIHPEL-EEPLKEILEETYGHIVYQEQINEISRKLANYTAGEADGFRKAMGKKKPEVLAK

YPDIEWQHESLKPVLEPTYGIILYQEQVMOIAQVLAGY TLGGADMLRRAMGKKNPVEMAK
YLH----- PLLEPVLAPTYGIMVYQEQVNQOSAQVIGGYSLGGADLLRRAMGKKKVEEMVA
YPH----- PLLEPVLKETYGIIIVYQEQVNOAAQVLAGYSLGEADLLRRAMGKKIQSEMDA
HVE----- KLYDEIVSKTHGIIIYQEQILEIVQKYAGLSYAKADILRRAISKKNSEEIEK
YPHSDYQYEGLKPVLAPTYGIILYQEQVIMOTAQVMAGYTLGGADMLRRAMGKKKPEEMAK
PIHPEL-EEPLREILAETYGHYIVYQEQINMRIAQKVAGYSLARADILRKAMGKKKREVLEK
YPDEKWQHESLKEILEPTYGIILYQEQVMOIAQVLSGY TLGGADMLRRAMGKKKPEEMAK
YAF--—-—- KELEPILKPTYGTIIVYQEQVHQOIVQTIGGFSLGEADLIRRAMGKKDAQIMAD
SIH----- PTIDHLLKETQGVIVYQEQVNQOIAQVLSGYSLGEADLLRRAMGKKIKAEMDQ
YPDVQWQHESLKPVLEPTYGIILYQEQVMOIAQVLSGYTLGGADMLRRAMGKKKPEEMAK
YFH---—- PDLEGTLKSTYGVIVYQEQVMLISQIIGGYSLGGADLLRRAMGKKKPEEMAK
YPF--——- DSLEKVLEPTYGVYIVYQEQVNQOIVQIIGGFSLGGADVVRRAMGKKDPEKMKK
. *  x . * % .

e ek kkk o

EKVPFFAGMKEHGYSEEASQAVWDILVPEFSGYAFN
QRSVFAEGAEKNGINAELAMKIFDLVEKFAGYGEN
QRGGFIEGCVANNIDADLAGNIFDLVEKFAGYGEN
QRGGEFVEGCAKNGIDAELAGNIFDLVEKFAGYGEN
ERAGFLEGCAKNNVDLKVAGEIFDLMEKFAEYGEN
ERKHEFVQGCLONGYDETSAEKIYDLIVRFANYGEN
MRASFIQGSLEAGHTVEKAEQVFDVMEKFAGYGEN
QRLVFKEGAEKNGVDGELSMKIFDLVEKFAGYGEN
ERQHFIEGAKQNGYHEDISKQIFDLILKFADYGEP
QFAGFSQGMQODNGYSMAAVKTLWDILLPFSDYAFEN
EYKKFSEGMFSNGYSKAAVDALWGTIEPFASYAFEFN
QORGGFEDGAKSRGVNGELAVKIFDLVEKFAGYGEN
QRAMEFVQGAAKQDIPEAKANEIFDYMEKFAGYGEN
QORSREFVEGSKKHDITENQANQLFDLIDKFAGYGEN
FKDLFISSSIQHGQSEKVANEIFSKIENFAQYGFEN
QORGGFIEGCATNNIDADLAGNIFDLVEKFAGYGEN
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NKAKFVEGAKNLGHDGQKAANLWDLIVKFAGYGEN
QRERFVEGAVKNGVKKPQADVIFDLLAKFANYGEN
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Fig. 2C. CLUSTAL format for T-COFFEE Version of polymerase lll (alpha, catalytic

subunit) (Prokaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
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Fig. 2D Prokaryotic DNA polymerases (pol IV)

sp|Q8ZBZ9|DPO4_YERPE
splQ99Y66|DPO4_STRP1
sp|P63990 | DPO4_SALTI
sp|P58964 | DPO4 STAAW
sp|P63989|DPO4_SALTY
sp|Q5M2Y5 | DPO4_STRT2
sp|Q47zWM4 | DPO4_PSEU2
sp|A7Z6F3|DPO4_BACA2
sp|Q9AK82 |DPO4_STRCO
sp|C3LQ59|DPO4_VIBCM
sp|Q8X7Q1 | DPO4_ECO57
sp|Q83M86|DPO4_SHIFL
sp|Q8XK37|DPO4_CLOPE
sp|Q635E0 | DPO4_BACCZ
sp|Q88V07|DPO4_LACPL
sp|Q8NNP4 | DPO4_CORGL
sp|Q9KPS5|DPO4_VIBCH
sp|Q6A763|DPO4_PROAC
sp|Q88NK4 | DPO4_PSEPK
sp|Q8DVR7|DPO4_STRMU
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sp|Q4ZWM4 | DPO4_PSEU2
sp|A7Z6F3|DPO4_BACA2
sp|Q9AK82 | DPO4 STRCO
sp|C3LQ59|DPO4 VIBCM
sp|Q8X7Q1 | DPO4_ECO57
sp|Q83M86|DPO4_SHIFL
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sp|Q8NNP4 | DPO4_CORGL
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sp|Q8DVR7 | DPO4_STRMU
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sp|Q99Y66|DPO4_STRP1
sp|P63990|DPO4 SALTI
sp|P58964 |DPO4 STAAW
sp|P63989|DPO4_SALTY
sp|Q5M2Y5|DPO4 STRT2
sp|Q4ZWM4 | DPO4 PSEU2
sp|A7Z6F3|DPO4 BACA2
sp|Q9AK82 | DPO4 STRCO
sp|C3LQ59|DP0O4 VIBCM
sp|Q8X7Q1 | DPO4_ECO57
sp|Q83M86|DPO4 SHIFL
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PARQFGVRSAMPTAMALK-LCPHLTLLPGRFDAYKEASRHVRDIFSRYTSLIEPLSLDEA
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sp|Q6A763|DPO4_PROAC
sp|Q88NK4 | DPO4_PSEPK
sp|Q8DVR7|DPO4_STRMU

sp|Q8ZBZ9|DPO4_YERPE
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sp|P63990|DPO4_SALTI
sp|P58964 | DPO4 STAAW
sp|P63989|DPO4_SALTY
sp|Q5M2Y5 | DPO4_STRT2
sp|Q42zWM4 | DPO4_PSEU2
sp|ATZ6F3|DPO4 BACA2
sp|Q9AK82 | DPO4_STRCO
sp|C3LQ59|DPO4_VIBCM
sp|Q8X7Q1 | DPO4_ECO57
sp|Q83M86|DPO4 SHIFL
sp|Q8XK37|DPO4_CLOPE
sp|Q635E0|DPO4_BACCZ
sp|Q88V07|DPO4_LACPL
sp|Q8NNP4 | DPO4_ CORGL
sp|Q9KPS5|DPO4_VIBCH
sp|Q6A763|DPO4_PROAC
sp|Q88NK4 | DPO4_PSEPK
sp|Q8DVR7|DPO4_STRMU

sp|Q8ZBZ9|DPO4_YERPE
sp|Q99Y66|DPO4 STRP1
sp|P63990 | DPO4_SALTI
sp|P58964 | DPO4_STAAW
sp|P63989|DPO4_SALTY
sp|Q5M2Y5|DPO4_STRT2
sp|Q4ZWM4 | DPO4_PSEU2
sp|A7Z6F3|DPO4_BACA2
sp|Q9AK82 |DPO4_STRCO
sp|C3LQ59|DPO4 VIBCM
sp|Q8X7Q1|DPO4 ECO57
sp|Q83M86|DPO4_SHIFL
sp|Q8XK37|DPO4_CLOPE
sp|Q635E0 | DPO4 BACCZ
sp|Q88V07|DPO4_ LACPL
sp|Q8NNP4 | DPO4_CORGL
sp|Q9KPS5|DPO4_VIBCH
sp|Q6A763|DPO4_PROAC
sp|Q88NK4 | DPO4_PSEPK
sp|Q8DVR7|DPO4_STRMU
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FVDVSKSKRC---KGSATLIALEIKERIFKE-VGLTASAGVSFNKFLAKMASDFRKPP-- 162
YLDITDCYA----LGSPLEIAKMIQQALLTE-LQLPCSIGIAPNLFLAKTASDMKKPL-- 170
YLDVTTNKKH---IHSAVELAHRLOQEIWHQ-THLTCSTGISYNKFIAKLASDYRKPA-— 165
FMEPEALVGA--TPEEVKQWAEELRAEIKEV-TGLPSSVGAGSGKQIPKIGSGEAKPP-- 161
YLDVSESTAY---QGSATLIAQATRRDIWQE-LNLTASAGVAPIKFLAKVASDLNKPD-- 163
FVDLEAGDVDVENLDALQQVAVELRARVAERTEGLSCSVGIGSSKFMAKVASEMAKPPRG 167
YLDVSDSQWY---SGSATRIAEDIRRRVART-LHITVSAGVAPNKFLAKIASDWRKPN-- 161
YLDVTENKLN---IKSAVKIAKLIQRDIWEE-FHLTCSAGVSYNKFLAKLASDYDKPH-- 172
.« o .. . *  * :** ‘* * %

---GQYVITPNQIQPFLQDLPLSKIP VTAKRLQALGLVTCGDIQKYPLAELLKHFG 216
---GLTLVLKEDALCFLAKLPIEKFH KSVKKLHDMGIYTGQDLLAVPEMTLIDHFG 229
---GQYVITPADVPDFLKTLPLAKIP VSAAKLENMGLRTCGDIQQCDLAMLLKRFG 216
---GMTVIDYQNVHDILMTLDIGDFP ASKKVMHDNGIFNGRDLYEKTEFELIRLFG 218
---GQYVITPADVPDFLKTLPLAKIP VSAAKLENMGLRTCGDIQQCDLAMLLKRFG 216
---GLTVVLPEEAQEFLKKLPIAKFH KSVERLHDMDIYTGADLLKISEITLIDRFG 229
---GLFVITPDQVEEFVASLPVTKLH VTADKLGRLGIVDCADLRSRSKLALVREFG 218
---GITILRKRELPDVLWPLPIEEMH KTAEKIKTLGIKTIGDLAKGDEHALKTLLG 220
---GLVLIPPGTERAMLEPMTVRTLP ATGDHLRRAGITTVGEIAEAGEDELVRLLG 220
---GLYVVTPDKVQEMVDSLPLEKIP VALEKLHQAGLYVGADVRRADYRKLLHQFG 220
---GQFVITPAEVSAFLOTLPLAKIP VSAAKLEAMGLRTCGDVQKCDLVILLKRFG 216
---GQFVITPAEVPAFLQTLPLEKIP VSAAKLEAMGLRTCGDVQKCDLVILLKRFG 216
---GITVITEENSKDFIRKLPIGKFF VTKNKLNNIGVFKGEDLLGFSEKELIGILG 219
---GITVLRKRDIPEMIWPLPVGAMH KTAEKLNDIHIQTIEQLAKGNEHIIRAKIG 227
---GVTIVLPQDAEPFLLREPIEKFR KTVPKMHDLGIKTGQDLYAQSELDLIKQFG 222
---GVFVVPVDKQHDLLDPLPVGALW VTGSKLASMGVETIGDLAALTQKEVEISLG 218
---GLYVVTPDKVQEMVDSLPLEKIP VALEKLHQAGLYVGADVRRADYRKLLHQFG 220
HTDQIALIAPGTEADTIAPLSARAIP VTAERLEKLGLRTIADVRAARESELVHELG 227
---GLFVITPNEVETFVAALPVARLH VTADKLTRLGIETCLHLREWSRLALVREFG 218
---GLTVILPQDAEGFLATLPIEKFY KSVEKLHALHIFTGKDVQQVPEMTLIDLFG 229

.. . . . . . . . .k
RGVRLVGIHVTLLDPQL-~ERQLLL—========—===——— == ———mm oo 349
AGIRLLGYTMTNLEDKVA-—-DISL-———===—— === - = —— o m oo 362
RGVRLVGIHVTLLDPQL-~ERQLVL—===—===—— === ——————mm oo 349
VPERLIGYTVGNLEQSTYK—-NMTIY-————=—— == —m——mm oo 353
RGVRLVGIHVTLLDPQL-~ERQLVL—===—== === === — = m——mm oo 349
SGVRLLGYTLTGLEDQEGR-~QLDLD— === === === === ————mm oo 364
KPVRLLGIGVRLHDLRAA-HEQLELF—————=—————————————— o~ 351
NPYRLLG]TGTELVEKQQAYKQLDLFSFKEDAKDEPTIF—————————————————————— 370
GGVRLLGYGVSGLADYTQE--DLFAQAAGDRA-EEPAEEPGTEP—————-———- AEAHSP 378
RE[[RLLGYSVMLKPELQ- ~MKQLSMEP—— === === === m— oo oo 355
RGVRLVGIHVTLLDPQOM- ~ERQLVL— == === === === — = m— oo 349
RGVRLVGIHVTLLDPOM-~ERQLVL—===—===—— === ——————m oo 349
KKVRLLGITISSLEENI ITEEREQLS—————=———=—————————————— -~ 356
DSVRLLGYTATEIEWKTESVKQLDLFSFEEDAKEEPLL-———=-——==——=————————- 377
SGIRLLGITLTGLAPLAFE-~NLTLPL—===—===——===—— === - — oo 361
GP[[RLVGY{SFSGLEESRQD--ILFPELDQQII-VPPAPDTDYEVGVQSSSSSESTQVEAP 386
RE[[RLLGISVMLKPELQ--MKQLSMFP==——=————————————m oo~ 355
EGVRLLGYGVSNFATSAQE--ELFVVDDEGRLLDEPEV--—-TEE----———--~- ITPIQP 383
KPVRLLGYGVRLRDLRGA-HEQLELF~ == === === === — == —— oo 351
SGVRLLGYTVTALEDSTRE--ELSLTA———=——=—————————————— 365
e * K o K of

Fig. 2D. CLUSTAL format for T-COFFEE version of polymerase IV (Family Y- prokaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
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Fig. 2E Prokaryotic DNA polymerases (pol V- umuC, catalytic subunit)

gil291617317|ref|YP 003520059.1]  -——---—-- MSLDTFGREIKTRIKKEVHLNVCVGIAPTKTLAKLANHANKKWS-KTGGVL 163
gil290792075|gb|ADD63401.1]  ———-—-——- MGLEDFGRQLRQHVYDCTRLTIGVGAGPTKTLAKSAQWASKEWK-QFRGVL 162
gi152841464|ref|YP _095263.1]  —--—--—-- DSYDSFCEQLQKKILKHTGIPTSIGIGPTKTLAKAANHLAKKVY-KI-PVF 166
gil242376964 |emb|CAQ31686.1] —--——-—-- RDLTDFGREIRATVLORTHLTVGVGIAQTKTLAKLANHANKKWORQTGGVV 164
gil15672570 | ref NP _266744.1| FYPDIRNRYEQMNLITLDLQREILDKLGLYVTVGMGDNPLLAKLAMDNYAKHNONMRALI 232
gi16491876|gb|AAF14056.1 |AF039838 1 ———————mmm oo AKLANHAAKKWQEQTGGVV 19

gi]292488580|ref|YP 003531464.1|  -——-—-——- VSLADFGHEMRNQVLRNTGLTVGVGIAQTKTLAKLANHANKKWP-ATGGVV 163
gi1150024494 |ref|YP_001295320.1]  —--——-—-- YDLNDYCLTIRQRVKKVVGMPVSIGVAPTKALFKVANKIAKKFTDRTNGVY 162
gil1291554011 |emb|CBA21065.1]  —=-——-—-- VSLADFGHEMRNQVLRNTGLTVGVGTIAQTKTLAKLANHANKKWP-ATGGVV 163

* _ * . .

gi1291617317 |ref|YP_003520059.1] DLS--NRERQKKLLSLVPVADINWGVGRRLSQRLEEMGIKTADDLACQSTSLIRKNFSVVL 221
gi1290792075|gb|ADD63401.1| ALTRGNPQRTRKLLSLQPVEEIWGVGNRIARKLNVLGIKTALDLALTNPAFIRKNFSVVL 222
gi|52841464 |ref|YP 095263.1| NIT----SNRGRLLOQISVGDIWGVGROWANKLISRGIHTAYDLAMTNPHLLKKCENAVL, 222
gi1242376964|emb|CAQ31686.1| DLS--NLERQRKLMSALPVDDVWGIGRRISKKLDAMGIKTVLDLADTDIRFIRKHFNVVL 222
gil115672570 | ref NP _266744.1| R--YE--DVPSKLWTLPKMTDEWGIGKRTEKRLNKLGISSTKELTNADPLLLKQKLGTIG 288
gi16491876|gb|AAF14056.1|AF039838 1 DLS--NIERQRKLMAALPVDEVWGIGRRIGKKLDVMGIKTVLDLADTDIRFIRKHFSVVL 77

gi1292488580| ref|YP 003531464.1| DLT--HIDRQRKLLALVAVEDVWGVGRRI SKKLNLMGIETALDLAESSLWVIRKHFNVVL 221
911150024494 | ref|YP 001295320.1| VID--TEEKRIKALKWTKIEDVWGIGROISKRLOAIKVFTAYDFVNLNDNYVKTNFSVVE 220
911291554011 |emb|CBA21065.1 | DLT--HIDRQRKLLALVAVEDVHGVGRRI SKKLNLMGIETALDLAESSLWVIRKHFNVVL 221

. . . * Kk .k . . % . . .. .. . .

Fig. 2E. CLUSTAL format for T-COFFEE Version of polymerase V (Family Y- prokaryotes)
The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
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Fig. 2F Viral polymerases

sp|P20311|DPOL BPT3 RAAFGAEH-HLDGITGKPWVQAGIDASGLELRCLAHFMARFDN

sp|P04415|DPOL _BPT4 KKMFAEEM-NAEAIKKIIMKGAGSCSTKPEVERYVKFSDDFLNE---—
sp|P19822|DPOL BPT5 VAPPGYRVIAWDLTTAEVYYAAVLSGD-RNMQOQ-VFINMRNEPDKYPDFHSNIAHMVFEKIL 547

sp|P00581 |DPOL BPT7 RAAFGAEH-HLDGITGKPWVQAGIDASGLELRCLAHFMARFDN
. * .. .

sp|P20311|DPOL _BPT3 DIHTKNQMAAELPTRDNAKTFIYGEFLYGA
sp|P04415|DPOL BPT4 LIEECEKAATLANTNQLNRKILINSLYGA

sp|P19822|DPOL BPT5 QCEPRDVKKLFPALRQAAKAITFGILYGY

sp|P00581|DPOL _BPT7 DIHTKNQIAAELPTRDNAKTFIYGFE

--L

GEYAHE[LN[ 503
SNYTESVLN[ 537

GEYAHE[LLNG 503

Gmmmmmm 533

sp|P20311|DPOL BPT3 -DEKIGQIVG--—-—--—-—————————————————

LGNIHFRYYDLRNATAITIFGQVGIQWIARK 597

Gmmmm e 577

LYGHG-—————————————mm— o 533
‘k‘k‘k:

AGKERGKELK-=-=-========-—— 552

sp|P04415|DPOL BPT4 INEYLNKVCGTNDEDFIAAGDTDSVYVCVDKVIEKVGLDRFKEQNDLVEFMNQFGKKKME 657

sp|P19822|DPOL_BPT5 —-PAKVAHSVNE---——-——————————————————— ALLEQAAKTG--————-———=—=—— 597
sp|P00581|DPOL_BPT7 -DEKIGQIVG-—=--—=-—=———————————————— AGKERGKELK--—=-—-—===—=—— 552
SPIP20311 | DPOL BPT3 === ———m oo oo KKF 555
sp|P04415|DPOL_BPT4 PMIDVAYRELCDYMNNREHLMHMDREAISCPPLGSKGVGGFWKAKKRYALNVYDMEDKRE 717
SPIP19822 | DPOL BPTS === == ———mm oo oo oo oo EPF 600
SPIP0058L | DPOL BPT7 == ————m oo oo KKF 555
. *
sp|P20311|DPOL_BPT3 LE-----—--—--—- NTPA--TIAALRESTQQT---LVESSQWVAGEQQ—-—-—=-—=-—=--~ 585
sp|P04415|DPOL_BPT4 AEPHLKIMGMETQQSSTPKAVQEALEESIRRI---LOEGEESVQ-EYYKNFEKEYRQLDY 773
sp|P19822|DPOL_BPT5 VE--—--——-—--—- CTV----ADAKEYIETYFGQFPQLKRWIDKCHD—-————-—-—-— 631
sp|P00581 |DPOL_BPT7 LE--—--—--—--—- NTPA--TIAALRESTQQT---LVESSQWVAGEQQ—-—-—=-—-—--~ 585
* * P * . . .
Fig. 2F. CLUSTAL format for T-COFFEE Version of polymerases of viral origin
The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.
Fig. 2G Alpha polymerases (Eukaryotes)
sp|P33609|DPOLA MOUSE ----- NLPLVKGADDEQVFQFYWLDAYEDPYN---QPGVVFLEGKVWIESV--—-——-—— 374
sp|P28040|DPOA_SCHPO  PISKVSPSDVT--EEDGSLFFFWMDYTE-—--—-- MYGSLCLEGK[VYDKATK-——=-—--~ 356
sp|P26019|DPOLA DROME VLT-TEQDSTI--SSDQQLRFWYWEAYEDPVK---MPGEVFLFGRTAD--—--—--—--— 388
sp|P13382|DPOA_YEAST  —-VNVKKEDVVD--PETDTFQMFWLDYCE-—--—-— VNNTLILEGKVKLKD-D--—-—=-—- 377
sp|P09884 |DPOLA HUMAN ----- HLPLVKGADEEQVFHFYWLDAYEDQYN---QPGVVFLEGKVWIESA-—-—-—-—- 370
sp|089042 |DPOLA RAT  ----- HLPLVKGADDEQVFQFYWLDAYEDPYN---QPGVVFLEGKVWVESA-—-—-—=—~ 377
Sp|Q9DE46 | DPOLA XENLA —---- HLPLVTGADGSQVFRFYWLDAYEDQYS---QPGVVYLEGKVWIESA-—-—-—-—~ 370
Sp|Q9FHA3 |DPOLA ARATH --SEGKTEFDL--DADGSLRFFILDAYEEAFG--ASMGTIY[FGKVKM--—--—--—--— 372
sp|Q54SV8|DPOLA DICDI IMPKNSDLLKM--NMDGSLDFFLLTTEED---—-- KQGRIILFGKVKLQASKSNKPGGGG 415
sp|000874 |DPOLA LEIDO ---A--VPYKS—-GEMTEGLFYWFDAREQPHTLSVDPGSLFLEGKMAVEKNG-—--——-— 274
sp|P27727|DPOLA_TRYBB ---HASTDFLN--GCPPKALFYWFDAKEQPHTL-TAPGTILLFGKVCMNEE--—--—--— 272
sp|Q94636|DPOLA_OXYNO MSNQQDYPLPL--NEDGTLSFYWIDAHEENN----- GADLFEGKIYQHEE-—-—-—-—- 358
sp|048653 | DPOLA ORYSJ TGVDESSEFEL---KDGALPFYILDAYEEPFG--ANSGTVY[LFGKVEV--—--—--—--— 381
.. * . s * % .
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sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA_ RAT
sp|Q9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA_OXYNO
sp|048653 | DPOLA_ORYSJ

sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA_ RAT
sp|Q9DE46|DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA OXYNO
sp|048653 | DPOLA_ORYSJ

sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA_ SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA RAT
sp|Q9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA OXYNO
sp|048653 | DPOLA_ORYSJ

sp|P33609|DPOLA MOUSE
sp|P28040|DPOA SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA RAT
sp|QI9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA OXYNO
sp|048653|DPOLA_ORYSJ
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S-EYLEVRYSAEV----- POLPONLKGETFSHVEFGTNTSSLE]
A-DYLEVIYSYSYP--—-—-- ALPTDLTGSSFSHVEFGTNTALFE(

C-DYLEVHYDGKKPL---PNLSADKKYNSIAHIFGATTNALEHR

S-DYLKVLLPYQTPKSSRDTIPSDLSSDTFYHVFGGNSNIFE]

S-EYLEVKYSAEM----- POLPODLKGETFSHVEFGTNTSSLE]
S-EYLEVRYSAEV----- POLPONLKGETFSHVEFGTNTSSLE]
S-EYLEVRYSADS----- POLPQDLKGETFSHVEGTNTSSLE]
EQYVLKINYSFKD-—---- RPLPEDLKGESFSALLGSHTSALEH
QHYVWKLSYPSNQM—-——-— VEPNDIKGSTFRCAYGITSSPVE]
KTQWAKLRYPGRY-——-— PPLNAKGPFRHILIIMGASSSLLE]
KNRWAKLVYPGRY-——--- PPFPNKGGLTHVQVVVGASRSLLE]
H-QFVKIKYDATF----- PSLPSTVQGNTFECIFGANQSMLE{
EQYVLKINYPYKD-—---- PALPTDLRGQHFHALLGTNNSALE]
.. . *

'*

FVL
FLL
FVI

FLL

FLMNRKIKGPCWLEVKN

FLMNRKIKGPCWLEVKS
FLMNRKIKGPCWLEVKN

[FILKRKIMGPCWLKISS
FLIKRKIMGPTWLTVSG
FLIKRKLKGPSFLRISG
FLIKKRLMGPSYLEIEH
FILKRKIRGPCWMTIRN
LLIKRKIKGPSWLSISK

507
484
523
501
503
510
503
522
569
395
393
491
530

RRVMGPCWLKIQQ
RKIKGPCWLQVTG
DNRIMGPCWLDIKG

RKIKGPSWLEIKS

* x

VLPLALQITNIAGNIMSRTLMGGRSERNEFILLHAFYENNYTIY
MLOLSKNLTNIAGNSWARTLTGTRAERNEYJLLHEFKKNGY I
IMPLALQITNICGNTMTRTLQGGRSERNEFLLHAFHEKNYTY
LLTLTKQLTNLAGNAWAQTLGGTRAGRNEY JLLHEF$RNGEFTIY
VLPLALQITNIAGNIMSRTLMGGRSERNEFLLHAFYENNY I
VLPLALQITNIAGNIMSRTLMGGRSERNEFLLHAFYENNYIY
VLPLALQITNIAGNVMSRTLMGGRSERNEYLLHAFTENNEFTI{
VLPLTLOLTNISGNLWGKTLQGARAQRIEYYLLHATFHSKKEFII
VFPLTKQLTNLAGNQWDKSLKSNRAERIEYLLHNFHEKKYLI
VIRLTKRLTTIAGNLWSRTLFGARSERIEYLLHTFHDLKEFIT
VIPLTKRLTLLAGNLWSRTLYGARSERIEYLLHAFHNLKEVT
VIPLTKQLTNIAGNLWFRSLONARAERNEMILLHEFKKKKEVI

PDK
PDK!
PDK
PDK
PDK!
PDK!
PDK
PDK
PDK
PDR
PDK
PDK
PDK

VLPLTRQLTNISGNLWGKTLOGSRAQRVEYLLHAFHARKF I

* . ek . kK .ok ke KX K *kk K

**:

DIF-RKPQQOKLG-- 821
DOSIRRHAEAFG-- 808
PV-SKRSGAG--- 838
FGN-RSRAQKQR-- 826
DIF-RKPQQKLG-- 817
DIF-RKPQQKPG-- 824
PVE-KKMQQTTV-- 817

[SO-RMKEIKSSKR 861

[YO-KSSSSG-G-- 876
¥VO-NFKRGRD--- 719
KR-DLKRGRE--- 717
QLN-AKDLKKNM- 818

FAR-S-KEFNSTKR 869

—————————————— DEDEEIDGDTNKYKKGRKKATYAGGLVLDP]
—————————————— AED----G-LQEESLGKKKDKYKGGLVFEP!
—————————————— DTDATLSGA-DATMQTKKKAAYAGGLVLEPI
—————————————— QNE----E-NADAPVNSKKAKYQGGLVFEP]
—————————————— DEDEEIDGDTNKYKKGRKKAAYAGGLVLDP]
—————————————— DEDEEIDGDTNKYKKGRKKAAYAGGLVLDP]
—————————————— EDNDDMGTDQON-KNKSRKKAAYAGGLVLEP]
RMDYAPEDRNVDELDADLTLENDPSKGSKTKKGPAYAGGLVLEP
—————————————— G-—--------GGAKDKDNHAAY SIGGLVLDP]I
—————————————— D---------EEEEDGKRKAKYQGGMVLDP]
—————————————— D---------D-DDEGKRKTKYQGGMVLEP]
—————————————— FADEYEEGDGKTKGGKRKKAAYAGGLVIEP]

KMNPDTEAARPDEADPSIDDEGHHVDQGKTKKGPSYAGGLVLEP]
* sk

**:*:

LYPSIIQEFNICETTVQRVTSEVQKAT-———————— E-DEE--QEQIP-———————————
LYPSIIQEYNICEFTTVDRSPSNS—==—==—==—==———— DS--DDQIP-———————————
LYPSIIQEYNICEFTTVQQPVDA-————————————————————— DELP-———————————
LYPSIIQEFNICEFTTVDRNKE-——====—=—————————— D--IDELP-———————————
LYPSIIQEFNICFTTVQRVASEAQKVT-———————— E-DGE--QEQIP-———————————
LYPSIIQEFNICFTTVQRVASETLKAT--—=-————~— E-DEE--QEQIP-———————————
LYPSIIQEYNICFTTVHREAPSTQK-—==—==——==——— GED--QDEIP--——————————
LYPSIIQEYNICETTI[PRSED-G——————————————————————— VPo e m e
LYPSIIQEYNVCETTINRVKRDD-—-—-—————=—————— GK--WEE-A-———————————

KVGEYDKEFILLLDEFNS
DKGLYET(JILVMDENS
NRGLYEKYVLLMDENS
FKGLHKNY[VLVMDENS
KVGEYDKEFILLLDENS
KVGEYDKEFILLLDENS

VGFYDKEILLLDENS

RGLYDKYWLLLDENS
KIDEYDRY|VVLLDENS
KCGLYSDY[ILLLDENS
KSGLYSEY[ILLLDENS

AGFYDNIIILLLDENS
KKGLYDKY[VLLLDENS

67
B49
B83

67
B63
B70
B62
p21

13
V56
753
B64

29

.::****

LYPSLIQEFNICFTTVDRESGSE---—-—-———-———-————————— IDVPPPENLICASCAA 795
LYPSLIQEFNVCYTTI[DRDENTV-—--——-—-———-———-——— S----AEVPPPESLICLSCRA 793

LYPSIIQEYNLCETTVINRRPTKNFDGSEMKNQYKKGENGEEEVDIEEA-—————————--
LYPSIIQEYNICFTTVDRSADGN-———-===——————————————— VP—————————-—-

****:***:*:*:**:

912
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sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA_ RAT
sp|Q9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA_OXYNO
sp|048653 | DPOLA_ORYSJ

sp|P33609|DPOLA MOUSE
sp|P28040|DPOA_ SCHPO
sp|P26019|DPOLA_ DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA_ RAT
sp|QI9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727 | DPOLA_TRYBB
sp Q94636 | DPOLA OXYNO
sp|048653|DPOLA_ORYSJ

sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA_ SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA RAT
sp|Q9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727 | DPOLA_TRYBB
sp1Q94636|DPOLA OXYNO
sp|048653|DPOLA_ORYSJ
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-ELPDPN--LEMGILPREIRKLVERRKQVKQLMKQQODLNPDLVLQYDIRQK
-DTPSAS--ANQGIFPRLIANLVERRRQIKGLLKDNSATPTQRLOWDIQQQ
-TLPDSK--TEPGILPLQLKRLVESRKEVKKLMAAPDLSPELQOMQYHIRQM
-SVPPSE--VDQGVLPRLLANLVDRRREVKKVMKTET-DPHKRVQCDIRQQ.
-ELPDPS--LEMGILPREIRKLVERRKQVKQLMKQQODLNPDLILQYDIRQK
-ELPDPN--LDMGILPREIRKLVERRKQVKQLMKQQDLNPDLVLQYDIRQK
-ELPHSD--LEMGILPREIRKLVERRRHVKQLMKQPDLNPDLYLQYDIRQK
-RLPSS---QTPGILPKLMEHLVSIRKSVKLKMKKET--GLKYWELDIRQQ]
-MPPPSS--IEKGILPKVLHGLVSKRREIKKRMEQEK-NKIIKAQYDIQQOQ
AGLSAPC--LHKCVLPKVIKSLVDSRREVKRLMKIEK-DANNLALLEIRQK
AGLPSPC--LHKCILPKVIRGLVDSRREIKRMMKSEK-DPGNLAMLEIRQL
—~DLPDKNVNLKDAVLPMVLRDLVQKRKAVKDKMKTEK-DHVKLSQLETIRQK.
-NLPAS---KTTGVLPELLKSLVERRRMVKSWLKTAS--GLKRQQFDIQQQ.

..k . * * * . .k * .k

NLKLTANSM
NLKLTANSM
NLKLTANSM
NLKLTANSM
NLKLTANSM
NLKLTANSM
NLKLTANSM
NLKLTANSM
AVKLIANSM
NLKLTANSM
NLKLTANSM
NIKLTANSM
NLKLTANSM

ko« k% K*kk*x

KKK KK o

YGCLGF VAKPLAALVTYKGREILMHTKDMVQKM--NLEVIYGDTDS IMINTNST -
YGCLGY VYARPLAVLITYKGREALMNTKELADQM--GLQVIYGDTDSVMINTNVT-
YGCLGEF. FAQHLAALVTHKGREILTNTQQLVQKM--NYPVVYGDTDSLMINTNIT-
YGCLGY YAKPLAMLVTNKGREILMNTRQLAESM--NLI}VVYGDTDSVMIDTGCD—-
YGCLGF VAKPLAALVTYKGREILMHTKEMVQKM--NLEVIYGDTDS IMINTNST -
YGCLGF VAKPLAALVTYKGREILMHTKEMVQKM--NLEVIYGDTDS IMINTNST-
YGCLGF VYAKPLAALVTHQGREILLHTKEMVQKM--NLEVIYGDTDS IMIINTNCN-
YGCLGF VYAKPLAELITLQGRDILQRTVDLVQON-HLNLEVIYGDTDSIMIHSGLD-
YGCLGF YALPLAELVTRKGRENLQKGASIVNKM--CYPVIYGDTDSLMIY TGVG—
YGCLGF HAQPLAELVTRQGRLALQSTVDLIPQLNPSLRVIYGDTDSVMIQTGIKN
YGCLGF" VYAQPLAELVTRQGRLALONTVELIPQISPSIRVIYGDTDSVMIQTGIKD
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DISRAKGIAGKVIQEVNKKYR--CLEIDLDGIYKRMLLLKKKKYARIKVA-L--DGSLRE
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sp|P33609|DPOLA_ MOUSE
sp|P28040|DPOA SCHPO
sp|P26019|DPOLA DROME
sp|P13382|DPOA YEAST
sp|P09884 | DPOLA HUMAN
sp|089042 | DPOLA_ RAT
sp|Q9DE46 | DPOLA XENLA
sp|Q9FHA3 | DPOLA ARATH
sp|Q545V8 | DPOLA DICDI
sp|000874 | DPOLA_ LEIDO
sp|P27727|DPOLA_TRYBB
sp1Q94636|DPOLA_OXYNO
sp|048653 | DPOLA_ORYSJ
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WCPLSKCVCDSVLSRVLNAEGSEDILDYVMNYMRDVSEKVRAGRY-T
WCPLSQHVSDAVLKRILNAEGGEDILDEFVIKYMKGVAQDVRSGNVYP
WCPLSKRVGRYVLDQILSGKQREEVVLNLNEFLSNIGNELKEGTI-K
IWSLLSKEIGDFCLNQILSGGSCDDVIESIHSSLVQVQEQMRGGQT-E
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Fig. 2G. CLUSTAL format for T-COFFEE version of alpha polymerases (Eukaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.

Fig. 2H Beta polymerases (Eukaryotes)

gi|4505931 |ref|NP_002681.1|

sp|P06766|DPOLB_RAT
tr|Q66TP6|Q66TP6_XIPMA
sp Q27958 | DPOLB_BOVIN
sp|P06746|DPOLB_HUMAN
tr|DOEW68 | DOEW68_PONPY
sp|Q5UQRO | DPOL_MIMIV
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tr|DOEW68 | DOEW68_PONPY
sp | Q5UQRO | DPOL_MIMIV

9114505931 |ref |NP_002681.1]
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sp|Q5UQRO | DPOL_MIMIV
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tr|Q66TP6|Q66TP6 XIPMA
sp1027958| DPOLB_BOVIN
sp|P06746|DPOLB_HUMAN
tr|DOEW68|DOEW68 PONPY
sp | Q5UQRO | DPOL_MIMIV
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9114505931 |ref |NP_002681.1]

sp|P06766|DPOLB_RAT
tr|Q66TP6|Q66TP6_XIPMA
sp|027958 | DPOLB_BOVIN
sp|P06746|DPOLB_HUMAN
tr|DOEW68 | DOEW68_PONPY
sp|Q5UQRO | DPOL_MIMIV

gi 4505931 |ref|NP_002681.1|

sp|P06766|DPOLB_RAT
tr|Q66TP6|Q66TP6_XIPMA
sp|Q27958 | DPOLB_BOVIN
sp|P06746|DPOLB_HUMAN
tr|DOEW68 | DOEW68_PONPY
sp|Q5UQRO | DPOL_MIMIV
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Fig. 2H. CLUSTAL format for T-COFFEE version of beta polymerases (Eukaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.

Fig. 2 Gamma polymerases (Eukaryotes, Mitochondrial)

sp|Q01941|DPOG_PICPA
splQ12704|DPOG_SCHPO
sp|P15801|DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
sp|Q92076|DPOGL CHICK
sp|P54098|DPOG1 HUMAN
sp|Q27607|DPOG1 DROME
sp|P54099|DPOGL MOUSE
sp|Q91684|DPOG1 XENLA

sp1Q01941|DPOG_PICPA
sp Q12704 | DPOG_SCHPO
sp|P15801 |DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
splQ92076|DPOG1_CHICK
sp|P54098 | DPOG1_HUMAN
sp Q27607 | DPOG1_DROME
sp|P54099|DPOG1_MOUSE
sp1Q91684|DPOG1_XENLA

sp|Q01941|DPOG_PICPA
sp Q12704 | DPOG_SCHPO
sp|P15801 |DPOG YEAST
sp|Q9Y767 | DPOG_NEUCR
sp1Q92076|DPOG1_CHICK
sp|P54098 | DPOG1_ HUMAN
sp|Q27607|DPOG1_ DROME
sp|P54099|DPOG1_MOUSE
sp|Q91684|DPOG1 XENLA
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DE-ENKYGAILAQVVSAGTITRRAVEPTWLTASNARADRVGSELHAMVQVPPGYHLIGAL
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sp|Q01941|DPOG_PICPA
sp Q12704 | DPOG_SCHPO
sp|P15801 |DPOG YEAST
sp|Q9Y767|DPOG_NEUCR
sp1Q92076|DPOG1_CHICK
sp|P54098 | DPOG1_ HUMAN
sp|Q27607|DPOG1_ DROME
sp|P54099|DPOG1_MOUSE
sp|Q91684|DPOG1 XENLA

sp|Q01941|DPOG_PICPA
sp1Q12704 | DPOG_SCHPO
sp|P15801 |DPOG YEAST
sp|Q9Y767|DPOG NEUCR
sp1Q92076|DPOG1_CHICK
sp|P54098 | DPOG1 HUMAN
sp|Q27607|DPOG1 DROME
sp|P54099|DPOG1_ MOUSE
sp|Q91684|DPOG1 XENLA

sp|Q01941|DPOG_PICPA
splQ12704|DPOG_SCHPO
sp|P15801|DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
sp|Q92076|DPOGL CHICK
sp|P54098|DPOG1 HUMAN
sp|Q27607|DPOG1_DROME
sp|P54099|DPOGL MOUSE
sp|Q91684|DPOG1 XENLA

sp|Q01941|DPOG_PICPA
sp|Q12704|DPOG_SCHPO
sp|P15801|DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
sp|Q92076|DPOGL CHICK
sp|P54098|DPOG1 HUMAN
sp|Q27607|DPOG1 DROME
sp|P54099|DPOGL MOUSE
sp|Q91684|DPOG1 XENLA

sp|Q01941|DPOG_PICPA
sp Q12704 | DPOG_SCHPO
sp|P15801 |DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
sp|Q92076|DPOG1_CHICK
sp|P54098 | DPOG1_HUMAN
sp|027607 | DPOG1_DROME
sp|P54099|DPOG1_MOUSE
sp|Q91684|DPOG1_XENLA
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sp|Q01941|DPOG_PICPA
sp Q12704 | DPOG_SCHPO
sp|P15801 |DPOG_YEAST
sp|Q9Y767|DPOG_NEUCR
sp|Q92076|DPOG1_CHICK
sp|P54098 | DPOG1_HUMAN
sp Q27607 | DPOG1 DROME
sp|P54099|DPOG1_MOUSE
splQ91684 | DPOGL_XENLA
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FVILRKEDLDCV[TPSNPD------ PIPCGKSLDIYQLLQQEDIKG-A--DFPRT---MHL
HVILRKDKMDCV[TPSNKV------ PIPPGEELTIESVLEKLEQSG-QS--LEPL---EQI
SVIIRKEVNMDCI[TPSNKT------ AIPHGEALDINQLLDKSNSKL-GKPNLDID---SKV
HVILRKEVDMDCI[TPSNPI--—---- PIAHGESIDIFQILEKGDDAKLDDSIVPQSQYAPRL
RALRKEVTMNCATPSNPTGMEKKYGIPRGEALDIYQIIEITKGSL-E-————————————
ROLRKETMDCK[TPSNPTGMERRYGIPQGEALDIYQIIELTKGSL-EK-—R-————————
TVILRKEL TMDCK[TPSNPHGLRIGYGIQPGQSLSVAEAIEKAGGND-VS--——-————————
QJLRKENTMDCKITPSNPTGMERRYGIPQGEALDIYQIIELTKGSL-EK--RKP-——————
KJLRKEVTMDCS[LPSNPNGMEKRYGIPQGEALDIYQILKVTKGV-———————————————
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Fig. 2I. CLUSTAL format for T-COFFEE version of mitochondrial y polymerases

(eukaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.

Fig. 2J Delta polymerases (Eukaryotes)

sp|P30316|DPOD_SCHPO
sp|P15436|DPOD YEAST
sp|P28339|DPOD1_BOVIN
sp|P28340|DPOD1_HUMAN
sp|054747|DPOD1_RAT
sp|P30315|DPOD1_PLAFK
sp|P54358|DPOD1 DROME
sp|P52431|DPOD1_MOUSE
sp|P90829|DPOD1 CAEEL
sp|QI9LVN7 | DPOD1 ARATH
sp|Q9LRE6 | DPOD1 ORYSJ
sp|P46588|DPOD CANAL
sp|P97283|DPOD1_MESAU
sp|048901|DPOD1_SOYBN

sp|P30316|DPOD_SCHPO
sp|P15436|DPOD YEAST
sp|P28339|DPOD1_BOVIN
sp|P28340|DPOD1_HUMAN
sp|054747|DPOD1_RAT
sp|P30315|DPOD1_PLAFK
sp|P54358|DPOD1 DROME
sp|P52431|DPOD1_ MOUSE
sp|P90829|DPOD1 CAEEL
sp|QI9LVN7 | DPOD1 ARATH
sp|Q9LRE6 |DPOD1 ORYSJ
sp|P46588|DPOD CANAL
sp|P97283|DPOD1_MESAU
sp|048901|DPOD1_SOYBN
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DIKVISQLFRKALQHDLVVPNIRVNGT-DEQYHGATVIEPIKGYYDTPIA
DIKVVSQLFRKCLEIDTVIPNMQSQAS-DDQYHGATVIEPIRGYYDVPIA
DVKVVSQLLRQAMRQGLLMPVVKTEGG--EDYTGATVIFEPLKGYYDVPIA
DVKVVSQLLRQAMHEGLLMPVVKSEGG--EDYTGATVIEPLKGYYDVPIA
DVKVVSQLLRQAMREGLLMPVVKTEGG--EDYTGATVIEPLKGYYDVPIA
DIKVTSQLYRKCKELNYVIPSTYMKVNTNEKYH
DIKVLSQLLRKAKTKGFIMPSYTSQGS-DEQYHGATVIEPKRGYYADPIY
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Fig. 2J. CLUSTAL format for T-COFFEE Version of delta polymerases (Eukaryotes)

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.

Fig. 2K Epsilon polymerases (Eukaryotes)
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Fig. 2K. CLUSTAL 2.0.12 multiple sequence alignment of epsilon polymerases
(catalytic subunit)-Eukaryotes

The possible catalytic region is underlined and shaded yellow.
Only regions showing highly conserved blocks are shown.

3.3 Conserved Amino Acid(s) in DNA Polymerases

Multiple sequence alignments of known prokaryotic and eukaryotic polymerases have clearly
indicated two conserved sets of amino acids, viz., one consisting of the proposed catalytic
site amino acid K and the other is an YG pair. In some cases the K is replaced by the
equivalent amino acid R and in the YG pair, the G is replaced by A/l Table 1). It is interesting
to note that a distance conservation is also observed in all these polymerases, i.e., the YG
pair is positioned around 6-9 amino acids downstream from the catalytic amino acid K (Table

1).

Interestingly in all eukaryotic polymerases the second amino acid from the catalytic K is
mostly a branched chain amino acid such as V/I/L. Similarly pol IV and pol V also use a
branched chain amino acid. The steric gate amino acid Y is strictly followed by G in all cases
except eukaryotic beta polymerases. In polymerase I, instead of a K, an R is conserved.
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Unlike the pol | the pol Il cannot use nicked duplex templates of DNA,; it usually fills short
gaps in DNA which act as a block to DNA polymerase and thus helps reinitiate DNA
synthesis in UV induced cells. In some of the prokaryotic polymerases like pol IV and pol V,
the steric gate amino acid Y is not found at the expected distance from the possible catalytic
amino acid K, which probably explains the error-prone nature of the polymerases (Table 1).

Table 1. Conserved regions around the catalytic and steric-gate amino acids
(Numbering from the catalytic amino acid K/R).

Prokaryotic polymerases Eukaryotic polymerases
pol | Aly IK' AltsVIIIMN/sYIFGLIAY G Alpha L//K'LTANSMY®GCLG
pol Il KIR/M/R'HILLIVXPXF/Y'G Beta K/s/K'VIILDIFSIPE/Y ILAIGT
pol Il NKI/R'S/AHS/AAIY'G/Als Gamma AK'I/VFNYG/ARIY’GAG
pol IV L/WAK'L/IMA/cSXXXKP’XG" Delta LK'I/VSANSVY°*GFTGA
pol V. A/s/K'LIVAN/maXXXXX Epsilon HK'V/CILNSFY*GYVMRKG

Viral AWK IRXF/IXXGXLY GA/s

Less common amino acids around the catalytic amino acid K, are shown in lower font sizes.
X represents any amino acid that is not conserved.

3.4 Absence of YG Pair in Error Prone Polymerases

Another interesting observation is that the error prone E coli polymerases pol IV and V did
not show any YG pair at the expected positions from the catalytic K (Table 1). These
polymerases were reported in 1999 and are grouped under error prone DNA polymerases
[3]. (DNA polymerase IV is induced in stationary phase cells and is involved in adaptive
mutagenesis whereas the DNA polymerase V replicates past gaps in DNA. It is made of two
different subunits (umuC and umuD’) and is involved in SOS DNA repair pathway, when E.
coli is exposed to high levels of radiation or mutagens and a major damage is done to the
DNA).

Thus, polymerase IV (dinB) and Pol V (umuD'C) belong to the newly discovered class of Y
DNA polymerases [3]. Polymerases that belong to Y family are often referred to as
specialized or error-prone DNA polymerases to distinguish them from the previously
described DNA polymerases (pol |, pol I, and pol Ill) that are essentially involved in DNA
replication or error-free DNA repair. These Y-family DNA polymerases are characterized by
their ability to replicate DNA, through chemically damaged template bases, or to elongate
mismatched primer termini. These properties stem from their capacity to accommodate and
use distorted primer templates within their active site and from the lack of an associated
exonuclease activity. It is Interesting to note that the explicit absence of the YG steric gate
pair in these polymerases explains their error prone nature.

In the eukaryotic polymerase B, a nuclear DNA repair polymerase that plays a key role in

base-excision repair, the G in YG pair is replaced with a branched chain amino acid, like | or
L. The implication of such a replacement is not known.
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3.5 Distance Conservation between Catalytic K and YG Pair

It is interesting to note that the catalytic amino acid K and the gate keeper pair YG are
completely conserved in different polymerases from diverse group of organisms. The
mismatched regions in some of the polymerases were aligned as suggested by Palanivelu
[4]. Table 2 further corroborates the above findings. In this analysis, only the amino acids
around the active site regions of different DNA polymerases from different sources ranging
from virus to plant and animals were selected and analyzed by T-COFFEE advanced
version. It is interesting to note that irrespective of the type of polymerases and their origin,
all showed a completely conserved K at the catalytic site and YG pair at the steric gate
position. A distance conservation is also observed in all these polymerases, (i.e.), the YG
pair is 8/9 amino acids downstream of the catalytic K.

Table 2. The catalytic amino acid (K) and gate keeper pair (YG) in different
polymerases from diverse sources

T4 DNA pol 546 ATLANTNQLNRK'ILINSLY:GALGNIH
Human HSV 1 800AVLLDKQQAAIK'VVCNSVYSGFTGVQH
E. coliDNA pol | 748 TVTSEQRRSAK'AINFGLIY*GMSAFGLAR
E. coliDNA pol I 482 RQGNKPLSQALK'IMNAFY:GVLGTTA

E. coli DNA pol lll {alpha subunit) 663 YPDVQWQHESLK'PVLEPTY:GIILYQE

F. furiosus DNA pol 477 KILLDYRQKAIK'LLANSFY:GYYGYAK
Yeast Alpha DNA pol 933 RVQCDIRQQALK'LTANSMYEGCLGYVN
Human Alpha DNA pol 939 ILQYDIRQKALK'LTANSMY:GCLGFSY
Human Gamma DNA pol 917 TTVGISREHAK'IFNYGRIY*GAGQPFAER
Human Delta DNA pol 683 RQVLDGRALALK'VSANSVY:GFTGAQV
(Catalytic subunit)

Human Epsilon DNA pol 798 EVLYDSLQLAHK'CILNSFY:GYVMRKGAR
A. thaliana Delta DNA pol 679 KAVLDGRQLALK'ISANSVY®GFTGATV
(Catalytic subunit)

N.B: Some of the above polymerases did not align in T COFFEE advanced version.
So the conserved regions were selected and aligned as suggested by Palanivelu [4].

3.6 Other Conserved Motif(s) in Prokaryotic and Eukaryotic Polymerases

Apart from these highly conserved regions, not much conservation is observed among
different polymerase families. However, there are conserved motifs among the members of
the same family. Prokaryotic polymerase pol V and viral polymerases did not show much
conservation among themselves. Eukaryotic polymerases & and ¢ showed the maximum
number of conserved motifs. ¢ polymerases showed long stretches of conserved motifs
among them (Table 3).

235



International Journal of Biochemistry Research & Review, 3(3): 206-247, 2013

A notable one is the DXD motif which is found in all eukaryotic polymerases but only in one
of the prokaryotic polymerases viz., in the replicative polymerase, pol lll, This triad is also
implicated in catalysis. Delta and Epsilon polymerases have two such triads.

Table 3. Other highly conserved regions found among different prokaryotic and

eukaryotic polymerases

pol |

pol Il
pol Il

pol IV
pol vV
Viral

Alpha

Beta

Delta

Gamma KLPHGTITRRAVEXTWLTASN RLGSELK FLVGADVDSQ/EELWI

Epsilon GWLTNM VDYYFIQD/ED/EG PYFXIA KEDL NHLLYV ~ DXREYDVPYHIRLSID

Table 3A. Prokaryotic polymerases

EADDV/IIXS/T SPTKAL TGRLSS PNLAQNIP DYS
QIELMRLUINVLWAH  1QGS/T  QVHDEL VPL

VIVAG  V/VLED PGNHD PQP  GHIVH  VINS
GPGRGS LUIFERFLNPER PDXDV/DF LIKXFDFLGL RPGP IV/L/IYQEQV/I

IMIHVID  FFA RGV/IVII LSUYIDEA/G  GWIG VRLLVGVIL/I
D/EVIWGW/IGR/K
YNV VLN ESI

Table 3B. Eukaryotic polymerases

LFGK LLHXF PDK GGLVLD/EP ILLLDENSLYPSHIQEY/ENICFTTV/I SRFY
VIYGDTDSIMI KKKYAA  KGLD RRDWY/F

CGSY/F DXDVL KIL RRXDIR GVLY

GT/5D  TKG SRW/IN VDY LHLHDEWIRYL AFFSXDID LRKE
TPSN

LSFDIEC FPE DPVIQI DPDIVW GYN FDLPYL SYS/TLN
KEDVDLAN YCLKD EMARVTGXP RGQ GATVL/I  TLDF
SLYPSIMMAXNLCYXTL GUILP ARKRGXLPCL VINYGDTDSWVM

PIK'RLEFEKVYXPYLLIXKKRYAGL KGIL LVITK V/LGDRVXY EDP

DPVWL/MAFDIETTKXPLKFPDXXDQIMMI
SYMIDGXGY/FLITNREIVSEDIEDFEF/YTPKPEY  I/VFNEFWFEH
TYNGDFFDWPFV/I EIGF HMDCXXWVXRDSYLPXGSXXXLKA KLGYXPXELDPE
YSVSDAVATYYLYMKYVHPFIFALCTIIPMEPDEXLRKGS/TGTLCEXLLMVQAY/F
NIVLVXPNK HVLDSETYVGGHVE GVFRSDIL  VTNF/Y
I[YHLDVG/AXMYPNIXXNRLQP CAXCDFNKPG WXWRGEFXP FXELS
VICQRENXFYVDTVR/KXFRDRRYD/EFKG ~ ARXLIEXIGRPLELDTDGIWCXLPXSFPE
LISYP MLN  QYQYXTR/HSENS/TIFFEVDGPYXAMILPXSKEE
KKRYAVFNEDGSLAELKGFEVKRRGELXLIKXFQS/T WLDVL LIXENRSMSR/KXL
QKSTSIS/TTAK/RRLXEFLGDXMVKDXGLXCR/KYINIS PVTERA IPLXIF FLRKW
YYXERLGSXIQKITIPAALQXXXPVPRVXKHPDWL VNTILXS PVLPG NPXLEXI/VK
DL/ID QDLXCK/RC

NB: X represents any amino acid smaller font sizes represent less frequently used amino acids.
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3.7 Three Critical Pairs in Different Types of Polymerases and their Possible
Functions

These analyses have revealed three critical pairs of amino acids in all these polymerases
belonging to different types and origins. Table 4 shows these three critical pairs from
different representative polymerases.

Table 4. Critical pairs of amino acids found in different types of polymerases

Enzyme Lys//Arg Tyr/Phe-Gly Aspl//Asp

T, pol Arg518/Lys522 Tyr530/Gly531 Asp475/Asp654
E. coli pol | Arg754/Lys758 Tyr766/Gly 767 Asp705/Asp882
E. colipol Il Leu*523/Arg527 Phe533/Gly534 Asp452/ Asp545
E. colipol Il A----/Lys758 Tyr764/"Ala765 Asp405/Asp733
Human a Lys947/Lys950 Tyr957/Gly958 Asp860/Asp1004
Human $ Leu*163/Lys168 Tyr 173/Leu*174 Asp192/Asp256
Human vy Arg943/Lys947 Tyr955/Gly956 Asp890/Asp935
Human & Arg689/Lys694 Tyr701/Gly702 Asp602/Asp757
Yeast € Leu*819/Lys824 Tyr831/Gly832 Asp669/ Asp2118

Based on multiple sequence analysis.

* Instead of Arg, a Leu is found at the corresponding position in the repair polymerases viz., pol Il
and pol S.

A No Arg or leu is found near vicinity of the probable catalytic K. A good number of prokaryotic
replicative polymerases (pol Ill) had an Ala adjacent to the Tyr (Fig.2C,

In almost all the pol IV polymerases, only a G (PXG) is seen at the 11" position from the catalytic K; no
regular gate keeper Y is found which possibly explains the error prone nature of these polymerases.
The completely conserved P known to act as a helix breaker may introduce the necessary sharp kinks
into polypeptide backbone (Fig. 2D).

The € polymerases also maintain a Leu near the catalytic K, as it is also involved in DNA repair. Pol €'s
main function is to extend the leading strand during replication while Pol & is involved in the lagging
strand synthesis. The most striking difference between the two DNA polymerases is that processive
DNA synthesis by DNA polymerase delta is dependent on proliferating cell nuclear antigen (PCNA), a
replication factor, while DNA polymerase epsilon is inherently processive.
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The pair 1 involves in polymerization, (the K functions as proton abstractor);

The pair 2 acts as “steric gate” and allows only dNTPs at polymerization site and
The pair 3 involves as “charge shielder” of dNTPs through a Mg ion (Fig. 3) and
orients the a-phosphates of dNTPs for polymerization. One Mg2+ ion binds
specifically to the beta and gamma phosphates of the dNTP as a bidentate.

YV VYV

Asp Asp

(04

Base-Ribose- O — E— O- -0
I | |
(@] (@] (0]

Fig. 3. ANTP-Mg ion complex where 3- and y-phosphates are shielded by the Mg ion
3.8 Functional domains of E. coli DNA polymerase |

As DNA polymerase | of E. coli is the most well studied enzyme, it is used as a model
enzyme to elucidate the mechanism of action in this communication. DNA polymerase | of E.
coli is made up of 928 amino acid residues and is a multifunctional enzyme with three
different activities, viz., the polymerizing activity, the 3'55' exonuclease activity (proof-
reading function) and the 5'—3' exonuclease activity (DNA repair function).Thus, the enzyme
molecule is made up of three distinct domains to perform the three different activities. These
three different domains have been dissected and studied further [5].

Hans Klenow subjected the enzyme to a limited proteolysis with subtilisin, which yielded two
fragments. Upon purification of the fragments by gel filtration chromatography, he found that
the larger fragment, 68 kDa peptide, contained the polymerizing and proof-reading activities
and the smaller fragment, 35 kDa peptide, contained the 5—3’ exonuclease activity. Further
analysis of the enzyme has shown that the amino acids from 1-324 perform the 53’
exonuclease activity (DNA repair function); 324-517 perform the 3'>5' exonuclease activity
(proof-reading function) and 517-928 perform the polymerizing function. The distance
between the last two active domains is ~ 30 A (Fig. 4).

"
N I [+
1 324 517 028 aa
DNA repairdomain  Proof-reading domain Polymerase domain

Fig. 4. Dissection of the 3 functional domains of E. coli DNA polymerase |
The proof-reading site is shown to bind two metal ions and one mole of dNMP [6]. The
polymerizing site consists of a deep cleft that accommodates the double stranded DNA and
follows a spiral path along the DNA.

3.9 Analysis of DNA polymerase | active site

The polymerase active site was probed by a variety of techniques:
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DNase foot-printing assay using DNase | and methidium-propyl EDTA-Fe* indicated that the
enzyme binds to the primer terminus and covers 8 base pairs.

Photo affinity labeling of the enzyme with dNTP analogue, 8-azido-dATP, and sequencing of
the labeled peptide, identified Tyr'®® at the active site of the enzyme. Thus, the foot printing
and photo cross-linking experiment has suggested the Tyr'® in the active site [7].

However, Basu and Modak [8] who have probed the polymerase active site with pyridoxal
phosphate, found a Lys’*® at the active site. (Pyridoxal phosphate binds competitively to the
dNTP site through Schiff's base formation and covalently links the amino acid responsible in
polymerization reaction). These results suggest that the polymerase active site is in the
bigger domain remote from the 3’5’ exonuclease activity and totally not connected to the
dNMP site. Similar observations were made with an adenovirus DNA polymerase, e.g., the
pyridoxal phosphate modification of an adenovirus DNA polymerase resulted in loss of DNA
polymerase activity, whereas the 3'>5’ exonuclease activity was unaffected. Inhibition of
adenovirus DNA polymerase by pyridoxal phosphate was time-dependent and displayed
saturation kinetics [9]. Zaldivar et al. [10] have shown that rat liver RNA polymerases | and Il
and yeast RNA polymerase | were also inactivated by pyridoxal phosphate and hence
suggested a possible involvement of a Lysine residue in the catalytic site of RNA
polymerases too.

From the above experiments, two different amino acids were implicated at the active site of
the DNA polymerase |, viz., Tyr'® and Lys’*® Interestingly, both the Lys and Tyr are
completely conserved in some of the prokaryotic DNA polymerases analyzed by Palanivelu
[11]. The phi 29 viral DNA polymerase shares several regions of amino acid similarity with
other alpha-like DNA polymerases. Among them, the conserved region characterized by the
amino acid motif "Kx3ANSxYG" has been proposed to form part of the polymerization active
site of alpha-like DNA polymerases [12].

The following observations also support Lys™ as a probable amino acid involved in the
polymerization reaction rather than Tyr’®:

Lys is the active site amino acid in NAD and ATP dependent ligases, and also GTP
dependent mRNA capping enzymes, which are all involved in making a phosphodiester
bond as in polymerases [13]. Like DNA polymerases the DNA ligases are also inhibited by
pyridoxal 5-phosphate indicating the presence of a Lys at the catalytic domain of the
enzyme [14]. Both the types of ligases (ATP dependent and NAD dependent DNA ligases)
from various organisms showed a highly conserved motif KY/I/VDGXR with the reactive K
residue, followed by a Tyr or a hydrophobic amino acid [13]. Interestingly, not only in DNA
ligases, but also in RNA ligases the catalytic Lys is conserved [14].

In contrast, Tyr is found in the active site of topoisomerases, which actually involve in
breaking of phosphodiester bonds. Interestingly, Tyr is conserved in all topoisomerases. In
fact, the active site Tyr sometimes makes a covalent bond with the 5’ end of the DNA. It is
interesting to note that these topoisomerases also have highly conserved Arg/Lys, which
participates in the subsequent phosphodiester bond formation [15]. Kausik et al. [16] and
Singh and Modak [17]] have shown by site directed mutagenesis (SDM) experiments that
replacing Y™ and F'" by Ala, significantly affected formation of Enzyme-DNA binary
coméalex; but most importantly the catalytic activity could not be restored in a K758A mutant.
Tyr7 ®is suggested to be in close proximity to the 3’-OH of the primer and highly conserved
in all polymerases; it could still play an important role in the polymerization function. Further
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analysis by SDM by Doublie and Ellenberger [18] and Astatke et al. [19] have shown that the
critical Tyr may possibly be involved in template recognition and dNTP selection in DNA
polymerases. It is also known that a highly conserved Tyr residue in reverse transcriptase
controls substrate selection. In Klenow fragment, the homologous residue, Tyr'®, occupies a
structurally equivalent position at the C-terminus of a IonS% helix in the fingers subdomain. It
is interesting to note that the highly conserved Tyr %% residue is critical for nucleotide
recognition amonﬁg Family A DNA polymerases, i.e., y polymerases from eukaryotes.
Furthermore, Tyr9 is a highly conserved residue among a wide variety of DNA polymerases
(Table 2). As a Family-A DNA polymerase, the y polymerases are related to E. coli DNA
polymerase | and bacteriophage T7 DNA polymerase, and amino acid sequence alignments
reveal that Tyr955 in y polymerases is equivalent to Tyr766 in E. coli pol | and Tyr530 in T7 DNA
polymerase. Further proof of Tyr766 involvement in nucleotide selection was obtained from
site directed mutagenesis; an Y'**->F substitution in the Klenow polymerase did not show an
appreciable increase in nucleotide misinsertion; however, substitution with Ala or Ser
generated an error-prone DNA polymerase attributable to decreased stringency for selection
of dNTPs [20]. Interestingly the YG doublet is highly conserved and found to be a common
pair in different types of DNA polymerases (Table 2).

Further proof is provided by crystallographic analysis of T7 DNA polymerase. The T7 DNA
replication complex at 2.2 A resolution have shown that the highly conserved Lys®? (= Lys’®
in E. coli DNA pol I) actually makes contact with the a-phosphate of ANTP [21].

Earlier structural, mutagenesis, and labeling studies have suggested that the incoming dNTP
molecule contacts a region on one side of the polymerase cleft, primarily involving residues
within the so-called “fingers” subdomain [22].

Since the mechanism of action for polymerization reactions, proposed in this article is based
on a proton abstraction at the catalytic site, Lys is placed as the catalytic amino acid in this
communication. Thus, active site Tyr holds the complementary base possibly inserted by
the finger domain onto the catalytic site and the catalytic Lys adds the dNTP to the 3’-OH of
the primer terminus. The reaction essentially occurs through proton abstraction followed by a
nucleophilic attack at the growing primer terminus (Figs. 5.1-5.4).
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T il
HO-P-0O-P-0OH

(8 ) (8]
Pyrophosphme (PP;)

Figs. 5.1 - 5.4. Proposed mechanism for polymerization reaction of E. coli DNA
polymerase |
5.1. Watson-Crick base pairing of the incoming nucleotide with the template and nucleotide
discrimination by steric gate amino acid tyrosine. The tyrosine-OH possibly discriminates between the
2’-H of the incoming dNTPs and 2’-OH of rNTPs. Gly/Ala residue, adjacent to the Tyr provides the
flexibility necessary for the active site to change conformation to accommodate different dNTPs (not
shown in the figure).
5.2. Electronic transition at the active site for proton abstraction by K followed by an electrophilic and
nucleophilic attack.
5.3. Proton abstraction by the active site amino acid Lys and simultaneous formation of 3’—6’
phosphodiester bond.
5.4. Transfer of the proton from Lys and formation of inorganic pyrophosphate and the next
complementary nucleotide in position to get polymerized.

3.10 Analysis of the 3’>5 Exonuclease Active Site (Proof-Reading function)
of the DNA polymerase |

The exonuclease’s proof reading site was analyzed by Derbyshire et al. [23, 24] by genetic,
crystallographic and SDM methods. The exonuclease active site (EAS) essentially consists
of a dNMP site and a metal-binding site. Therefore, dNMPs can inhibit the exonuclease
reaction by product inhibition. The metal binding site consists of two subsites, viz., Subsite-A
and Subsite-B and thus, EAS can bind two divalent metal ions. The subsite-A is coordinated
by three amino acids, viz., Asp>*>- GIu*’- Asp®®' and dNMP-phosphate provides the fourth
ligand. Usually a Zn atom is associated to the subsite-A.
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The second metal binding site, sub-site B is mainly coordinated by Asp*** and possibly to a
Mg atom. The subsite-B is located between dNMP-phosphate and the carboxylate of Asp***.
The site A is very close to the 3’ O- of the susceptible bond to be cleaved and the site B is
very close to A. X-ray crystallographic data show that the distance between the two metal
atoms is ~ 4.0 to 4.5 A'in E. coli (pol ) and T7 polymerases (Fig. 6).

Asp3d? Asp424

Glu3s7 Asp501

Fig. 6. Schematic diagram showing the subsites A and B of proof-reading activity of
E. coli DNA polymerase |

The active site amino acids, which constitute the EAS, were further analyzed by site directed
mutagenesis [5].

a) In a double mutant with Asp***-Ala and Glu**’—Ala, both the dNMP binding site and
the metal binding site A were completely abolished. This mutant protein had lost the
exonuclease activity, but exhibited the polymerase activity. This suggested that the
dNMP site is coordinated to both the metal binding sites.

b) In the second SDM experiment, the Asp*** was replaced by Ala (Asp***-Ala). In this
mutant enzyme, the metal binding site B was abolished and exhibited no exonuclease
activity. However, in this mutant protein also the polymerase activity was found to be
preserved.

These two experiments suggest that the metal ion plays a direct role in proof-reading
function and does not participate in polymerizing function. The SDM studies have further
shown that both the metal binding sites are functionally connected and in the absence of
one, the other cannot function. The Zn-site possibly involves in catalysis and the Mg-site
linked to dNMP-phosphate could bind the dNMP site and also may provide the necessary
“strain and distortion” for cleaving the susceptible bond of the wrongly added nucleotide.

3.11 Mechanism of Action of Proof-Reading Function

Polymerases occasionally make any mistake, as incorporation of even one wrong nucleotide
may be detrimental to the growth and survival of organisms. In the event of a wrong
nucleotide is incorporated, they cannot probably proceed further until the wrong nucleotide is
removed with the help of the proof-reading function associated with them. It is just like if one
tooth is bent in the zip fastener, the zip fastener cannot move further, until it is straightened.
It is likely a similar situation operates in polymerases too. In such situations, the polymerase
excise the wrong nucleotide by the proof-reading action, incorporates the correct nucleotide
and then proceeds further.
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The proof reading function is essentially explained based on Zn based catalysis. As
discussed elsewhere, the exonuclease active site of E. coli polymerase | consists of two
metal binding sites, sub-site A and B. The sub-site A is coordinated by Asp®®°, GIu*’, Asp®”'
and likely to a Zn atom. There is a large number of Zn containing enzymes like alkaline
phosphatases, carbonic anhydrases, carboxy peptidases, thermolysin, etc. In all these
enzymes, Zn plays a critical role in hydrolysis. For all catalytic Zn sites except coenzyme
dependent alcohol dehydrogenase, the first two ligands are separated by a short spacer of 1
to 3 amino acids which are separated by a third ligand by a long spacer of about 20 to 120
amino acids [25,26]. Therefore, analysis of the mechanism of action of the Zn containing
enzymes will throw more light on the proof-reading function of DNA polymerases too.

Generally, in all Zn containing enzymes, a water molecule is invariably coordinated to the Zn
atom as the fourth ligand, the other three ligands could be contributed by carboxylic acids
(Glu, Asp), His or Cys.

During catalysis, the Zn acts as a Lewis acid and displaces the proton from the water
molecule and it is held transiently by the Glu®*’, an active site amino acid at the metal

binding site (the active site amino acid in other Zn containing enzymes are GIu?® in
carboxypeptidase A; Glu'* in thermolysin; and Glu'"’ in carbonic anhydrase) and thus the

Zn becomes Zn-hydroxide (Fig. 7).
Zn ----OH'(\Substraie hydrolysis

H* 1ransférred to active site amino acid

Vs H Deprotonation

Fig. 7. Formation Zn-hydroxide during Zn mediated enzyme catalysis

It is well known that metal hydroxides are very reactive species in chemical reactions and
the Zn-hydroxide readily attacks the susceptible electrophilic center on the susceptible bond
on the substrate molecule resulting in cleavage of the bond and simultaneous transfer of the
proton from the active site carboxylic acid. The mechanism of 3'—5’ exonuclease action, i.e.,
the proof-reading function, is also explained based on Zn-hydroxide formation and proton
transfer. Derbyshire et al. [23] have also indicated that the nucleophilic attack of the terminal
phosphodiester bond is initiated by a hydroxide ion coordinated to one of the enzyme-bound
metal ions. The proposed mechanism of proof reading action is essentially based on the
observations made by Beese and Steitz [6], and is illustrated in Figs. 8.1-8.3. The
mismatched 3’ end is a very poor substrate for further polymerization. Therefore, the 3’5’
exonuclease — polymerase activities switch between excision and incorporation modes
without dissociation of the enzyme-substrate complex [27].

244



International Journal of Biochemistry Research & Review, 3(3): 206-247, 2013

Figs. 8.1- 8.3. Proposed mechanism for poof-reading function of E. coli DNA
polymerase |

8.1 A wrong nucleotide is placed during polymerization (Error rate is usually one in a million).
8.2 Transient proton transfer to the active site amino acid Glu®**” and Zn-hydroxide free radical
formation at the proof reading active site.

8.3 Nucleophilic attack by Zn-hydroxide free radical at the susceptible phosphodiester bond resulting in
removal of the wrongly added nucleotide with concomitant transfer of the proton from Glu**’ to the 3’
growing end. The second metal ion possibly involves in stabilizing the transient pentavalent
phosphorous group during the reaction.
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4. CONCLUSION

Multiple sequence analyses have shown that a basic amino acid K/R and an YG pair are
highly conserved in almost all DNA polymerases except in error prone polymerases where
the YG pair is not found at the expected distance from the catalytic K/R. Site directed
mutagenesis, biochemical and X-ray crystallographic analyses of DNA polymerase | from
E coli have also suggested their involvement in catalysis and substrate binding. Based on
these results, a mechanism of action is proposed for the polymerization reactions as well
as for the proof reading function of DNA polymerase | from E coli as a model enzyme.
Similar mechanism may be followed by other polymerase as the highly conserved K/R is
present in all of them.
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