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ABSTRACT

Aim: To analyze various single subunit DNA dependent RNA polymerases and identify conserved
motifs, active site regions among them and propose a plausible mechanism of action for these
polymerases using the T7 RNA polymerase as a model system.

Study Design: Bioinformatics, Biochemical, Site-directed mutagenesis 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 2010 to 2013.

Methodology: The advanced version of Clustal Omega was used for protein sequence analysis of
various SSU DNA dependent RNA polymerases from viruses, mitochondria and chloroplasts. Along
with the conserved motifs identified by the bioinformatics analysis and with the data obtained by X-
ray crystallographic, biochemical and site-directed mutagenesis were also used to confirm the
possible amino acids involved in the active sites and catalysis of these RNA polymerases.

Results: Multiple sequence analyses of various single subunit (SSU) DNA dependent RNA
polymerases from different sources showed only a few highly conserved motifs among them, except
chloroplast RNA polymerases where a large number of highly conserved motifs were found.
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Possible catalytic regions in all these polymerases consist of a highly conserved amino acid K and a
‘gate keeper’ YG pair. In addition to, these polymerases also use an invariant R at the -4 position
from the YG pair and an invariant S/T, adjacent to the YG pair. Furthermore, two highly conserved
Ds are implicated in the metal binding site and thus might participate in the catalytic process. The
YG pair appears to be specific for DNA templates as it is not reported in RNA dependent RNA
polymerases.

Conclusion: The highly conserved amino acid K, the ‘gate keeper’ YG pair and an invariant R
which are reported in all DNA polymerases, are also found in these DNA dependent RNA
polymerases. Therefore, these RNA polymerases might be using the same catalytic mechanism like
DNA polymerases. The catalytic amino acid K could act as the proton abstractor and generate the
necessary nucleophile at the 3'-OH and the YG pair, R and the S/T might involve in the template
binding and selection of nucleoside triphosphates (NTPs) for polymerization reactions. The two
highly conserved Ds could act as the * NTP charge shielder and orient the alpha phosphate of
incoming NTPs for reaction at the 3’-OH growing end.

Keywords: Single subunit DNA dependent RNA polymerases; viral RNA polymerases; Mitochondrial

RNA polymerases; chloroplast RNA polymerases; clustal omega; conserved motifs;
polymerase active site; RNA polymerase mechanism.

1. INTRODUCTION

RNA polymerases (EC 2.7.7.6) are one of the
key enzymes that participate in the flow of
genetic information in all organisms and they
play vital role in copying DNA sequences into
RNA sequences, which are subsequently
translated into proteins which are the final
players in the cellular processes. The process of
copying the DNA into RNA by RNA polymerases
is known as transcription. Though RNA
polymerases are found in all species, their
number and composition vary across taxa. For
instance, viruses contain mainly two types of
RNA polymerases, viz. DNA dependent RNA
polymerases and RNA dependent RNA
polymerases depending upon their genetic
material. Bacteria contain a single type of RNA
polymerase, a multi-subunit enzyme composed
of 6 subunits, while eukaryotes contain five
distinct types RNA polymerases which are also
multi-subunit (made up of up to 12 subunits)
enzymes. In spite of such differences, there are
striking  similarites among transcriptional
mechanisms by these polymerases.

1.1 Discovery of RNA Polymerase

RNA polymerase which makes mRNAs in the
cells was discovered independently by Charles
Loe, Audrey Stevens, and Jerard Hurwitz in 1960
[1]. The Nobel Prize in physiology or medicine
was awarded (1959) to Severo Ochoa ‘for his

discovery of the mechanisms in the biological
synthesis of RNA’ and in chemistry was
awarded (2006) to Roger D. Kornberg ‘for his
studies of the molecular basis of eukaryotic
transcription’.

1.2 Dynamics of RNA Polymerization

RNA polymerases belong to the Main class
‘Transferases’ and are involved in the transfer of
ribonucleoside triphosphates (NTPs/rNTPs) (Fig.
1a). Although the transcribed RNA contains the
same genetic information of its DNA template,
yet it is not an identical copy of the DNA
segment, i.e., its sequence is only
complementary to the DNA template and all the
thymine residues are replaced by uracil residues
in the RNA sequences (Fig. 1b) which helps the
ribosomes to read the genetic code during the
translation process.

RNA polymerases bind to the 3' end of a gene
(promoter) and read the template DNA from 3' to
5' direction and thus a new strand is synthesized
in the &' to 3' direction. RNA polymerases direct
initiation (usually initiate with a G) and catalyze
further elongation at the 3'-end of an RNA by one
nucleotide at a time (Figs. 1a and 1b). Unlike
DNA polymerases they can initiate a chain 'de
novo' (i.e.), they do not require a primer. The
overall reaction catalyzed by an RNA polymerase
may be written as,

RNA polymerase

DNA/RNA Template,—3'OH + NTPs

> RNA ,++—3'OH + PP,
Mg

Fig. 1a. Dynamics of RNA polymerization
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Antisense strand (template strand) RMNA pol
[
NERRRRRARRRA RN SRR ARR RN AR AN AN
CTGACGGATCAGCCGCAAGCIGGAA GCGACATAACATAAG
3] GACUGCCUAGUCGGCGUUCGCCU 3
3 5

GACTGCCTAGTCGGCGTTCGCCTTAACCGCTGTATTGTAGGC
LIL L g

Sense strand (non template, coding strand)

Fig. 1b. Process of RNA transcription using the template strand
Figure legends 1a: In an NTP, 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 the release of large negative free energy, which
is utilized in the formation of the phosphodiester bond involving large positive free energy in DNA and RNA
polymerases in general.

The RNA synthesis involves three steps, viz.
initiation, elongation and termination. The newly
formed RNA copies of the gene serve as
blueprints for protein synthesis during the next
step of translation. The basic transcription unit is
the distance between the sites of Transcription
Start Site (TSS) and Termination site, and may
have one or more genes, e.g., mono or poly-
cistronic.

As the prokaryotic and eukaryotic enzymes are
multi-subunit enzymes and more complex, in this
communication only the SSU (SSU) DNA
dependent RNA polymerases are analyzed.

1.3 Types of SSU DNA Dependent RNA
Polymerases

There are at least 3 different SSU DNA
dependent RNA polymerases. They are:

1) SSUDNA dependent RNA polymerases of
viruses (T7, T3, SP6, K11, etc)

2) SSU DNA dependent RNA polymerases of
chloroplast

3) SSU DNA dependent RNA polymerases of
mitochondria

In this communication, these three different SSU
RNA polymerases are analyzed for their
conserved motifs, active sites, metal binding
sites and from these findings, a plausible
mechanism of action is proposed for these types
of enzymes.

1.3.1 Viral RNA polymerase

Depending upon the genome, the viruses are
classified into two major types, viz. DNA and

RNA viruses. Thus, they use DNA dependent
RNA polymerases and RNA dependent RNA
polymerases, respectively.

Many of these viruses use a single-subunit DNA-
dependent RNA polymerase or RNA dependent
RNA polymerases. The single-subunit DNA-
dependent RNA polymerases especially from T7,
T3, SP6 and K11 are structurally and
mechanistically similar to the single-subunit RNA
polymerases of eukaryotic chloroplasts and
mitochondria, and are closely related to DNA
polymerases (EC 2.7.7.7.) and reverse
transcriptases (EC 2.7.7.49) [2].

1.3.2 Mitochondrial RNA polymerases

Mitochondria contain a single type of DNA-
dependent RNA polymerases and they are
single-subunit enzymes which are structurally
and mechanistically very similar to the single-
subunit viral DNA-dependent RNA polymerases.

1.3.3 Chloroplast RNA polymerases

Chloroplasts contain two types of DNA-
dependent RNA polymerases. For example,
plastids in photosynthetic higher plants use two
different RNA polymerases. A multi-subunit one,
very similar to bacterial RNA polymerases which
is composed of a-, B-, B-, and B"-subunits
encoded by rpoA, rpoB, rpoC1, and rpoC2
genes, and is referred to as plastid-encoded
polymerase (PEP). The second enzyme is
referred to as the nucleus-encoded polymerase
(NEP). The NEPs is structurally and
mechanistically unrelated to PEP but belong to
the "single-subunit RNA polymerases" protein
family. Interestingly, the NEPs are very similar to



the viral RNA polymerases of T3, T7, SP6, K11,
etc.

2. MATERIALS AND METHODS

A large number of RNA polymerases from
various organisms have been isolated, purified,
characterized, cloned and sequenced [3 and
references therein]. Complete nucleic acid and
protein sequence data are available for many of
these enzymes from different species. Thus,
these data have become valuable tools in
analyzing and understanding the structure-
function relationships of these enzymes. This
communication presents the results obtained
from the protein sequence analysis of these
enzymes, which are supported by biochemical,
site-directed mutagenesis experiments and X-ray
studies data on these enzymes.

The bacteriophage T7 DNA-dependent RNA
polymerase is used as the model system for
delineating the polymerization mechanism.
Particular features of this enzyme, viz. the single-
subunit composition, relatively low molecular
weight and large amount of data on biochemical,
site-directed mutagenesis and X-ray analyses
make this enzyme the most convenient model for
investigating the physicochemical aspects of
transcription. For multiple sequence analysis
(MSA) of various RNA polymerases, the
sequences were retrieved from SWISS-PROT
and PUBMED sites and analyzed using
Clustal Omega, an accurate, fast and
widely accepted algorithm, available on their
website.

3. RESULTS AND DISCUSSION

Figs. 2-7 show the MSA of various polymerases
and their combinations (only the relevant and
highly conserved regions are shown).
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3.1 MSA of SSU RNA Polymerases from
Different Sources

Fig. 2 shows the multiple sequence alignment
and conserved motifs in SSU viral RNA
polymerases such as T3, T7, SP6, K11, etc.
There are large numbers of conserved motifs
and amino acids among them. The catalytic,
template and substrate binding motifs are
highlighted. The YG ‘gate keeper’ motif and the
catalytic K are strictly conserved (including
distance conservation) DNA dependent RNA
polymerases from the viruses. Similar
observations were made in DNA dependent DNA
polymerases also [4]. This strongly suggests that
the DNA and RNA polymerases use the same
set of amino acids for template, substrate binding
and catalysis establishing a structure-function
relationship among the DNA and RNA
polymerases. The immediate downstream amino
acid in DNA polymerases is usually a G or A [4]
but in viral RNA polymerases it is a K or R.
Interestingly, an R is found (4‘h amino acid
downstream from the catalytic K) as the invariant
amino acid in both the DNA and RNA
polymerases. Another interesting observation is
that the RNA polymerases from the
enterobacteriophages possess one more YG
‘gate keeper’ pair exactly at the same distance
but from the downstream of the catalytic K (The
SP6 polymerase slightly deviates from others
and uses TG). This suggests that the two YG
pairs might be recognizing and binding on both
the coding and non-coding templates of the
DNA (please note that the DNA polymerases use
only one template and shows one YG pair and
uses a primer) whereas the catalytic K
positioning in the middle might be catalyzing the
NTP addition. In fact, these RNA polymerases
require a double-stranded DNA for transcription
as no activity was found when the T7 RNA
polymerase was assayed on single-stranded
DNA as substrate [5].

CLUSTAL O (1.2.4) MSA of DNA dependent RNA polymerases from enterobacteriophages like T3,

T7, K11, SP6 A, etc
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Q5SNLLGKALLRFTEGRFVHNGVE ALKWF INGEN WG WDKET FOVEVSNVLCEEFOQDMCRD
QGNOMOK GLLTLAVGHF I -GFADGFEWLEVHGANC ARG VDKV FEER IKWVE DNHD--HIMA
QGENDMOK GLLTLAVGHE I -GFADGFEWLEVHGANC A VDKVT FEER IKWVE DNHD--HIMA
QGNCMTKGMLTLAKGKPI -GLDGFYWLETHGANC ARG VDKVPFFERIKF IEENER——NITA
OGNOMTKGSLILAKGKFI-GLDGFYWLEIHGANC AGVDKVEPFFERIKFIEENEG--HILA
QGNCMTKGLLTLAKGHPI -GEE GY YWLHTHGANC ARG VDKVPFFERIKF IEENHE-——HIMA
QGNOMTKGLLTLAKGHFI -GKE GY YWLHIHGANC G VDK VP FFERIKF IEENHE--HIMA
QGNCMTKGLLTLAKGHPI -GEE GY YWLHTHGANC ARG VDKVPFFERIKF IEENHE-——HIMA
QGNOMTKGLLTLAKGKFI -GEE GFYWLHIHGANC AGVDKVPFFERIAFTEKHVD--DILA
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LLAREVKDEKTGEI LKPCLEVHWVIFDGE FVWOEYREKDTTRLNLMFLGS FNLOFTVNEG
LLAAEVKDEKTGETLEPCLFVHWVIFDGF FVWOEYREKDTTRLNLMFLES FNLOFTVNEG
LLAREVK DEKKTEEVLEERCATHWVIFDGE FVWOEYR EQNQARLELVELGOANVEMIYNIG
LLAREVE DEKTKEVLEEKRCATHWVIFDGF PVWOEYR EQNQARTEL.VFLGOANVEMI YNTG
LLAREVKDEKTGEI LEKRCAVHWVIFDGF FVWOEYKEF IQTRLNLMFLGO FRLOFTINTH
LLAREVKDEKTGEI LEKRCAVHWVTFDGF PVWOEYKEPIQTRLNLMFLGO FRLOFTINTH
LLAREVEDKKTGEILRKRCEAVHWVIFDGF FVWOEYKKF IOTRILNLMFLGO FELOFTINTN
LLAREVKDEKTKEILEHRCAVHWI TFDGF PVWOEYR EFLOERLOMI FLGO FRLOFTINT.
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gp|P0&221 |RPOL_BPSP4 -—-IVDEARMMEEARPNFVHEHDA LTVCEL-VDKGEVTSIAVIHDFFGTHADNTLTL
RRZTZ2963.1 TEKELDKHKOESGISPNEVHEQDES! VWHTHREYGVMSFAVIHDFFGTIFADREYL
YP 009044255.1 TEEELDKHKOESGISPNEVHEQODES! VWHTHREYGVMSFAVIHDSEGTIFRADREYL
REH41021.1 KDSEIDRHKQOESGIRPNEVHEQDES! VWVHANEVYGIDSFALIHDFE GT IPADRGHL
Sp|P13147 |RPOL_BFE11 KDSEIDRHKQOESGIRFNEVHEQDES! VWHANEVYGIDSFALIHD3SGT IFADRGHL
RCYT75835.1 KDSEIDRHKOESGTIRPNEVHEQDES! VWWAHEKYGIESFALIHDFFGTIFADRANL
RC057213.1 KDSEIDRHKOESGIRPNEVHEQD VWVWRAHEKYGIESFALIHDFEGTIFADRANL
tr|C§ZCU5 | C6ZCUS_LAMBD KDSEIDAHKQESGIRENFVHEQD VWVHWAHEKYGIESFALIHOFFGTIPADARNT
CRCIeZe4d.1 KDSGIDRHKQOESGIRFNEVHEQD VWYRHEKYGIESFALIHDSEGT IPADRGKL
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ap|P06221 |RPOL_BPSPG
RRETZ963.1

YP 009044255.1
REH41021.1

gp|P13147 |RPOL_BPK11
RCYT75835.1

RC057213.1

tr|CeZCUS | CeZCUS_LRMED
CRCIeZe4d.1

EVALKGOMVAMY I DENALOKLLEEHEVR——-WMVDT GIEVFEQGEFDLNE IMRSEYVEL
FRGVRETMVETYRDNDVLLDFY EQFEYOLHESQRDE LFELFEEGKLNIED ILFSOFARY
FRGVRETMVETYRDNDVLLDFYEQFEYOLHESQRDE LFELFEEGELNIED IL§SDELEY
FERVRETMVE T YEDNDVIADF Y NOFADOLHE SQLDEMPAVPRKGDILNLED ILESOFAFY
FERVRETMVETYEDNDWVIADFY DOFADOLHESQLDEMPAVPRAKGDLNLED ILESDFAFS
FERVRETMVDTYESCOVLADFY DOFADOLHESOLDEMPAL PRKGNLNLED ILESODFAFS
FERVRETMVDTYESCOVLADFY DOFADOLHE SQLDKMPALFRKGNLNLED ILESDEAFY
FERVRETMVDTYESCDVLADFY DOFADOLIESQLDEMPALFRKGNLNLED ILESOFAFY
FERVRETMVITYENNDVLADFY SOFADOLHETQLDEMPPLPEEGNLNLOD ILESOFAFY
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Fig. 2. MSA of SSU RNA polymerases from enterobacteria phages like T3, T7, SP6, K11, A,

sp|P06221|RPOL_BPSP6 DNA-directed RNA polymerase OS=Enterobacteria phage SP6
AAZ72968.1 RNA polymerase [Enterobacteria phage K1F]

YP_009044255.1 RNA polymerase [Escherichia phage PE3-1]

AEH41021.1 RNA polymerase [Escherichia phage K30]

sp|P18147|RPOL_BPK11 DNA-directed RNA polymerase OS=Enterobacteria phage K11
ACY75835.1 T7 RNA polymerase [Enterobacteria phage T7]

ACO57213.1 RNA polymerase [Enterobacteria phage T7]

tr|C6ZCU5|C6ZCU5_LAMBDA DNA-directed RNA polymerase OS=Escherichia phage
CAC86264.1 RNA polymerase [Enterobacteria phage T3]
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Fig. 3 shows the MSA and conserved motifs in
SSU chloroplast RNA polymerases. As
compared to mitochondrial RNA polymerases,
there are large regions of conserved regions
among chloroplast RNA polymerases; they are
about 90% homologous. The catalytic, template
and substrate binding motifs are highlighted. The
YG gate keeper motif and the catalytic K is
strictly conserved (including distance
conservation) in SSU chloroplast RNA
polymerases also. This strongly suggests that

the DNA and RNA polymerases might be using
the same set of amino acids for template,
substrate binding and catalysis. The immediate
downstream amino acid in DNA polymerases is
usually a G or A [4] but in these RNA
polymerases, it is a Q. Here also an R is found
as the invariant amino acid at -4 position from the
catalytic K. Another interesting feature in these
RNA polymerases is that a YG pair is present
like the viral RNA polymerases but much
upstream from the catalytic K.

CLUSTAL O(1.2.4) MSA of SSU RNA polymerases from chloroplasts

5P 024600 | REOT3_ARATH

——————————————— MASARARSPSLSLNFTSHFQHQTSIVIW 28

TRIP_CIP-J.JSGXFGIEE}'-_'LJSGXFD_NDCCA GEIPPDCESQHFFLFFKCS LOLIFY IFLHLEPSMASARAASPSLSLNOQSSHEEHQTSLITW &0

TR |ADALJ3IJOG | ROALT3IJ06 NOCCA
UFIO0053999ES

UFIO0053R373F

TR |V4L7ML |[W4L7M1 EUTSA

TR |ROHH9G | ROHHS® 9BRAS

TR | D7LGET | D7LGRT_RRALL
UFIO00S59C935

TR |ADAOSTGS25 | A0R03TE525 ARARL
TR |M4FDOS |MAFDQS BRARF
UFIOO0GRREESD

————————— QHFFLFFECSLOLIFYIFLHLPSMASRARASPSLILNQSSHFEHQTSLITW 51
——————————————— MASKRRRRASPSLSLHOTSHEQHOTALETHW 23

———-MASRRARSPSLSLNQTSHFQHQTSLETC 28
-—-MRASRRARSPSISLNQTSHFQHOTSLETW 29
———-MASRRARFPSLSLNQSSHFQHOTSLVIW 23
———-MASRRARSPSLSLNQTSHFQHOTSLVIW 28
-—-MRSFARARSPSLSLNQTSLFHHOTSLITW 29

——————————————— MASATARSPSLSLNQSAHFQHH---ITF 25

-------------- ML SP-AAPSPSL3TYOTSLEHEQTSLVTH 28

—————————————— ML SP-BAPSPSLSLYQTSLFHPQTSLVIH 28
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TR |AOALJIGEFQ | RORLJ3IGXFO_NOCCA
TR |AORIJ3IJO6 | RORIT3ITIJO6 NOCCA

UFIO0053999ES
UFIO0053R373F
TR |V4L7ML |[W4L7M1 EUTSA
TR |ROHHS96 | ROHH96 9BRAS
TR |D7LGR7 | D7TLGR7_ARALL
UFIO00S59C935

TR |ROROSTG525 | A0R0ETES25_ L

TR |M4FDO3 |M4FDOS BRARF
UFIO00GRREESD

5P|024600|RPOT3_RRATH

TR|ROATJ3GEFQ | AORIJIGEFO_NOCCA
TER|A0A1J3TIJ06 | A0A1J3IJ06 NOCCR

UPION0053939ES
UPIO0053RA373F
TR |V4L7M1 | V4L7THM1 EUTSZ
TR|ROHHSG | ROHH96 S9BRAS
TR|D7LGRT | D7LGR7_RRALL
UPION003859C935

RAL

TR|A0RO37G525 | A0A03TG525_RRAAT

TR |M4FDDS |M4FDQ3 BRARFP
UPIOO0GRAREESD

5P| 024600 |RPOT3_RARATH

TRIEﬂElJSGXFUIEEElJSGXFD_NDCCA
TRIA0AL1J3IJ06|A0AR1J3IJ06_NOCCR

UPION0053999ES
UPIO0053A373F
TRIV4L7ML |V4L7TM1_EUTSA
TR |ROHHS6 | ROHHS6_9BRAS
TR|D7LGR7 | D7LGR7_RRALL
TPION00859C935

TR|ROADATGE525 | AOROETG525_RARART

TR |M4FDQ9 |M4FDQ3 BELRF
TPIO006GRAREESD

5P|024600 | RPOT3_RRATH

TRIEﬂElJSGXFGIEEElJSGXFD_NOCCA
TR|RA0A1J3IJO06 | A0A1IT3IJ06 NOCCR

UPI00053999ES
UPIO0053R373F
TRIV4L7ML |V4L7M1_EUTSA
TRIROHHS6 |ROHH9%_SBRAS
TR|D7LGRT | D7LGRT_RRALL
TPI000859C335

TR|ROAOATG525 | ROROETG525 ARAAT,

TR |M4FDQS | M4FDOS BRARP
UPIOO0GRREESD

3F(1024600 | RPOT3_ARATH

TR | AORLJ3IGEFO | ROALJIGKFD _NOCCA
TR|AORIJ3TJOG | ROALJITIJ06 NOCCA

UPI00053999ES
UPI00053R373F
TR|V4LTML |[V4L7M1 EUTSA
TR|ROHH9G |ROHH96 9BRAS
TR|D7LGR7 | DTLGRT_ARALL
UPI000859C935

TR|AOADSTGS25 | R0A0ETGS25_ARRAL

TR |M4FDQ9 |M4FDOS BRARP
UPI000GAREESA
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LEFFFPS55--ALFRBKTLFF FERHSLPIS--AS55-355--55535TSLEVHEKFISNSVIFH
LEPP555--ALFRBKILFLS5FVR-—-RLSLPI SA5555-555TSLEVSEKFTANSVIHEH
LKFFP555--ALFREKILFL55FVR-—-RLSLPI SA55555535TSLSVSEKFTANSVHEH
LEPPS55Y--ALFRBKTLPF FGRHSLPIS--AS5-5355555555TSLEVHEKP ISNSVIHEH
LKFFPS55P--ALFREKTLFF FORHSLFIS--AS55-355555535TSLSVHEKFISNSVHFH
LKPPS55———ALFREKTLPFFDPSSFOERISLEPP-ISASS55555A5SLSVSEKP-——TVHEH

LKFFP-35--ALYREKTLFF FERHSLFIS--A55-35---55335TSLSVHEKFISNSVHFH
LKPPPS55--ALFRRKTLPF FERHSLPIS--AS55-55-———— S555LEVHEKPISNSVHEH
LKFF55555ALFRRKATERLL————————— FPPI-5ARS55-55TSLSV--TIEKFTVHEFH
LKPFTS5--TLLERKTLFF SVEB——————- ISAS555555555TSLSVIEKFTSHSVHFH
LKFF55--5ALFRRKFTERLL-—————-—— PPI-5ARS55555TSLSL--TEKFTIVHEFH
LEPP55--SALFRBKFTERLL-————————- PPI-5ALSS55555TSLSV--TEKFTIVHEH
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GNLIESFENQDISYAGTIKGASLIEELENFVERNGLSGRRRLFMODF FRISALFLEGLSK
GNLIESFENQD-SFAGSINGTSLIDELENFVORNGI SGRERL.FMODFE PFWI SAT.FLEGLSE
GNLIESFENQD-SFAGSINGTSLIDELENFVORNGISGRERLFMODE PWISALFLEGLSK
GNLIESFENQDISYAGTIKGASLVEELENFVERNGLSGRRRLFMODF FRI SALFLEGLSK
GNLIESFENQDSSYRGATKGASLVEELENFVERNGLSGRRRLFMODF FRI SALFLEGLSK
GNLIESFENQD-SFAGTINGTSLIEELENFVERNGLIGRRRLFMODF FWISALFLEGLSK
GNLIESFENQDISYAGTIKGASLIEELENFVERNGLSGRRRLFMODF FRISALFLEGLSK
GNLIESFENQDSSYAGTINGASLIEELENFVERNGLSGRRRLFMODF FWISALFLEGLSK
GNLIESFESH----&GTIKGATF-—-TONFVERNELSARKRLFTQODF FWISALFLEGLTK
GNLIDSFENQSG-——TIKGATL-—-IENFVERSELSGRRRLFMODF FRISALFLEGLTE
GNLIESFESHD-SFPGAIKGAAF---TENFVER SELSATRRLFTODF FWISALFLEGLTE
GNLIESFEGHD-SFPGAIKGALF-—-TENFVER SELSATRRLFTQDF FWISALFLEGLTK
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MV-DOTLETEREDIDEREF DSLERRIVEEETEAWERMVDEYRDLEKE MCEENLAFNL.EYWV
MV-DOTLETEREDIDERKF DSLERRJVEEETEAWERMVDEYRDLEKE MCEENLAFNLEYWV
MV-DOTLETEREDIDERKF DSLERROVEEETEAWERMVDEYRDLEKE MCEKNLEFNLEYV
MV-DOTVEIEHEDIDEREF DSLERRJVEEETEAWEEMVDEYRDLEKE MCEENLAFNL.EYWV
MV-DOTVEIEHEDIDERKF DSLERROVEEETEAWEKMVDEYRDLEKE MCEENLAFNLEYWV
MV-DOTVEIEREDIDEREF DSLERROVEEETEAWEKMVDEYRDLEKE MCEKNLAFNLEYV
MV-DOTVEIEHKYIDERKF DSLERRJVEEETEAWEEMVDEYRDLEKE MCEENLAFNL.EYV
MV-DOTLETEREDIDERKF DSLERRJVEEETEAWERMVDEYRDLEKE MCEENLAFNLEYWV
MARDOTVEIEREDIDERKF DSLERROVEEETEAWERTVDEYRDLEKEMCEKSLAPSLEYV
MV-DOTFQIEREDIDERKF DLLERRIVEEETEAWEEMVDEYRDLEKE MCEENLAFNLEYWV
M-—--TVEIEREDIDERKF DSLERRJVEEETEAWERMVEEYRDLEKE MCEKSLAFNLEYV
M-——-TVKIEREDIDERKF DSLERROVEEETEAWERMVEEYRDLEKE MCEKSLAFPNLEYV
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HEDGCIQVVORAVSIGIAT EHEVRIANFLER SRENNAGDSEEELKDEQLLEEEVNSLIRR
HEDGCIQVVORAVIIGIAT EHEVRIANFLERTRENNGGOTEEELKDEQLLEEEVNGLIRR

HEDGCIQVVORRVSIGIAT EHEVRIANFLERTRENNAGDSQEELKDEQLLEEEVNSLIRR
HEDGCIQVVORRVSIGIAT EHEVRIANFLERTRENNAGDSQEELKDEQLLEEEVNSLIRR

AEkFd akkEdahkkd ko kE akkkdakkE ko ok k Ik kka wkkkedkkkdhhkk xkkk

gl
114
106

a

a
=}

79

a

76

74
74

141
173
165
143
143

138
138
128
128
130
130

200
232

202
202
200
198
197
18
18
18
18

260

247
248
248

320
352
344
322
322
320
318
317
309
307
306
306



5P| 024600 | RPOT3_ARATH
TRIADALJ3IGKFQ | AORLJ3IGEFO_NOCCA
TRIADALJ3IJOG I AORLIJ3IJ06 NOCCA
UPIO0D053999ES

UPFIO0053RA373F

TR|WVALTM1 |[V4LTM1 EUTSA
TR|ROHHS9G | ROHH9G_9BRAS
TR|D7LGR7 | D7LGR7_ARALL
UPIO00859C935
TR|AOROSTG325 | ROROETE525 ARART
TR|M4FDQS |M4FDO3 BRARF
UFIO00GRREESD

SP1024600 | RPOT3_ARATH

TR |ADALJ3GKEQ | RORLJ3IGEFO_NOCCR
TR|ADALJ3IJOG | RORLJ3IJOE NOCCR
UPIO0053999ES

UFIO0053A373F

TR|V4L7M1 |[V4L7M1 EUTSA

TR |ROHH9G | ROHH96_9BRAS
TR|D7LGR7 | D7LGR7_ARALL
UPIO00359C335

TRIADAOSTGS25 | AOROBTE525_ARRARL
TR |M4FDQ5 |M4FDQ3 BRARF
UFIOO0GRAEESD

5P|024600 |RPOT3_ARATH
TR|BOATJ3GXFO | AOA1JIGEFD_NOCCA
TRIAQALJ3IJ06 | AQALTITJ06 NOCCA
UPIO00539599ES

UPI00053R373F

TRIV4LTML [VAL7M1_EUTSA
TRIROHH96 |[ROHHY6 9BRAS
TR|D7LGR7 | DVLGRT_RRALL
UPI000859C935
TRIAOAOSTG325 | A0ADSTG525_RARALTL
TR|M4FDOS |MAFDQS _BRARP
UPIO00GAREESD

SP|1024600 | RPOT3_RRATH
TR|AORLJ3GKFO | RORLJ3GKFD_NOCCA
TRIAOALJ3IJO0G | ROR1IJ3IJ06_NOCCA
UPIOO053993ES

UPIOO053RA373F

TRIV4L7ML |[W4L7M1_EUTSA

TR |ROHHS& | ROHH96 SBEAS
TRID7LGR7 | DTLGR7_ARALL
UPIOO0359C335

TRIAORO3TG5E5 | ROROETGESE5_ARRRL
TRIM4FDQ9 |M4FDQ9 EBRARF
UPIOO06RAEESQD

SP|1024600 | RPOT3_RRATH

TR |A0RLJ3GEF0 | RORIJIGEFD_NOCCA
TRIAOALJ3IJO0G | ROR1IJ3IJ06_NOCCA
UPIOO053993ES

UFIOO0S3A3TIF

TR|V4L7ML |[V4L7M1_EUTSA

TR |ROHHS& | ROHH96 S9BEAS
TRIDVLGR7 | DTLGR7_ARALL
UPIOO0353Ca35

TRIAORO3TG5E5 | ROROETGESE5_ARRRL
TRIM4FDQ9 |M4FDQ9 EBRARF
UPIOO06RAEESQD
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KRIIDALKVVESEGTEPWERATOAKLZSRLLELLIERAYVOPPLTOS GDSIFEFRFAFRH
FEMI DALKVVECEGIKFWERATOAKLGSRLLELLIETAYVOPFLTOSGDSIFEFRFAFRE
FEMI DALKVVECEGIKFWERATOAKLGSRLLELLIETAYVOPFLTOSGDSIFEFRFAFRE
KRIIDALKVVESEGTEKPWERATOAKLGSRLLELLIETAYVOPPLTQSGDSIFEFRFAFRE
KRIIDALKVVESEGTEPWERATOAKLZSRLLELLIETAYVOPFLTOS GDSIFEFRFAFRH
KRIIDALKVVESEGIKPWERATOAKLZSRLLELLIETAYVOPFLTORGDTIFEFRFAFRH
FRIIDALKVVESEGIKFWERATOAKLGSRLLELLIETAYVOPFLTOSGDSIFEFRFAFRE
FRIIDALKVVEIEGTKPWERATOAKLGSRLLELLIERAYVOPPLTQSGDSIFEFREAFRE
KRIIDALKVVESEGIKPWERATOAKLGSRLLELLIETAYVOPPLTQSGDSIFEFRFAFRE
KRIIDALKVVECEGTEPWERATOAKLZSRLLELLIETAYVOPFLTQS GDSIFEFRFAFRH
FRIIDALKVVESEGIKPWEEATOAKLGSRLLELLIMETAYVOPFLTOSGDSIFEFRFAFRE
FRIIDALKVVESEGIKPWEEATOAKLGSRLLELLIMETAYVOPFLTOSGDSIFEFRFAFRE
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REKTVIKYPGSELVRRYGY IECDSLLLAGLDES AKHMLI FYVEMLVE FERWEGYDEGEYL
KFKIVIKYPGSELVRRYGY IECDSLLLAGLDES AKHMLI PYVEFMLVE PEEWKGYDEGGYL
KFKIVIKYPGSELVRRYGY IECDSLLLAGLDES AKHMLI PYVEFMLVE PEEWKGYDEGGYL
TFETVIKY PGSELVRRYGY IECDSLLLAGLDKS AKHML I FYVFMLVE PKEWKGYDEGGYL
TFETVIKYPGSELVRRYGY IECDSLLLAGLDES AKHMLI FYVEMLVE FERWEGYDEGEYL
KFKTVIKYPGSELVRRYGY IECDSLLLAGLDES AKHML I FYVEMLVE FERWEGYDEGEYL
KFKIVIKYPGSELVRRYGY IECDSLLLAGLDES AKIIMI TFYVEMLVE FERWEGYDEGEYL
KFETVIKY PGSEMVERYGY IECDSLLLAGLDKS AKHML I PYVFMLVE PKEWKGYDEGGYL
KFETVIKY PGSELVRRYGY IECDSLLLAGLDKS AKHML I FYVFMLVE PKEWRGYDEGGYL
KFKTVIKYPGSELVRRYGY IECDSLLLAGLDES AKHML I FYVEMLVE FERWEGYDEGEYL
KFKTIVIKYPGSELVRRYGY IECDSLLLAGLDES AKIMLI FYVEMLVE FERWRFYDEGEYL
KFKTIVIKYPGSELVRRYGY IECDSLLLAGLDES AKIMLI FYVEMLVE FERWRFYDEGEYL
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FLPSYIMRTHGSEKOQDALKDI SHETAHRVFEA LOTL.GNTEWRVNEN ILDVVERLWADGS
FLPSYIMRTHGSKKOQDALKDI SSKTAHRVFER L DTLGNTEWEVNEE ILOVVEKLHADGG
FLESYIMRTHGSEKOQDALRDI S5KTAHRVFEA LDOTLGNTEWRVNEE ILDVVEKLWADGS
FLESYIMRTHGSEKOQDALRDI SYKTAHRVFEA LDOTLGNTEWRVNEE ILDVVERLWADGS
FLPSYIMRTHGSKKOQDALRDI SHETAHRVFER L DTLGNTEWEVNEE ILDVVERLHADGG
FLESYIMRTHGSEKOQDALRDI S5KTAHRVFEA LDOTLGNTEWRVNEE ILDVVERLWADGS
FLESYIMRTHGSEKOQDALRDI S5KTAHRVFEA LDOTLGNTEWRVNEE ILDVVERLWADGS
FLPSYIMRTHGSKKOQDALRDI SHETAHRVFER L DTLGNTEWEVNEN ILDVVERLHADGG
FLESYIMRTHGSEKOQDALKDI SSKTAHRVFEA LOTLGNTEWRVNEE ILDVVERLWADGS
FLPSYIMRTHGSEKOQDAL ROVSHETAHRVFEA LOTLGNTEWRVNEN ILDVVERLWADGS
FLPSYIMRTHGSKKOQDALKDI SSKTAHRVFER L DTLGNTEWEVNEE ILDVVERLHADGG
FLESYIMRTHGSEKOQDALKDI SSKTAHRVFEA LOTLGNTEWRVNEE ILDVVERLWADGS

AEXX R IEF IR R A AT TET ok ok RAKAIF ARG F AT ARG A IR A AR Kk Ak ko Kk kR kK

NIAGLVNREDVEIFEKFSSEDPEELOSWEWSAR KANKINRERISLRC DVELELSVAREME
NIAGLVNREDVEIFEKFTSEDPEEMOSWEWSAR KANKINRERHSLRC DVELELSVARKME
NIAGLVREEDVFIFEKFTSEDFEEMOSWEWSAR KANKINRERHSLRC DVELELSVAREME
NIAGIVNREEDVFPIFEKPSSEDPDEIQAWEWSVE KRNKINRERHSLRC DVELELSVARKME
NIAGLVNREDVFIFEKPSSEDPDEIQAWKWSVE KRNKINRERHSLRC DVELELSVARKME
NIAGLVNREDVPIFPEKPSSEDPEEIQSWEWSVR ERNKINRERHSLRC DVELELSVAREME
NIAGLVNREEDVFIFEKPSSEDPEELQSWEWSVE ERNKINRERHSLRC DVELELSVARKME
NIAGLVNEEDVEIFEKFSSEDFEEIQSWEWSVE ERNKINRERISLRC DVELELSVAREME
NIAGILVNEEDVFIFEKPSSEDPEEIQSWEWSVE KRKKTNRERHSLRC DVELKLSVARKME
NIAGLVNREDVFIFEKFSSEDFEEIQSWEWSAR KANKINRERISLRC DVELELSVAREME
NIAGLVNREDVEPIFPEKPSSEDPEELOSWEWSVE ERKKTNRERHSLRC DVELELSVAREME
NIAGLVNREDVFIFEKPSSEDPEELQSWEWSVE KRKKTNRERHSLRC DVELELSVARKME

hkkd kkkkkdkkkdhdkakkh R adakekhdh dhhkak ddhkdhdhdrdhdrdrdbdhdhs

DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFAEGRFLGES GLIWLKIHLANLY
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFREGRFLGKOGLYWLKIHLANLF
DEEGEYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFREGRFLGKOGLYWLEIHLANLE
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFAEGRFLGKS GLEWLKIHLANLY
DEEGFYYFINLDFRGRAY PMHFHLNHLSSDLCRGTLEFREGRFLGKS GLIWLKIHLANLY
DEEGFYYFINLDFRGRAY PMHFHLNHLSSDLCRGTLEFRAEGRFLGES GLYWLKIHLANLY
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFREGRFLGKS GLHWLKIHLANLY
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFREGRFLGES GLEWLEIHLANLE
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFAEGRPLGKS GLYWLKIHLANLY
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFAEGRFLGES GLIWLKIHLANLY
DEEGFYYPHNLDFRGRAY PMEPHINHLSSDLCRGTLEFAEGRPLGKS GLYWLKIHLANLY
DEEGFYYFHNLDFRGRAY PMHFHLNHLSSDLCRGTLEFRAEGRFLGKS GLYWLKIHLANLY

hkkd ke d Rk kk ki kA kR ke kb bk r Ik Ak v kdhh b s dhkakdkdkdhdhs
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SP024800 | RPOT3_ARATH AGGVEKLSHDRARLAFVENH LDDIMDSAENFIHGKEWWLKAEDFFOCLARCVILTOALKSE &30
TR|AOARIJ3GKF0 | RORIJIGKFO_NOCCA AGGVEKLSHDGRLAFVENHLDDIMESAENFVHGKRWWLEREDPFOCLAACVILTOALKSE 712
TRIAOALJ3IJO0G | RORIJ3TJ06 NOCCA AGGVERLSHDGRLAFVENHLDDIMESRAENFVHGERWWLEAEDFFOCLAACVILTQALESE 704

UPIO0053999ES AGGVEKLSHDRARLAFVENH LDDIMDSAENT IHGKREWWLKRAEDFFOCLARCVILTOALKSE 632
UFIO0053RA373F AGGVEKLSHDRRTLAFVENHLDDIIDSAENT IHGKEWWLEREDPFOCLARCVILTOATKSE 632
TRIV4AL7ML |V4L7M1_EUTSA AGGVEKLSHDGELAFVENH LDNIMDSAENF ITHGORWWLEREDFFOCLARCVILTOALKSE 630
TRIROHHSG | ROHEH96_S9BBLAS AGGVEKLSHDRELAFVETHLDDVMDSAENF ITHGERWWLEREDPFOCLARCVILTOALKSE 673
TR |D7LGRY | D7LGR7_ARALL AGGVEKLSHDRARLAFVENH LDDIMDSAENFIHGKEWWLKAEDFFOCLARCVILTOALRSE &77
UFIO00359C935 AGGVEKLSHDGRLAFVENHLDDIIDSAENATHGEKRWWLEREDFFOCLARCVILGOALKSE 6639
TRIAOADBYGS25 | ROROBTGESE5_APARL AGGVERLSHDGRLAFVENHLDVIIDSRAENFIHGERWWLEAEDFFOCLARCVILTORLESE €67
TR IM4FDQ9 |MAFDQS BRARP AGGVEKLSHEGRLSFVENH LDDIMDSAENATHGREWWLKAEDFFOCLARCVVLADATKSE 666
UFIOO0GRREESD AGGVEKLSHEGRLSFVENHLDDIMDSAENATHGRRWWLEREDFFOCLARCVVLAQATLEKSE 666
T T L T T T A T TP T
SP[024800 | RPOT3_ARATH SPYSVISHLET SCHGLOHYARL.GRDSFEARRVNLVAGEKPADOVYSEISEEVHEIME 740

TRIAQALJ3GKFO | RORLIJIGKFD_NOCCA SP3SVISHLEY
TRIAOALJ3IJO0G | ROR1IJ3TJ06 NOCCA SFSSVISHLEY

SCHGLOHYARLGRDSFEARRVNLVAGEKFPADVYSEISLRVIEIME 772
SCHGLOHYAALGRDSFEARAVNLVAGEKPAOVYSEISLRVIEIME 764

UPIO0053999ES SPYSVISHLET SCHGLOHYARL.GRDSFEARRVNLVAGDKPADOVYSEISEEVHEIME 742
UFIO0053RA3T3F SEYSVISHLET SCHGLOHYARLGRDSFEARRVNLVAGDKPADVYSEISERVIIEIME 742
TRIV4AL7ML |V4L7M1_EUTSA SEYSVISHLFEL SCHGLOHYAALGRDSFEARAVNLVAGEKPAOVYSEISLERVIEIME 740
TR |ROHH36 | ROHH96_9BBEAS SFYSVISHLET SCHGLOHYARTL.GRDSFEARRVNLVAGEKPADVYSEISEEVHEIME 7338
TR|D7LGRY | D7LGR7_AFALL SPYSVISHLET SCHGLOHYARLGRDSFEARRVNLVAGEKPADOVYSEISEEVHEIME 737
UFIO00359C935 SEYSVISHLET SCHGLOHYARLGRDSFEARRVNLVAGEKPADVYSEISLRVIEIME 7239
TR|AOROETGS25 | ROROETGI25_ARART, SFYSVISHLE] SCHGLOHYARTL.GRDSFEARRVNLVAGEKPADVYSEISLEVHEIME 727
TR |M4FDQ9 |M4FDQ9_ERARP SPYSVISHLET SCHGLOHYARLGRDSFEARRVNLVAGEKPADVYSEISLEVHEIME 726
UFIOO0GRREESD SEYSVISHLE] SCHGLOHYARLGRDSFEARRVNLVAGEKFPADVYSEISLRVIIEIME 726

hk kkkAkkhNE Rk kh kk ek hk ke kkk dhkd bk ek hkd ke kd dhddkkak

SP1024600 | RPOT3_ARATH KDSSKDPESNFTRARALAKILITOVY W FYGVITVGAREQ IKERLEEKGVITD 2300
TR|AORLJIGKFO | RORLJIGKFD_NOCCR KDSNEDFESNFTAALRKILINOV W FYGVITVGAREQ IKFRLEEKGVITD 332
TR|AOA1J3TIJO6 | ROALIJ3IJ06 NOCCA EDSNEDFESNFTAALAKILINOVI A FYEVTYVGEAREQ IKFRLEEKGVITD 324
UPIO0053993ES KDSSKDPESNFTARLAKILITOVY W FYGVITVGAREQ IKFERLEEKGVITD 302
UPIO0053A373F KDSSKDPESNFTRAALAKILITOVY A FYEVIYTVGAREQ IKFRLEEKGVITD 302
TR |V4L7MI |[W4L7M1_EUTSA KDSSKDPESNPTRARATLAKTT. THOVY W [YGVIYVGAREQ IKERLEEKGVISD 300
TR |ROHHS& | ROHH96 S9BEAS KDSSKDPESNPTRARLAKIL ITOVY A FYGVITVGAREQ IKRRLEEKGVITD 7938
TR|D7LGR7 | DTLGR7_ARALL KDSSKDPESNPTARLAKIT ITOVY W FYGVITVGAREQ IKFRLEEKGVITD 797
UFIO00359Ca35 KDSNEDFESNFTARLAKIL INOVY W YGVITVGAREQ IKERLEEKGVISD 78
TR|AOR0OS7G525 | ROROETG525_ARARL KDSSKDPESHFTAALAKILINOV W YGVIYVGAREQ IKFRLEEKGVITD 78
TR |M4FDO% |M4FDO9 EBRARF KDS5KDPESNFTARLAKIT ITHOVY W YGVITVGAREQ IKERLEEKGVITD 78
UFIO006RAEESD KDSSKDPESNPTAALAKIL INOVY A FYGVITVGAREQ IKRRLEEKGVITD 786
hhk kkkhkakkkhhdukdh wwdars Ak ke ke hh ok

SPI1024600 | REPOT3_ARATH ERMLEFALACYSAKVILARLGEIFERRRATMSWLGDCAKI IASDNHFVRWITFLGLEVVQE 3860
TR|AQALJIGKFD | RORLJIGEFO NOCCA ERMLFRAARCYSREVILARLGEIFERARRATMSWLGDCRAEKTIIASONHEVEWITELGLEVVOE 392
TRIAOALJ3IIJO6 | RORIJ3TIJ06 NOCCA ERMLFRAARCYSREVILANLGEIFEARRATMSWLGDCAKIIASDNHFVEWITEFLGLEVVQE 238

UPIO0D053999ES ERMLFARACYSAKVILAALGEIFERRRATMSWLGDCAKI IASDNHFVEWITFLGLEVVOE 362
UFIOO053A3TIFE ERMLFARRCY SAKVILARLGEIFERRRATMSWLGDCAKIIASDNHFVEWITEFLGLEVVOE 362
TR|V4LTM1 |V4ALTM1 _EUTSA ERMLFSARCYRAKVTLAAL.GEIFERRRATMSWLGDCAKI IASDNHFVEWITFLGLEVVOE 360
TR |ROHH96 | ROHHS6 9BRAS ERMLFARRCY SAKVTLARL.GEIFERRRATMSWLGDCAKI TASDNHPVEWITFLGLEVVOE 853
TR|D7LGR7 | D7LGR7_ARALL ERMLEFALACY SAKVILARLGEIFERRRATMSWLGDCAKI IASDNHFVRWITFLGLEVVQE 857
UPIO00359C935 ERMLFARACY SAKVILAALGEIFERRRATMSWLGDCAKI IASDNHFVEWTTFLGLEVVOE 349
TR|AOAOST7G525 | ROR0ET7E525 ARRAT, ERMLFAALCY SREVILARL GEIFERRRATMSWLGDCAKTIASONHEVENTTELGLEVVOE 847
TR|M4FDO9 |MAFDQS BRARF ERMLFSRRCYSAKVILAALGEIFERRRATMSWLGDCAKI IATDNHFVEWTTFLGLEVVOE 3448
UPIOO0ERAEESD ERMLF3RRCY SAKVTLARL.GEIFERRRATMSWLGDCAKI TATDNHFVEWTTELGLEVVOE 5448

RErk A rhhkhh ok d kR A T AR A I A ARk kAR kA khhh chkhkh kh Rhkkkhhkd kA

SP|024600 | REOT3_ARATH ¥YCRSERHLIRTSLOVLALQREGNTVDVEKORTAFPENFVHSLDGTHMMMIAVACRERGLN 920
TR|AQALJIGKFD | RORLJIGEFO _NOCCA YCRSERHLIRTSLOVIALOREGNTVDVEEORTAFFENEVHSLDGTHMMMIEVACRERGLN 952
TR|AOALJIIJO6 | RORLT3IJ06 WOCCA YCRSERHLIRTSLOVIALQREGNTVDVEKQRTAFPENEVHSLDGTHMMMIEVACRERGLN 944

UPFIOO0539939ES YCRSERHLIRTSLOVLALQREGNTVDVEKORTAFFENFVHSLDGTHMMMIAVACRERGLN 922
UFIO0053A37T3F YCRSERHLIRTSLOVLALQREGNTVDVEKCORTAFFENFVHSLDGTHMMMIAVACRERGLN 3922
TR|V4L7ML |[W4L7TM1_EUISA ¥YCRSERHLIRTSLOVLALOREGNTVDVREORTAFFPNEFVHSLDGT AEVRCEERGLN 920
TR|ROHH9G | ROHHSG 9BRAS YCRSERHLIRTSLOVLALQREGNTVDVEKCRTAFFENFVHSLDGTHMMMIAVACRERGLN 913
TR|D7LGR7 | D7LGR7_ARALL YCRSERHLIRTSLOVLALQREGNTVDVEKORTAFPENFVHSLDGTHMMMIAVACRERGLN 917
UFIO00359C335 YCRSERHLIRTSLOVLALQREGNTVDVEKORTAFFENFVHSLDGTHMMMIAVACRERGLN 303
TR |AOAO37GE525 | ROR0OETES25 ARART. YCRNERHLIRTSLOVIALOREGNTVDVEKORTAFPFNFVHSLDGTHMMMTAVACRERGLN 907
TR |M4FDO% | M4FDOS BRAEFP YCRSERHLIRTSLOVLALQREGNTVDVEKORTAFFENFVHSLDGTHMMMIAVACRERGLN 306
UFIOO0GRREESD YCRSERHLIRTSLOVLALQREGNTVDVEKCRTAFFENFVHSLDGTHMMMIAVACRERGLN 306

ik AEERF AR AR IR R XTI AR T IR R I T IR R T AR hd bk hhhdkhhhkh khhhhdhhhdannd
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SP|024600 | RPOT3_ARATH FRGVHDS
TR|R0R1TIGKFO | RORLJIGEFO_NOCCA FRGVHDS

TR|ROR1J3IJ06|ROALJITJ06 _NOCCA FRGVHDS
UPIO0053999E5 FRGVHDS
UPIO0033R3TIF FRGVHDS

TR |V4L7M1 [V4L7M1 EUTSA FRGV)

TR|ROHH96G| RGHHEEZB BRAS FRGVHDS
TR|D7LGR7 | D7LGR7_ARALL FRGVHDS

UPIO00859CA35

TR|AOAOETGI25 | RORDETE525_ARRAT
TR|M4FDQ3 |M4FDQ9_BRARF
UPIO00GAREESD

FRGV)
FRGV)
FRGV)
FRGV)

LEE T

WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEFVERRGDE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEPVERRGNT
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEFVERRGNE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQDAYFNLVFPEFVERRGDE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQEAYFNLVFPEFVERRGDE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEFVERRGDE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEFVERRGDE
WIHACOVDTMNRILBREKFVELYNTE ILEDLLOSFQESYFNLVFPEPVERRGDE
WIHACOVDTMNRILBREKFVELYSTE ILEDLLOSFQESYFNLVFPEFVERRGDE
WIHACOVDTMNRILREKFVELYNTF ILENLLQSFEESFPNLEFPEVEERGDF
WIHACOVDTMNRILBREKFVELYSTE ILEDLLOSFQESYFNLVFPEFVERRGGE
WIHACEH ’]HNRILEEKF\-’E.LYQTPILE]LLQ“FQE.‘:YPHI. VEPEVEEKRGGF

kkkahkkdhhhkk khhkhhhhddn dkdkkodhhddo

SPI024600 | RPOT3_ARATH DLEEVLHSOYEFN 993
TR |R0ATJ3GKFD | RORIJ3GKFO NOCCA DLEEVLHSOYFEM 1023
TR|AQALJ3IJO06|RORLJ3IJ06 NOCCA DLEEVLHSOYFEM 1017
UPIO0053999E5 DLEEVLHSQYFEN 935
UPIO0053R3TIF DLEEVLHSQYFEN 935
TR|V4L7ML |V4L7M1_EUTSRE DLEEVLHSQYFEN 933
TRIROHH96 | ROHH96_9BRAS DLEEVLHSOYFEN 991
TRID7LGR7 | D7LGR7_ARALL DLEEVLHSQYFEN 930
UPIO00859CA35 DLEEVLHSSYFEN 932
TRIAOROETGS25 | ROADETE525_ARRAT, DLEEVLHSOYFFN 330
TRIM4FDO% |M4FDO3_BRARF DLEEVLHSQYFEN 973
UPIO00GAREESD DLEEVLHSQYFEN 979
kkkkkk ok ek xx N
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930
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1004
932
L
930
973
977
969
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Fig. 3. MSA of various SSU chloroplast RNA polymerases

SP|024600|RPOT3_ARATH, Arabidopsis thaliana
TR|AO0A1J3GXFOJAOA1J3GXFO_NOCCA, Noccaea caerulescens
TR]JAOA1J3IJ06|A0A1J3IJ06_NOCCA, Noccaea

caerulescens)
UPIO0053999ES5, Capsella rubella
UPI00053A373F, Arabidopsis lyrata

caerulescens (Alpine penny-cress) (Thlaspi

TR|VAL7M1|V4L7M1_EUTSA, Eutrema salsugineum (Saltwater cress)

TRIROHH96|ROHH96_9BRAS, Capsella rubella

TR|D7LGR7|D7LGR7_ARALL,Arabidopsis lyrata subsp. lyrata (Lyre-leaved rock-cress)

UPI000859C935, Raphanus sativus (Radish)

TR|AOA087GS25|A0A087GS25_ARAAL, Arabis alpina (Alpine rock cress)
TRIM4FDQ9Y|M4FDQ9_BRARRP, Brassica rapa subsp. pekinensis (Chinese cabbage)

UPIO006AAEESO0, Brassica napus (Rape)

Fig. 4 shows the MSA and conserved motifs in
SSU mitochondrial RNA polymerases from
different sources like plants and fungi. It was
found that the N terminal and C- terminal regions
are devoid of many conserved motifs. However,
the middle region towards the C terminal region
shows strong alignment and showing many
conserved motifs among them. The catalytic,
template and substrate binding motifs are
highlighted. The YG gate keeper motif and the
catalytic K is strictly conserved (including
distance conservation) in SSU mitochondrial
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RNA polymerases also This strongly suggests
that all these RNA polymerases might be using
same set of amino acids for template, substrate
binding and catalysis. The immediate
downstream amino acid in DNA polymerases is
usually a G or A [4] but in these RNA
polymerases, it is mostly a Q. like chloroplast
RNA polymerases (The brown alga uses G and
the Sch/zosaccharomyces uses P). Interestingly,
here also the 4™ amino acid, R, is the invariant
amino acid suggesting a possible role in
substrate binding and /or catalysis.
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CLUSTAL O(1.2.4) MSA and conserved motifs in mitochondrial RNA polymerases from plant and

fungi.

NP_150421.1

tr|Q9GZ07 |Q9GZ07_FLAFLA
3pl|000411 | EPOM HUMLGHN
Spl|FP32536% | RPOT1_ARATH
3p|Q93¥94 |RPOT1_NICSY
3plP33671| EPOM NEUCR
sp|0139593 | EPOM SCHFOD
SplP13433 | EPOM YERST

NP_150421.1

tr|Q9GZ07 | Q9GZ07_PLAFL
3p|000411 | EPOM HUMLDHN
3pl|P3296%| RPOT1_ARLTH
3pl093¥94 | RPOT1_NICSY
3plP33671| EPOM NEUCR
3pl|013993 | EPOM_SCHFO
SplP13433 | EPOM YERST

NP_150421.1

tr|Q3GZ07 | Q9GZ07_PLAFL
Spl|000411 | EPOM HUMLHN
ap| P92963 | RPOT1_RARATH
3pl093¥94 | RPOT1_NICSY
3Spl|P38671| EPOM NEUCR
ap| 013993 | EPOM_SCHPD
3pl|P13433 | EPOM YEAST

NP_150421.1

tr|Q9GZ07 | 09GZ07_PLAFA
sp|000411 | RFOM HUMEM
3p| P329653 | RPOT1_ARBATH
Ip | Q93Y¥94 |RPOT1_NICSY
3p| P38671 | EPOM NEUCR
3p|013933 | RFOM SCHEO
sp| P13433 | EPFOM_YERST

NP_150421.1

tr|Q9GZ07 | Q9GEEZ07_PLAFL
sp|000411 | RPOM HUMEN
3pl| P3296% | RPOT1_ARATH
3p|033¥94 |RPOT1_NICSY
3p| P38671 | EPOM NEUCR
Sp | 013983 | EPOM SCHEO
Spl|P13433 | RPFOM YERST

NP_150421.1

tr|Q3EZ07 |Q9GZ07_FPLAFL
sp|000411 |RFOM HUMAEN
3pl| P92536% | RPOT1_LRATH
apl|Q93¥94 |RPOT1_NICSY
apl| P32671 | RPCM NEUCE
ap|013993 | EFOM_SCHPO
3pl| P13433 | EPOM_YERST

NPF_150421.1

tr|Q9GZ07 | Q9GZ07_PLAFR
apl|000411 | EPFOM HUMAN
ap| P92563 | RPOT1_ARATH
sp|Q93Y94 |RFOT1_NICSY
spl|P328671 | EFOM NEUCE
apl|013993 | EPOM_SCHPO
ap|P13433 |RPOM YERLST

HP_150421.1

tr|Q9GZI07 | Q9GZ07_PLLFR
ap| 000411 | RPFOM HUMARN
sp|F3256%9 | RFOT1_LRATH
sp|Q93Y94 |RFOT1_NICSY
apl| P38671 | EFOM NEUCE
apl| 013993 |RPOM SCHPO
ap|P13433 |RPOM YERST

IRTTNYLC———-LSDERVEV—— ————————————— AHOYENTFTC]
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YHVYSF—————- RNVDQIGI LK FHEAYVOLLEKAAF FTLTFEAVIVEMLC FELEWTSPHS
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NP 150421.1 Gl IMRMS VY SEEETLYEY LKTLENEE FKENKNEGTLLLOMAKRYDORATYEEF——— 620
tr|Q9GZ07|08GZ07_FLAFA OTIMTIC ISTGAKNOVEGK I0TMIGK--ELD-—-ENIINKLSOYIRNYIFESISEIF 1329
ap| 000411 |RPOM HUMAN QTVMTVV [RYGGRLOIEKRLRELSDF-——-P——-QEFVWEASHYLVRJVFESLOEMF 1057
3p| P3296% | RPOT1_RRATH QTVMT SV IYSGARDOIEKER TKERGTF-—ED—-DSLTFHASCYRAKTTLERLEEMF 306
3p|Q93Y54 |RPOT1_NICSY QTVMT 5V IYIGARDOIKER LKERGVI ———ED——-DNELFARACYARKTTLTALGEMF 332
ap| P38671 | RPOM NEUCR QTVMIHV Y VGARKOVLEQIELAYPHITAES— -GIERALLASYVIQHIFREMSTMF 1027
ap|013993 |RPOM SCHPD ETVMIHV YWVGARKDI SEKTENID-———GME—-KLEVRADYRNYLTKEVFEALRSLF 943
3p|P13433|EPOM YERST TV V IYVEATFOIAKOLSPIF———-DD-——-BEKESLOFSEYLTKHVEFSATRELF 1066
. - . . -
NP _150421.1 ——-PKFKTFTDOADKIVSIETKINL-———————=——= ——————— G e 643
tr|Q9GZ07 | Q9GZ07_PLAFR KR RAMI TKEHF NN LSV TN - === == — e e e e e e e e e e e e e e e e e 1347
3p| 000411 |RPOM HUMREN SETRATQHWLTESARL I S ——m e e e e e e e e e e e e e e 1075
ap|P92969|RPOT1 _ARATH B R T S F D A L T A m e e e e e e e e e e e g24
3p|Q93¥94 |RPOT1_NICSY ERRRSIMSHLGD AR A== == m e e e e e e e e e e e e e e e e e e 250
3p| P33671 | EPOM NEUCR KGAHDIONWLGEIGGEVCRALT PEQLDEFERSERSPHEDGTASGENITLAGNFRESSAHE 1087
3p|013993 |RPOM_SCHPO TQRHEIQDWLSRCCNLITHSLPRADYIKE-———————————————————— —————————— 971
3p|P13433|RPOM_YERST HSAHLIQDWLGESAKRISKSIR LOVDEKSF—————— —— e e e e e e 1096
NP 150421.1 0 - INFNISNIFKTHOYYNMDERTTYSFREDFDGKSKRITMY IPEKITS SQOYERYERKE 6938
tr|Q9G5Z07|08GZ07_FLAFA & W —-————- ELNIPITWISPI-—GLPCEQ——FYEL-GNR-ILVNTPFL-Q3ISVI--SYENS0OL 1392
spl| Q00411 |RPOM HUMAN @ —————- HMESVVERVIPL-—GVEPVIQ—FYEL-DSEVEQIGEEI-QSITYTHNGDISEEF 1123
ap|P3296%|RPOT1_RARATH @~ -—————- SENNAVCHTTPL——GLPVV0—PYREK-PGR-HIVETTL-JVLTL——-SEETDEV 363
3p|Q93Y5%4|RPOT1_NIC3Y @~ @ —--————- MENHFVEWTT PL——GL PVV0—PFYREK-LGR-HLIKTSL-QILTL——0QBETDEV 394
3p| P33671 | EPOM NEUCR NOEILNNFOSTIIWITPFL-——-BEMPVVO--FYRE-HGT -KTVSTCM-QODLVMT-IPERSDPV 1139
3p|013993 | RPOM SCHPO ——GIEKDELTPVVWITLL-—-NLEPIVQ—PYEN-YES-RQIRTHL-QOTVFIE-ERDRTATV 1020
sp|P13433 | RPOM_YEAST ENGENKFDFMSSVIWTIPL--GLPIVO--PYRE-ESK-KOVETNL-QTVFI S-DPFEVNEV 1143
I : ¥ : I
NP 150421.1 NIRKIKBATLPNRIHHIDSLLAHIVIKEF-EEELKPLFIVAORFYVELIDMAFLEERYFQ 757
tr|Q9GZ07 | Q96207 _FLAFR HENEQRLGFEPNRVHSLOASHLMMTAEEMVIONNFS FAAVHOSYWRAHACNVDIMNQFIRE 1452
5p|000411 |RPOM_HUMAN NTREQENGFEPNEIHSLDSSHMMLTATHC-YREGLT FVIVHOCYWTHRADVEVMNOWVCRE 1132
sp|P9256% |RPOT1_ARATH MRRROMT AFAPNETHSLDESHMMMTAVAC-NRAGLS FAGVANSFWTHACDVDVMNTILEE 927
Sp|Q93Y594 |RPOT1_NICSY MVEBQRTAF FVHSLDGSHMMMTATAC-KESGLS FAGVANSYWTHASDVDOMNEILRE 953
sp|P33671 |RPOM_NEUCR NRREQLOAF FIHSLDASHMITSATHC-DELGLT FRARVHOSFWTHRASD IDSMNAVIRD 1198
5p|013993 |RPOM_3CHFO QPHEQATAF FIHSLOATHMFMTCLEC-SEQNINFARVHOSYWTHRCDVDOMNSLLRE 1073
sp|P13433 |RPOM_YERST MRARBOKRGL HTHSLDASHMLLSAREC-GKOGLD FASVHOSYWTHRASD IDTMNVVLRE 1207
. sk e . - ke v e . w “s -
NP_150421.1 = mm—————————————————E————pnnmmm—— g24
tr|Q9GZ07|Q9GZ07_PLAFE - FATKIPSSPEQGELDISMVEDSLYFFY 1503
sp|Q00411|RPOM HOMRH @ -————————————- ILEASQLKETLOAV PEPGAFDLEQVERSTYFFS 1243
ap|P9296%|RPOTL_ARRTH @ - FPDISFPPLPERGDFDLEEVLES TYEER 976
ap|Q93Y5%4|RPOTL_NICSY @ -———-——————- FPDLOFPPLPERGDFDLREVLES FYFFH 1002
3p|P33671 | RPOM_REUCR TNHFALSQKRAKREST A SGLREOKHYLDIWLELVFEPPI FEKGDFOVRSLEDS TYFES 1423
ap|013953|RPOM SCHRO @ -————-———— KRAKFGNKSYIPLEFPPL PARGALDLEKVLESKYFFS 1154
3p|P13433|RPOM_YERST @~ --————--- LDALELENGEDEN SGMSVLLPLELPEI PEKGDFDVIVLENSOYFFS 1351

Fig. 4. MSA of mitochondrial RNA polymerases from plants and fungi
*The N terminal motifs are different from plant RNA polymerases and the amino acids are marked in
green
NP_150421.1, Pylaiella littoralis (Sea weed, brown alga)
tr|Q9GZ07|Q9GZ07_PLAFA, Plasmodium falciparum (Malarial parasite)
sp|000411|JRPOM_HUMAN, Homo sapiens
sp|P92969|RPOT1_ARATH, Arabidopsis thaliana
sp|Q93Y94|RPOT1_NICSY, Nicotiana sylvestris
sp|P38671|RPOM_NEUCR, Neurospora crassa
sp|O13993|RPOM_SCHPO, Schizosaccharomyces pombe
sp|P13433|RPOM_YEAST, Saccharomyces cerevisiae

conserved motifs in the N-terminal and C-
terminal regions. However, the middle region
towards the C terminal shows large regions of

Fig. 5 shows the MSA and conserved motifs in
SSU RNA polymerases exclusively from fungal
mitochondria. It is clear that there are no highly
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conservation including the catalytic K, YG pair
and an invariant R. The catalytic, template and
substrate binding motifs are highlighted. The YG
gate keeper motif and the catalytic K is strictly
conserved (including distance conservation) in all
DNA dependent RNA polymerases from fungal
mitochondria. This strongly suggests that all
these RNA polymerases might be using same
set of amino acids for template, substrate
binding and catalysis. The immediate
downstream amino acid in DNA polymerases is
usually a G or A [4] but in these out of 49
sequences analyzed, 39 RNA polymerases uses
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Q. (Six use R and three use P and one uses G).
Interestingly, here also the 4™ amino acid, R, is
the invariant amino acid in all the 49 sequences,
suggesting an important role in substrate binding
and /or catalysis. All these fungal mitochondrial
RNA polymerases end in ‘SxYFFS,’ and its role
is not known as of now. Identical sequences
were seen in Plasmodium and human
mitochondrial polymerases but the plant
mitochondrial polymerases slightly vary (Fig. 5).
This 6-amino acid sequence is found in RNA
binding protein of the fungus, Ustilago maydis
and primarily involve in RNA transports [6].

CLUSTAL O(1.2.4) MSA various SSU mitochondrial RNA polymerases from fungi

tr|BER333 |BEE333_3ICHIY
=p | 013553 |REOM 3CHEOD

+r | S9Q0QE | 39Q0T8_3 CHOY
tr|3SKIW4 | 3SKINe JCHCR

tr|AOAIE3Q3CE I}"EIE:lEQQQCE LIP3IT
tr|ADALETESTD |ADAL E'?E‘]JD:SI;S:O
tr|RA0A1EIFTRD |A0R1EIPTRO_SR3CO
tr|AOAOHSCTRO |AODADHSCTRO CYBJA
tr|ADAIE3IESKD IF‘DAlEQ?EID:II:hG

tr |EOETX 3 |EOETH2 WICCE
tr|WEMILZ |[WEMILZ SA3CD

tr|AOR1E3QPIT IAEIESI.EQQ?I"-'_S.RECG
tr|A0AIDIVE4E |A0R1DIVE4E_SRICO
tr|A0A1BT3MEQD |A0R1B7IMED_SA3CO

tr|QECRZI5|QECRIS ELULR
tr |WOTGIE |[WOTGIA_ELOMRE

tr|A0AL0STNIL |A0AL 0STW31_S3ACH

tr|E8JM3Z |GEIM3Z_ERECY
&tz |QTSEET |QTSEET_ASHEGD
tr |RSXDEE|RSXDEE AJHAT
tr|HZA3J8 IHZLSJE:RLZLE'
tr|J737Y3|J737Y3_EAENA
tr|GO0VDO1 | E0VD01l HADCT
t |FOWET 2 ISIJIETZ:HNTD:
tr|QEFLE S |QECLES CANGA
tr|GEE35 4| F8E354 _TEIFH

tr | ADAOLERERS |A0RO LERFWS_3JACET
tr | A0AOLEBVRUZ |A0A0LEVRO3 _S3aCH

tr|JEFFSE|JEFESA_JACAR

tr|A0AQCTHYTL |A0A0CTHY 71 S3aCH

&z |C5DNE3 | C3DNPa_LACIC
tr|C5DKT 53| C3DKETS_ZYERT
tr|GAZRO00|GAZR00 _TORDT

tr|ADALE 4RQET IﬁUEJ.E‘.IRQF"-'_S.ﬁECO
tr|ADAOLOPSEE |A0R0LOP4EE_SRICO
tr|A0A1AOHGET? |A0R1A0HGTT _SR3C0

tr|C4YBE3|C4YBE3 CLALS
tr|Z3B4C1 | EZ3B401 CANTC
tr|A3LX4E|AALN4E PICAT

tr|ROAIE43MTE |A0R1ES MTE_SR3CO

tr|A5DNBZ |ASDNAZ P IOCE

tr|BSRIFE|B5SRTEFE DEEHA
tr|GIAEY( IGQLEYG:S PAPN
tr|EEETHL |GEETHL CANEBC
tr |HEX1LE |HEX1LE CANOS
tr|BSWELS IBSIELE::.HTD:
tr|C4YFJT1|C4YETl CANAW
tr|CSME7 1| C5METL CANIT
tr|HM3IE1% I}-'.'EIK:I.S::}-F."D{

ARIDIE0LE DLLEGLTALGH VEWREVHNREVIDMLVEIWNIGE 3T LI 1P JAN-TTLDIQEME €53
FAJERGOLDELFFAV 3 3LGEVINRINQRLFNVLIRIWNSGEEFLIIP PFRE-VECDMEP YP E4E
EAJHEGHLEEITNAL JALGDVDWRRINRFIFDVIVEIWHIGE LI I P FEN-VEVHLEE Y P EED
EAJRFGHLEFRVYGAL JALGDVINRINRFTFDVIVEIWHIGE LI TP PFEN-VEVNLEP YR €55
EACRRNDLE 3VYEGLDVLG AAWNI INTRVFEVLARVWNI GEEFLEIPTRYEGDINFFLER 741
ARIDRGTLDOVYEG LNV LGN TANT INFDIFEVILEVWNIGEEFLEIPRRVEIQFELEPAR 511
EAJFRGAMNEVFEGLNVLGN T3WT INFDIFEVVMOLWNT GE PFELDIPGIS-DOVELETER T1€
AS3DE—IGEVYEGLNVLGI TANIVHNERVEN VHEQUVWNIGEEFLDIPELY-DEIELERQP €04
ASTDR—LDLVYEGLNVLGE TANTVHERVYE VHSEIWNT GETFLDIPFDO-EEMNVED AR €53
AS3DE—LDEVYDE LNV LGN TANIVHERVEEVHSEIWNIGDEFLDIPFAH-ESLELFEVE 720
ARIFRGDLDEVERGLNVLGH TOWI PNFRILE IVIQUVWHSGEEMLEIPAHI-SELELEDER 721
ARIENGILAVYRGLTVLGD T PWIVNREIYD IVSQUVWNIGE SELDIAGVY-DELELEP PR 70€&
ARIENGDLE GV DG LNV LGV I AN INFEILDLVIEAWNSEEEFLDIPFHE-EELILEPER 74E€
TAA IR GR DTV LA LN LGS TAN I VNEEV LEVH IQVWNIGEEFLDIPEFR-ETLNLEP QP 353
AVIEQGEIIDNVYEGLNVLGH TPWI INEELFN IVSEVWNIGEGELDIP PVL-DNEEEPP QP €04
AVIE QG IQNVYEGLNVLGH TANI INERLFNVISEVNNIGEEFLDIP PLO-DELELFAQE €83
AVADE—LDNVYR G NVLGD T PN IVNEIMLN ITSTIWHSGEGELDIP PQR-EDVELEPRE €94
AVIGEGAVHNIY G LNVLGD TANIVNEPLET ILSEIWHSGEEYLDIP PQE-DDOQLEPER 724
AVIGEGVV NV YR G LNVLGE TANIVNEMMLE ITSEVWNSET EFLDIP PQ0-DELLLEAER 717
AVIGEGAVONVINGLNVLGE TANIVHENMLE IVIEVWNIEIECLDIF FQQ-DELLLEFRE 717
ARANVOALDEVYDGLNVLGD TANIVNRRIFE IISEVWNEGE 3IELEIPEIQ-QESEFLE PR 702
ARINSRAI DV DG LNV LGN TAN VRN I PN VW SEVWNEGE PFELEIFFIQ-EILELLFFF €535
AVIDADVIF DV I GLNALGE TANL INFEVEDVISQVWNIGDECLEIFEIQ-HIMNLLE PP 748
AVIDEEAIDDVINGLNALGE TANIVHNFRLIE IISEVWNEGIECLDIFQIQ-YDMQLIFER 77€
AVIDIGAIDEIY DG LNVLGE TANIVHREVEDVVSEVWNEST NELEIFGIQ-DELELLEFF T4€
AVADAGAIDRVIHGLNVLGI TFNIVHNREI TN VISEVRNIGE PELDIPGIQ-HILNLLEFF 744
ARIERGDIDRVYDGELNVLGD T PRI VHNREVEDVVIQVWNNEE GELDIF J30-DEMILEF AR 771
ARIDRGEDID RV DG LNVLGR T PN IVHREV DV 3QVWNEGE GELDI P GAQ-DEMVLEF AR 770
ARIENGDIDRVYDELNVLEN T ERNIVHNREVEDVVIOVRNERE GELDIE GAQ-DEMVLEF AP 770
AVIDIGAIDNVIHGLNVLGE TFNIVHNREMED IMGHVWNIGEACLDIFERO-JELILTEFQF 71
AV3DAGAIDNVIRGLNVLGE TENIVHREMIN VHIOVRNIGE PELDIEGIQ-EELILIF QP 711
AVIDATAINTVIDGLNVLGETFNIVHNRFLEEVHIEVNNIGE PFELDIFEVO-EELTLLEFF 732
AVINAGAIDTVY G LNVLGE TANTVHNRREVEDVMSEVWNSGEDFLEIPGIQ-EFLDLLEAR 742
AJIN-—-RI3GVIDGLNVLGETFNI INREVEEVITHYWRIGEQCLDIFEVI-EEINYFEEV 737
ARIDAHNLDEVYRGLNILGE TANTVNSEVLDVISRCWNIGEQFLDIP FVA-EEFELEFPPL 725
AR IGRL DGV Y AGLNVLGE TANSVHARVLEVI SHYWRTGNEFLDIP PIV-EEFELFEFL 728
ARIEANNLDDVYRGLNVLGHT PWT INARKVLEVISQYWNTGEAFLDIP PVV-DEFELEFPL 731
ARIQRGDLDEVY DG LNVLGN T PN TVHREVLEVHTEFWRT GDEFLDI P EVV-DEFELFE PV 703
FAADLGHINEVY DG LNV LGE TPWIVHRRVEE IITRYWHSGEEFLDIP PIM-EEFNLEFEFL &7
AR IEMGHNLDEIY G LNV LGN TANTVHREVLDVITEHWNT GEEFLDIPPIT-EEENLEK AT E78
AR IDMGENLDOVYEGLNVLGE TCW I INHEVEDVISHYWHSEEEFLDIP SIV-EELDIPP PR 723
ARIDLDNLE-IY¥DGELNVLGD TANIVNRENVEN IISKEEWNIGEEFLDIP PIV-EEPELFEQL 73z
TR KGN L DOV A LNV LGN TAN I VHE DI FEVISHYWRIGEEFLDIPGVL-DEPILEPER 713
ARAFRGHLEEVEDGLNVLGT TANT INFEVED IISHYWHEGEEFLIIPPVL-ETAQEPAFL 718
AR RGN EVEDGLNVLGT TAN L INFEVEDVISHYWHEGDEF LTI IP EVL-ESAQEPPEL 717
ARNERGHLE AVEEG LNV LG TANIVHFEEVENVISHYWHSEEEFLSIPPVI-EEFRLEEDV 72E
ARNERGHLT GVEEGLNVLGH TANIVNEEVENVISHYWHSGEEFLSIP PVE-EERQLEQDI 70€&

AR RGN LDV DG LNV LGN TAN I VNERVEDVISHY WHEGEEF LS I P PVE-EEARLFEFL
AR RGHLDEVER LNV TN IV SEVEDVISHYWHIGEEFLSIP EVL-NEARFPIEL
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tr|BER323|BER332_3CHIY E-E--—-—3IDFIARAEWLEMLEERS LDFASQHIQRCEFNYTLE AKA FLHET FYEFHN VD 708
=p 1013993 |RFOM_SCHED E-N SINFRDKV IWHIRREELAALKTGAHSQRC PENYHLEARA FLNER FYEFHI LD 701
+ 350008 1350008 _SCHOY E-Q ALNENDRV 3WY3ILRDELIRERATAHIQRCHENYH LE ANI YLNER 715
©r|SSKIW4|ISKENS_ICHOR E-Q ALNPNDRATWYILRDFLT RDEATAHIJRCHFRYHLEJANS YLNER 714
©r|A0AIE3QACE |RAOAIEAQICE_LIFST B-E DA DFAVRRDWARY CELMIHERRT 3 HSQRC VN YHLE]SRA FLGER I 798
+r|ROA1E7ESTN |A0RLE7ESTO_SASCO R DADPIVRRDWLRQCRLIVNENQAL YSQRCDTRYHLEARA FLEGER FYLFHNLD SEE
tr|ROAIESFUSD |A0A1EIFUR0_SASICO AR WV DEAIRRDWLEE CRAIVNRNQADHIQRCHTHYRLEJARA FLGER LYFFHNMD 771
©r| AOAODHSCTRO | ADAOHSCTRO _CYBJA ot HT EFGVIN 3WFAE VEEAQNEFRNNRITRCDANYHLE 740
©r|R0A1E2FSWO |A0A1E2FPSWO_WICAO F-F N3 DFSVINDREQE VRRLONEFATH RSNRCDANYHLE 748
tz |KOETX 2 |KORTH2_WICCE F-R--—--35 DFSVLNEWKIEVEALQDEYATDRITRCOANYHLE 775
©r|WEMILZ |WEMILZ SA3CO E-LEEGTVMDFREAR DRRAERVEARNRFAINRIYRCIINYRLE TEn
tr|ROAIE3QFIT |RORIERQFIT_SASCO DADFVVRRDWIRRVEALADEFITREIFRCHSNYHLE 761
== |BROAIDEVE4E |A0RIDIVESE_SAICO GE DPIVET EWQT I SEQES YEYYANRIQRCITNYHLE Bo1
tr|A0A1B7IMED |A0A1ETSMED_SASCO D2 SLEEFFFHERECQAICREFSEDRIYRCITNYHLE 228
tr|QECRES|QECRES_ELULA SEDFLILEEWRNE CROM3INEFEGEESTRCDSNYHLE ARA FLGER 728
== |WOTSIE |WOT SIS _FELUMA 32 DPLVLEEWRNE CROLTNEFESEESTRCDINYHLEARA FLGER 738
©r|R0A105TWS1 |A0R10STRS1_SSACH D2 DPFLILEHWENE CEFET LEFRSDRSTRCDSNYHLEARA FLGER 748
©r|GBJM3 2 | GEJMIZ_ERECY E3 DFLELERWRND CREFN IEYRGH RANRCDSNYHLEJARA FLGERE 778
== |Q7SBET IQTSBET_ASHED R-SEDESECEFIVLERWEQE CRELNAEYOEHRINRCIANYHLE]ARA FIGER 77€
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tx |GEETHL | GEETHL TANEC LPCVOPER HAREAVKT SVONV I THP 36 TS T IDSREQQAG FPPHE THE LDATHMIMTAT 1120
tr |HEX1LE | HEX1LE_CANOS LR YR HEEVET SUODVLISHP 2ETET IDSRKQQAGFPPNE IHELDATHMIMTAT 1110
oz |[ESWELS | ESWELE TANDC LPCIOPERD: 7B SHTSAVD SREQUNG FPENE IHSLOATHMIMTAT 1128
txr |[C2YEJL | CA¥ETJ1_CAMAW LPCNIPYRLENKEDLET AVODLENIVMP SHNTS EREQONGFPPHEIHELOATHMIMTAT 1106
or |[CSMETL | CSMET L CANTT LPCUOPYRL HEYROWNT 505 IFI TAP 56T 0VD SRE TV AS FPPHE WHS LOATHMIMTAT 1121
tr |[M2TK10 | M2TE10 CANMY (TESVQDIFLSIPSGTSAVD SREQOAGFPEPNEF THELDATHMIMTAR 1128
-a eaxs - R o-a oo - T S o |
T= | BEX333 | BEX3III_SCHIY R AN ITFVEVHO YW I HA RS VAEINC LI AFAF VELHSADI Lo DLEREFEDAYENHYVH 1114
ap | 013553 |RBOM_SCHEO S E N INFARVH O YR T HAC DV DM S LLAFAF VLLES NN IMERLEQEFEERYECFLYVS 11407
T= | 8503008 | 953008 _SCHOY EANEADITFARVHO YW I HAC DVE LN LI AQAF VELHS K IMEXLANEFRERYENFMIF 1121
T= | S5MIWA |5 5MIW4_SCHCH AN A AN I TFARVH O YW I AT DV ER LS LI AFAF VELHS N IMENLANEFRERYENYMIO 11z0
T= | ROR1EIQICE | WORIEIQICTE_LIFST A RN LT AAVHO YW HAAD I DM A I LA DAF IKLHEC DL VAN LEEFFERAYRCYMOE 1203
T=|AOR1ETELTD | RORIETELTO_SRECD SRR IS FARVHOAYWIHFCD I DEMNA ILAD,F IELEVDLVDE LR IEFEQRY TELLOY 575
T= | AOR1EIFTED | AOR1EIFTRO_SASCO B ENLSPAAVHOYWITHAADVDDMN S ILADAF IRLHEVDLVIELETEFDARYESFLEE 1182
T= | AOROHSCTRD | AORODHECTRO_CYETR A ENLAFAAVHOA YW I HAC DV D TMNACLADEF IKLEEVDLIARLEDEFDERYECFLAL 110
T=|AORIEIFEWD | RORIEIFEWD_WITRO SCRRECLEPARVHDSYWIHA SDVETMCNLLAFAF ICLHEVDLVIELEQFFDOAYHCFLOL 11=8
T= | KOKTXE | KOETXI_WICCE SN L E P ARVH O YW I AT DV CEMSESLAETF IELHOVDLIAR L X NEFDERYRSFLOL. 1185
T= | WEMILZ |[WEMILZ_SRICD A CREENISFPREVHOY EWIHAAD VDM AIREEF SEMEE TN LVACLEFEFEVAYECE VYW 1185
T= | AORIEIGEIT | RORIEIQETT SRRSO ACRADNLAFAEVHO FWIHARD VD IMNEHIRSSF VELESTNLVARLEREFDTRYECE VDM 11e0
T=|ADAIDZVELE | ROAIDZVE4E_SAECD ECCREELTPAAVHD YWIHACDVDAMNE I IRDEF ICLHQVDLVQALENEFEERYOVLLY 1212
T= | AORIB7SMED | RORIBE7SMED_ SRRSO ECSERCILVFABVHDAYWIHASDVSVMNE ILAESF IHLETNNL IEXL.OXELRMAYCENLMY Bs3
T= | QECHIE |QECHRIE_KLULA S AL D P AAVH D YW T H A S E VDM ALLAQEF IKLHE VDL IERLENEFDERYADYLET 1145
T= | WOTZIA |[WITSIA _FLIUMA AL P AR VH D YR T HAC DV D DMN FLLAQEF INLE IDLIFRLENEFDERYRDYLET 1148
T=|AORI05TWSL | RORIO0STWE1_SSACH ASAFHCIARFARAVHOAYWIHAS DV D ITMNNELAREF VEMYSVDLIQRLENEFDERYADYVET 1155
T= | =BJMEZ2 | Z8.JM82_ERECY B FARVHOA YRS ACTD I SLMNCTLANGF IEMEEVDLIQRLENEFDERYEDYLEW 1185
T= | F7SEET | Q7 SEFT_ROHCD SR FARAVHOAYWIHA S DVEEMNATLANEF VEMEOVDLIQRLENEFDARYENYLEW 1184
T= | AS¥DFE | ASXDFE_RSHAD ECCERACL O FARAVHOAYWIHASDI FAMNAATLANEF VEMEQVDLIQRLENEFDARYENYLEW 1184
T=|H2ZAS5.J8 |HZRS.TE_KRIAF ECHE DLV ABVHD YW T HAC DV S AN HL AR F VELHEVDLIFRLEEFFDERYENYVET 1170
T= | J787¥3 | J787Y3_KRINR CAREE L DA VHD YR T HAC DV EEMNEHIANEF VILEEVDLIERLEEEFDERYRNYVOT 1181
T= | Z0VDO1 | E0VDI1_KATOS CRANCILEFARVHDAYWIHACDI DEMS VY LAESF IDLENVDLIFRLENEFDERYENYVOT 1213
T= | ZOWETZ | ZOWET2_NATDC IR ENCLEPASVHO YW THACDVNEMS VY LADEF IFLHE VDL IFRLEDEFDERYEDY VT 1241
T= | QEFLXS | QEFLXS_CRNZR SCRDNCLDFASVHDA YW I HAS DV DEMN VWV IADEF IELEEVDLIQRLEEFFDERYENYLART 1211
T= | ZHESE4d |ZEBS54_TETFH ACCEECLDPASVHOAYWTHACDI DI M ATADOF VALHEVDLIQALENEFDERYENY WOV 1205
T= | AOROLAREWE | ROROLEREWS_SACET ECCE LD FARVHDA YW T HA S DV D TMNVVLADOF IKLEEVDLVMALREEFTORYESYVET 123E
T= | AOAOLAVATI | ROARDLEVATI_S9ACH ECCR LD PASVHO YWTHAS DI DTMNVWILAEQF IKLHEVDLVIALEEFFOQAYENYVET 123
t=| JEFFS8 | TAFESA_SACAR ECCEECLDFARVHDAYWIHA S DVDTMS VVILAESF IKLEEVDLVLALEEERSORYENYVET 123E
T= | AOADCTMY 71 | RORDCTMY 71 SOACH S EECLDPAAVHDYWTHAS DI DTMN VLLAEQF IKLHEVDLIFRLENEFDERYRNYLOT 1181
T= | CSDNE3 | CEDNF3I_LACTC SRR LD ARVHD YR T HAC DV D TMNVVLAEQF IKLEEVDLIFRLEDEFDERYENYLOT 117€
T= | CEDX7 5 | CEDNTS_IWCAC ECCENCL DA VHO Y YW T HAC DV DM VELAEQF IRLEEVDLIERLEDEFDERYENY QT 1157
t= | ZBZR00 | =8 ZR00_TORDT ACCEECLDFARVHDA YR ITHAC DV DM SCTAESF IKLEEVDLIFRLENEFDERYENYVOT 1207
T= | ADR1ELBQFET | ROAIEARQFT_SRECO ACC D DNLNFASVHOY YWIHAS DV D TMN Y HIRNOF VELHQ DN LVIELEDEFEHRYECELOW 1203
T= | AOROLOF4AXE | ROROLOEBLEE_SRESCD ACCED LS FABVHDAYWIHAS DVDOMNEHIREQF VELHOE DS IQRLEDEFERRYECFLOWV 1152
T= | AORIROECT? | RORIROESTT _SRSCO A CREELSFPARVHOA YW I H A ANV DAMN VEIRESF VELHEESLIVALADEFEERYECFLOWV 1158
T= | CAYEED |CAYBEI_CLATA ACCEDNLEFASVHDA YW I HAC DV DEMSEHIANOF VELHEENLIVELADEFERRYECFLOWV 1158
T= | 238401 | Z3BLC1_CRANTC TR ENISFARVHDAYWIHASDIDVISXITAESF IKLHSENLIQEVEDEFERRYECELOW 11E5
T= | AILXLE |RILNLE_FICST ACEDRRLSFABVHDAYWIHARDVDEMNEE IRNOF VELHS SNLVQELEEFFEERYENCTOW 1141
T= | AORIELSMTE | RORIELASMTE_SRICD S ER LS P ARVHO S YWIHA SOV DI MNAE I AN F VLA SNLINQVADEFERA YR DCT.OW 1143
T= | ASDNBZ |[REDNEZ_FICCT A S L AP ARVH O YW I AC DV D ITMNTHIRESF VALHSENLIVELADEFEERYECFLOWV 1150
t=|BSATFE | BEATFE_DEEHR ACRESCLSFPARVHDA YW IHACDVNIMNSHIREQF VELHCENLIVEIRDEFERRYECFLOWV 1155
T= | Z3RAEYD | ZIREYD_SEREN ACCERCLEFARVHD FWIH AR DV D ITMNEQIRESF VELHS SNLISLLEEFFEIRYEDNYOL. 117€
T= | ZEETX] | ZEETX1_CANEC S E S DL P A VH O FW I A AN VDTN S ILREQF VALETON LV ILADEFVERYRCSYOT 1180
T= | HEX1LE | HEX1LE_CANOS SCCES DL P A VHOS FWIHA AN VDTN S ILREQF VALETON LV ILADEF IERYRNCIYQT 1175
T= | BSWELS | BSWELS_CRANDC ECTENDLOFABVHDFWIHARADVEOMNE I IRDOF VELHT TNLIELLEEEFTERYEDNYIOW 1188
T= | CAYFJL | CAYET1_CRNAW ECAEFDINFASVHO  FWIHAADVEOMNA I IREQF VELHTTNLIFLLEFFFSFRYEDNYIOW 11e8
T= | CEMETL | CEMET1_CANTT RSN ABVHO PRI HA AN VEIMNELIAQEF VELHTTDLVSLLEEFEFLERYECSYOF 1181
T= |M3ITK1S |MITK1S_CRANBD ECSEATLNEREY QYN THARDVEVMNALIRFEF VRALHTTHNLVO I LEDFFVEAY KOOV 11BE
- . .. w . ® - s . R. Emw
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tr|BEK333 |BEX3III_SCHIY LIFFEVEERCTFDIRSVLEIGYEFES 11E5
ap | 213553 | REOM_SCHED LEFFFLEARGALDLENVLESEYEES 11=4
t= | 9503008 | 950008_CHIY LEIFLLPSCTFOLTEVLESEY TR 11le8
t= | S5HIWL | SEMIWL_SCHCR LEIFTLFSCSFDLTEVLESEYEES 11e7
T |RIA1E3Q3CE | ROA1EIQ3ICE_LIPST LIFFFVEFRGAFDIVEILENILYFES la0z2
t= |RIA1E7E4TO | RORLETELTO_SAICD LRITEVFARCDEFOVHOLRPIEYTEY 1la4
t= | RIA1EIETED | AOR1EIETED_SAIOD LXFFEVEFESEFDVHLLADIEYEES 1254
T | A0ADESCTRO | AOROESCIRO_CYEJA LALFEIFFRCEFDVOELAEIOYEES 1285
T | RIKIEIFSWO | RORIEIREWD_WICRD LALFEIFFECOFDVODLAEIEYFES 1255
to | KIETXI | KIETX3_WICCE LALFDIFFRKSDEDVHDLANIEYEE 1332
T | WEMILZ | WEMILZ_SRSDD FELDDIFFRCDEFEAIEVISTY TS 1257
tr | RIKIEIQFIT | RORIEIQEIT_SASCO FALPEVEEXCEFDVNVVEEIFYFES 1274
to | ROR1DZVS4E | RORIDZVE4E_SASCD LALFDVEFKCEFDVAEVEDILYEE'S 1327
Tz |ROALBT7SMED | RORLETSMED SRICD FOLFFIPLECEFDVNVVADEEFYEE] SEE

to | RECHEIE | QECRIS_XLULR LELFEIFFEKCEFDVOELLEGKYEES 12g3
tr | WITZIE |WITSIE _XLUMA LALFEIFFEKCNFDVEE XY EES 12e2
Ttz |ROALOSTWSL | ROR105TWS1_SSACH MEXFSIVEFECEYDIEELLNSEYEE'S 1272
to|SEIMIZ | SEIME2_ERECY MXFFLIFFEKCEFDVEELVEIKYEES 1258
tr | X7SEET | QTSBET_ASHZD LEFSCIFFRKCSYDIRQLVHNIEYEES 1255
t= | RSXDEFE | RSXDFE_ASHAC LAEFSEIFFECIYDVRELVHIEYTES 1255
t=|H2ZASTE |HIASTE_XKRIAF LXLFLIFFEKCDFDVENVEGSTYEES 1284
Tz | J787Y3 | J787Y3_KRINR LEXLFSIFFEDNFDVHEEVENSTYEES 127€
t= | SIVEO1 | S0VDO1_KATOC LELEDIFFECEFDVETVAESEYTE] 132€E
to | FIWETZ | SIWET2_NAUDD LXLFEIFSKSDEDVONVEESEYEES 1324
T | QEFLXS | QEFLXS_CRANGR LILFDIFFRCGNFLVEVLANSEYFES 13Z€E
tr|SBBES54 | SEES54_TETEH LXLFFIFFECNFDVOETEESLYFFS 1322
t= | AOADLEREWS | AOROLBRIWS _SACET LALFEIFFRSDEDVIVLEDIGYEES 1352
t= | RIAOLEVAT | ROAILEVETI SSACH LALFEIFFECDEFLVIVLANIGYEES 1351
t- | TAFFSE | TEFFSE_SACAER LALFEIFFECDFDVIVLASSOYFES 13E]1
o | ROARQCTHYTL | RORQCTMY71_SSACH LELEGIFFRCNFDVAELENSEYEE'S 1254
t= | CEDNF3 | CEDNF3_LACTC LILFGIFFECDFLVAELERSEYEES 1285
t= | CEDX?E | CEDXTS_IYCRC LALFGIFFKCNFDVAELENOKY RS 1311
tr | FEZR00 | EZR00_TORDC MALEGIFFRCNEDVODLANSEYEES 1321
t= | RIR1ELBOFET | ROK1ELROET_SASCD LNFFEIFFECEFDVAEVENIOYEES 131E
t= | RIROLOF4KE | ROROLOP4KE_SASCD LIFFEIFSKCDLDVALVEESGYEFES 130%
T | ROAIADHSTT? | RORLAOHSTT SASCO LEFFDIFERCSLDVOVVEDSEYEES 1308
to | CAYBEZ |ICAYBEI_CLALY LIFFDIFFRCILOVOVVEREEYTES 1311
Tz | Z3B4C1 |SIB4CL_CRANTC ISFFFVEFRCDLDVNVVERETYEES 1275
T |AILXLE |AZLX4E_FICIST LIFFDIFARNCELDVEVVEESPYFES 1251
to | RIR1ELSMTE | ROR1ELSMTE_SAICD LEFFEVFERCDLOVELVEESDYTES 125E
t= | ASDNEZ |ASDNEZ_FICCT LIFF3IFFRCELDVERMDIEYEES 1303
tr|BSETFE | BSRIFE_DEBHR LEXFFEIFERGDLOVIIVEDSEPYEES 1312
tr | SIREYD | SIREYD_SEREN LXFFEVEFECEFDVERVEDSLYFFS 1287
t= | FEETH] | ZEBTHL_CANEC IQFPEVEPRSEFDVONVARSHYEES 1252
t= |HBX1LE | HEX1LE_ CRANDS IQFFEVFPECEFDVAEVEDSHYEES 1251
tr | BSWELSE | BSWELS_CANDT LOFFEVERECCFDVNLVELSGYFES 1300
T | CAYETL | CAYETL_CRNAW IQFEEVESKSEFDVNLVERSOYEE] 1280
t= | CEMET] | CEMET1_CANTT IQFFEVEARCDEDVNLVEDSOYEES 1253
tr|MITK1S |MIIK1S CANMX LOFFEIFEKCTFDVRELVEGIGYEES 1258

s aE & omas

Fig. 5. MSA of various SSU RNA polymerases from various fungal mitochondria
*All the mitochondrial RNA polymerases end in SXYFFS
tr|B6K333|B6K333_SCHJY, Schizosaccharomyces japonicus
sp|O13993|RPOM_SCHPO, Schizosaccharomyces pombe
tr|S9Q0Q8|S9Q0Q8_SCHOY, Schizosaccharomyces octosporus
tr|SOX2W4|S9X2W4_SCHCR, Schizosaccharomyces cryophilus
trlAOA1E3Q3C6|A0OA1E3Q3C6_LIPST, Lipomyces starkeyi
tr|AOA167E4J0|AOA167E4J0_9ASCO, Sugiyamaella lignohabitans
trlAOA1E3PUPO|AOA1E3PUPQO_9ASCO, Nadsonia fulvescens var. elongata
trfAOAOH5C7R0O|AOAOHS5C7R0O_CYBJA, Cyberlindnera jadinii
trJAOA1E3P5WO|AOA1E3PSWO_WICAO, Wickerhamomyces anomalus
trlKOKTX3|KOKTX3_WICCF, Wickerhamomyces ciferrii
trfW6MIL2|W6MIL2_9ASCO, Kuraishia capsulata
trlAOA1E3QPI7|ACA1E3QPI7_9ASCO, Babjeviella inositovora
trJAOA1D2V948|A0A1D2V948 9ASCO, Ascoidea rubescens
trlAOA1B7SMEOQ|A0OA1B7SMEQ_9ASCO, Ogataea polymorpha
trfQ6CRZ5|Q6CRZ5_KLULA, Kluyveromyces lactis
trlWOTGI8|WOTGI8_KLUMA, Kluyveromyces marxianus
trlAOA109UWS1|AOA109UWS1_9SACH, Eremothecium sinecaudum
tr|G8JMS2|G8JMS2_ERECY, Eremothecium cymbalariae
trlQ75BP7|Q75BP7_ASHGO, Ashbya gossypii
tr|ROXDF6|RI9XDF6_ASHAC, Ashbya aceri
tr|H2ASJ8|H2ASJ8_KAZAF, Kazachstania africana
tr|J7S7Y3|J7S7Y3_KAZNA, Schizosaccharomyces octosporus
tr|lGOVDO01|GOVDO01_NAUCC, Naumovozyma castellii
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tr|GOWE72|GOWE72_NAUDC,Naumovozyma dairenensis

trlQ6FLX9|Q6FLX9_CANGA, Candida glabrata

tr|G8BS54|G8BS54_TETPH, Tetrapisispora phaffii
tr]AOAOL8RKWS5|AOAOLBRKWS_SACEU, Saccharomyces eubayanus
trlAOAOL8VRU3|AOAOL8VRU3_9SACH, Saccharomyces sp. ‘boulardii’
tr|J8PP58|J8PP58_SACAR, Saccharomyces arboricola
trfAOAOC7MY71|AOAOC7MY71_9SACH, Lachancea lanzarotensis
tr|C5DNP3|C5DNP3_LACTC, Lachancea thermotolerans
tr|C5DX79|C5DX79_ZYGRC, Zygosaccharomyces rouxii
tr|G8ZR00|G8ZR00_TORDC, Torulaspora delbrueckii
trlAOA1E4RQF7|AOA1E4RQF7_9ASCO, Hyphopichia burtonii
trlAOAOLOP4K6|AOAOLOP4K6_9ASCO, Candida auris
trJAOA1AOHGT7|AOA1AOHGT7_9ASCO, Metschnikowia bicuspidata var. bicuspidata

tr|C4Y8E3|C4YBE3_CLAL4, Clavispora lusitaniae
trlG3B4C1|G3B4C1_CANTC, Candida tenuis

tr|JA3LX46|A3LX46_PICST, Scheffersomyces stipitis
tr|AOA1E4SMT6|AOA1E4SMT6_9ASCO, Candida tanzawaensis
trfASDN82|A5DN82_PICGU, Meyerozyma quilliermondii
tr|BS5RTF6|B5RTF6_DEBHA, Debaryomyces hansenii
tr|G3AEYO|G3AEY0_SPAPN, Spathaspora passalidarum
tr|G8B7X1|G8B7X1_CANPC, Candida parapsilosis
trlH8X1L6|H8X1L6_CANOS9, Candida orthopsilosis

tr|BOW6L5|BOW6EL5_CANDC, Candida dubliniens
trlC4YFJ1|C4YFJ1_CANAW, Candida albicans
trflCSME71|C5ME71_CANTT, Candida tropicalis
trlM3IK19|M3IK19_CANMX, Candida maltosa

In the viral, chloroplast and mitochondrial RNA
polymerases the last 6 amino acids at N-
terminal ends are highly conserved, suggesting a
possible role for this motif in transcription cycle.
Whether it possibly involves in a Rho-dependent
or independent termination process to offload the
nascent RNA at the termination site is to be
elucidated. The consensus motif in viral
polymerases is -SDFAFA. Peptide search
analysis shows this motif is also found in RNA
binding protein of the fungus, Ustilago maydis
and primarily involves in RNA transports [6] and
in poyA binding protein where it is implicated in
both mRNA cleavage and polyadenylation in the
nucleus. In chloroplast and mitochondrial
polymerases the consensus sequence is
SxYFFS. (The -YPPS tetrad on peptide search
analysis is found in ATP-dependent DNA
helicase and an ATP-dependent, dual-direction
single-stranded exonuclease. This tetrad is also
found in plant and human transcriptional
activators). Therefore, it is probably involved in
termination, i.e., transcript cleavage process.

The metal binding sites are also highly
conserved among all these SSU RNA
polymerases which are highlighted in yellow.

is
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Usually, a D in QD and a D in HDS are found to
be involved in binding to Mg2+ and in ‘NTP
charge shielding’ and found in all these RNA
polymerases.

Fig. 6 shows the MSA of a ‘mix and match’
analysis and shows the conserved motifs in all
the three different categories of SSU RNA
polymerases, viz. viruses (4), chloroplasts (2)
and mitochondria (2). Such an analysis may
narrow down the only motifs common among
them that may be essential for substrate binding
and catalysis. More conserved regions are seen
towards the C-terminal regions. The catalytic,
template and substrate binding motifs are
highlighted. The C terminal region shows
conservation in the catalytic K, YG pair and an
invariant R among them as expected. The YG
gate keeper motif and the catalytic K is strictly
conserved (including distance conservation) in
DNA dependent RNA polymerases from all the
three different sources. This is in accordance
with the DNA polymerases data, reported by
Palanivelu [4]. This strongly suggests that the
DNA and RNA polymerases might be using the
same set of amino acids for template, substrate
binding and catalysis.
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CLUSTAL O(1.2.4) MSA - 4 viral, 2 Mitochondria RNA polymerases
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Fig. 6. MSA of T3, T7, K11, SP6 with SSU mitochondrial and chloroplast RNA polymerases

T - -

BAC98394.1, Oryza sativa, Japonica group (Chloroplast)
AADO03373.1, Arabidopsis thaliana (Chloroplast)
sp|P92969|RPOT1_ARATH, Arabidopsis thaliana (Mitochondria)
sp|Q93Y94|RPOT1_NICSY, Nicotiana sylvestris (Mitochondria)
sp|P06221|RPOL_BPSP6, Enterobacteria phage SP6
sp|P18147|RPOL_BPK11, Enterobacteria phage K11
ACY75835.1 T7, Enterobacteria phage T7

CAC86264.1 T3, Enterobacteria phage T3

Fig. 7 shows the results of MSA of a ‘mix and and the RNA polymerases. In this analysis, the
match’ analysis between DNA and RNA E. coli DNA polymerase | and the 4 viral RNA
polymerases, viz. the E. coli DNA polymerase | polymerases are mixed and aligned to identify
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the conserved motifs common to both of them.
Such an analysis may narrow down the motifs
common among DNA and RNA polymerases that
may be essential for catalysis and substrate
binding as both belong to the same class of
enzymes. The DNA repair (5-3’ exonuclease)
and proof-reading (3-5’ exonuclease) functions
did not show any super imposable regions.
However, interestingly the C terminal region
(polymerase domain) shows few super
imposable regions including the catalytic K, YG
pair and the invariant R (marked 1-9).
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Additionally, a GT, YM diad and an LPL/V triad
are also observed, in addition to few single
amino acid conservations. The catalytic, template
and substrate binding motifs are highlighted. The
YG gate keeper motif and the catalytic K are
strictly conserved (including distance
conservation) in both DNA dependent DNA
polymerases and DNA dependent RNA
polymerases. This suggests that the polymerase
reaction is accomplished using the same set of
amino acids in DNA and RNA polymerases.

CLUSTAL O(1.2.4) MSA of E. coli DNA polymerases |, T7, T3, SP6 and K11 RNA polymerases
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Fig. 7. Multiple sequence alignment E. coli DNA pol |, T3, T7, K11 and SP6 RNA polymerases
sp|P00582|DPO1_ECOLI, adjust spacing Escherichia coli
sp|P06221|RPOL_BPSP6, Enterobacteria phage SP6
sp|P18147|RPOL_BPK11, Enterobacteria phage K11
ACY75835.1, Enterobacteria phage T7
CACB86264.1, Enterobacteria phage T3
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(E. coli DNA polymerase | is made up of three domains, viz. amino acids 1-323 constitute the 5’-3’
exonuclease domain or DNA repair domain (323 amino acids length); amino acids 324-517 constitute
the 5’-3' exonuclease domain or proof-reading domain (194 amino acids length); and amino acids
521-928 constitute the polymerase domain (408 amino acids length). The proof-reading and the
polymerase domain from 324 to 928 amino acids (605 amino acids length) is known as Klenow
polymerase. All three domains are shown in different colours).

3.2 Dissection of DNA and RNA

Polymerases

Different domains of the E. coli DNA polymerase
| are shown in Fig. 8 [4]. E. coli DNA polymerase
| is made up of three domains, viz. amino acids
1-323 constitute the 5’-3’ exonuclease domain or
DNA repair domain (323 amino acids length);
amino acids 324-517 constitute the 5-3’
exonuclease domain or proof reading domain
(194 amino acids in length); and amino acids
521-928 constitute the polymerase domain (408
amino acids in length). The proof reading and the
polymerase domain from 324 to 928 amino acids
(605 amino acids in length) is also known as
Klenow polymerase. In T7 RNA polymerase also
the polymerase domain is found in the C terminal
region starting from 507-883 (376 amino acids
length (Fig. 8). In T7 RNA polymerase, the
amino-terminal region is reported to be involved
in promoter recognition and DNA melting
functions [7].

3.3 Analysis of Polymerase Active Site in
the RNA and DNA Polymerases

Both the RNA and DNA polymerases belong to
the same Main class (Transferases) and come
under the sub class nucleotidyl transferases (EC
2776 and EC 2.7.7.7). Therefore, both the
enzymes might be of similar structure and use
similar mechanism of action. It is well established
by biochemical, genetic and site-directed
mutagenesis that the polymerase | active is at
the carboxy terminal domain (CTD) of the
enzyme (Fig. 8). The CTD contains KA, a YG
pair and an invariant R at -4 where the KA pair
involves in catalysis and the YG pair and R act
as steric gate allowing only the dNTPs for
polymerization. It is interesting to note that the

polymerase active is in CTD of T7 RNA
polymerase [8] and similar conserved amino
acids are also found in all the SSU DNA
dependent RNA polymerases studied (Figs. 2-7).
Another interesting finding is that in the viral
polymerases an additional YG is found in the
downstream exactly at the same distance but
downstream.

3.4 Distance Conservation between
Catalytic K and YG Pair in DNA and
RNA Polymerases

3.4.1 Catalytic K and YG pair
polymerases

in__DNA

It is interesting to note that the catalytic amino
acid K and the gate keeper pair YG are
completely conserved in different polymerases
from a diverse group of organisms (Table1). The
mismatched regions in some of the polymerases
were aligned as suggested by Palanivelu [9]. (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). Table 1
summarizes the above findings. It is interesting
to note that irrespective of the type of
polymerases and their origin, all of them 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. The
invariant G is found in all these DNA and RNA
polymerases, probably as it is the only amino
acid, achiral and fit into both hydrophilic and
hydrophobic environments.

517

A 324

I I

1 -3 exo 323 3-0° exo
B

Premoter binding-unwinding
Initiation

507

!!! BH! pnlymerase !nmam 928

B83
— Elongation ——— » Termination?

RNA polymerase domain

Fig. 8. Dissection of E. coli DNA polymerase | (A) and T7 RNA polymerase (B)
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3.4.2 Catalytic K and YG pair _in  RNA

polymerases

The distance between the catalytic K and YG
pair is remarkably conserved among both the
SSU RNA polymerases from  viruses,
mitochondria and chloroplasts and the DNA
polymerases [4]. From the catalytic amino acid K,
the YG pair is exactly the 8™ amino acid
upstream in all the SSU RNA polymerases from
viruses, mitochondria and chloroplasts (Table 2).
It is interesting to note that in the viral
polymerases, an additional YG pair is placed
exactly at the same distance but towards
downstream (-8) of the catalytic K. Thus, the viral
polymerases show two YG pairs placed exactly
at the same distances from the catalytic amino
acid on both the sides. Such additional YG pair is

P. Palanivelu; BJI, 20(3): 1-35, 2017; Article no.BJI.38632

not found in the mitochondrial and chloroplast
RNA polymerases and also in the E. coli DNA
polymerase |. This suggests that the YG pair
may bind on both the strands and placing the
catalytic K in the middle and all three moving
downstream incorporating the NTPs. In fact.
Kotsyuk et al. [5] have shown that the T7
polymerase requires both the strands for activity
and there was no activity when single-stranded
DNA was used as the substrate.

It is interesting to note that the YG pair appears
to be specific for polymerases using DNA as the
template (including the prokaryotic and
eukaryotic multi-subunit RNA polymerases, data
not shown) as it is not reported in RNA
dependent polymerases where they use RNA as
the template [2].

Table 1. The catalytic amino acid (K) and gate keeper pair (YG) in different polymerases from

diverse sources

T4 DMA pol

Human HSW 1

E. coli DMNA pol |

E. coli DMNA pol 11

E. coli DMNA pol 111 (alpha subunit)
P. furicsus DMNA pol

Yeast alpha DMNA pol

Human alpha DMNA pol

Human Gamma DMNA pol

Human Delta DNA pol
(Catalytic subunit)

Human epsilon DMNA pol

A thaliana Delta DMNA pol
(Catalytic subunit)

546 ATLANTMNQLNRKITILINSLY 3G ALGMNIH

B00 AVLLDKQQAAIKTWVYWCNSVYSGF T GWAH
748 TWVTSEQRRSAKTAINFGLIYV*GMSAFGLAR
482 RQGMNKPLSQALK TIIMNAFYS=GWVLGTTA
662 YPDVQWQHESLK'PVLEPTY:*GIILY QE
477 KILLDY R QKAIKTLLAMN SFYS8G Y™ GY AK
9332 RVAQCDIRQOQALKILTANSMYSGCLGY WM
939 ILQYDIRQKALK'LTANSMYSGCLGFSY
917 TTWGISREHAKTIFNY GRIY*GAGQFPFAER
683 RQVLDGRQLALK "W SANSVY:GFTGAQW

798 EVLYDSLQLAHKICILNSFYEGY WM RKGAR

679 KAVLDGRQLALKTISANSWYEGFTGATW

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 [9]. Table 1 from Palanivelu [4]).

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

Viral RNA polymerases

E. coli DNA pol I -LETVI-——-

Virus T3 -TSTLRAOOWLAR
Virus T7 -TEALAGOWLAR
Virus K11-ESVLAROWLOR
Virus SPe-LEAMASAWDS]

BACSE83594.1 AAVNLVPGDKPRDIYSEIAARVLDVVREDSMEDPATHNEFT ASLARVIVDOVIRKLFE TVMT S VIYIGRARO 746
AADO3373.1 ARAVNLVAGEKPRDVYSEISREVHE IMKEDSSKDFESNPTRAATAKT LI TOVIREL TVMT 5 VIYLGRARE 726
BAF01436.1 AVNLVAGEKPADVYSEISREVHE IMKEDSSKDFESNPTRATAKTLITOVIHEL TVMT 5 VIYLGRARE 726
BAES8468.1 AVNLVAGEKPADVYSEISREVHE IMKEDSSKDFESNPTRALAKILITOVIHEL TVMT S VITLGARE 786@

----- IFRKE-————————-——7383
(SKEFGFRQQVLDDTIQ-———-—— PATDSEH——664
(SKEFGFRQQVLEDTIQ-———-—— PATDSEH-—663
JSKESLVRQQVLEDTIQ-———-— PATDNGE--636
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GChioropfast RNA polymerases

t= | BEX333 | BEEX333_9CHIY LLEDAVERIVIEQPVMIN P Y VT Y VEAR AT FEQ LELOF DI P-KDLLADASAFLAKAVED 544
ap | 013553 | RBOM_SCHED FLE VA VYTV TN VT Y VAR O IS EE LEN I DEME- KL VALY ANYLTEKEVEFE 537
t= | 353008 | 353008 __8CHOY VLEDEI PRV E AT VTN VT Y VARG T I S0 LEX RS DI P- KDHL NN Y S A YLTEMVER 551
T= | S5HIW4 | S5XIW4_SCHCR ALXDEI DAV E T VMIN Y VIV EAENGI TS LEXAC DI P-NDMLEN Y S YLTEMVER 550
= | ROIRIEIQICE | RORIEIQICE _LIFST IV VAR VS Ve TN P Y VT Y IGAR A I LS L DTEOID-ERDLWRACAAYLTTLVFE 1032
T=|ROR1IETE4ID |ROAIETELATO_SASOO MAVDELARK L I X T VM TH P Y VT FVCARSO T SNA LS DA-CLE-QFHLYSTACYLAKT VLG 801
t= |ROR1EIETED | AOR1EIPTED_SRIOD LIKDHI ROV I VTP I CAR A T AN IKDLEEIC-FENIFIVAIYLTINVER 10407
t= | ROAROEECTRO | AORODHEESCTRO_CYETA VLR DK I RO T VTN VT Y I CATAG I DR LADVEEPCE- DT Y —EYSLYLTEHVER 574
T= | RORLEZFEWD | ADRIEIFEWD_WICRD TLE DK I Ry T VTN P Y VT Y ICATH IHE LODVFDDT-ES Y -—KLSTYLAKHVER 582
tr | EOETX3 | EOKTX3_WICCF MLEDN I R T TN Py v T OV A TN I HE D LN VS ED- Q8 Y ——ELS VY LTEVVER 1005
o | WEMILZ | WEMILZ_SRSCD IR DL I AR TV TN Y VI YGRS N I AR LED L SEDDAN --LESRAYLARAVED 101%
t= |ROR1EIQEIT | ROR1EIQEIT_SRIOD Il LR I TV I T Y I SR I N LOAE P DD - EAY ——ALSAFLATHITA 552
T= | ROARLIDZVELE |AOAIDZVELE_SRICD LVoHS TR I T VTN Py T Y LA T O I AKX LTDEFCED-TAY --FLESXYLAVHVEA 103s
T= | AROA1E7SMED | AOAIETSMED_SAIOD VDV IR LT VT S Py T Y VEAR A I TER LED I EFDEXYMI ~—MISKYLTOEVEE E83
T | QECHEE | QECHIE_XLULA ILEDLIBREV TV IR Y T F VAR D TMEE. LI Y F DR FEE SN -—ELSRYL.AREVER 574
= | WITSIE | WOTSIA _XKLUMA ELEDLVERKY TV IN VT PV AR DG IMEE LY FDNFEE SN -—-ELSRYLAKHVER 573
t= | ROA105TWA1 | AOR105TWS1_S53ACH LLODEIFRKT TVIN |V IF I AR A I DEE LODELPEDADSY -—-ALSRYLARHVEA S84
t=|8JME2 | ZBJME2_FERECY CLEDMINALY TVMIN Py VT FVEAS S IDEE LAFAFFTENESY--DMARYLTRHVEFR 1014
= | Q7SBET | Q7 SBEFT_RAGHCD CLENLIFREV TVMINP Y VIFIGATN S IDEE LODAFFL--NSY--DMARYLTEHVEN 1005
t= | REXDFE | RSXDFE_RSHAC SLENLITREY TVIN VvV IF I GATHNGI DEE LODAFPD——NIY-—DMARYLTEHVED 1005
t=|HE2ZASJE |E2ASTE_KAIAF LY LA TV T VT LL AT L I DG LN DL OO S S L M- -EY S XY LARHVEA 55K
= | J787Y3 | J787Y3_KRINA FLV D L A VTV TH Y VT LV AT L I DES ICDYFSDHRE S L--EKYSKYLAKHVER S8E
tx|E0VDO1 | SOVDO1 e ILVDE I PRV E Ve TN VT Y VAT O I EX S LS XFFFOREECF--DLAKYLTSHVER 1038
t= | SIWETZ | SOWET2 e LIV I R v TN v IV eAT P I ENG LA EY PP DA -—DLAXYLTFHVEA 10EE
t= | QEFLEE | JEFLES _CANZR I R TV TN VIV AT R I AN LTAI PO CAAY S L—ELIXYLANHVEA 103E
t= | ZEBS54 | CHESSd_TETFH VL DK I PRV ¥ T VTN P Y VT Y VEA TP I DEQ LS DVFENBN S L-—ELSXYLTRHVEFM 1034
= | ROROLEREWS | ROROLEREWS_SACET Il I AV TV TN Y VT Y VAT I AN LS FIFDDRAXFE S L-~-DFSKYLTEKHVEG 10&1
t= |ROAROLEVRTI | AOAROLEVATI_SSACH I LD I PR TV T N P e T e AT PO I AN LA P I PDCAREIL—— P SXYLTEHVES 10&e0
t= | JEFFSH | TAFFSE_SACRE I I R TV I N VIV eAT R I AN LIP I PO CARES L-—DPSXYLTIEHVES 10&e0
= | ROAOCTMY 71 | ROADCTMY 71_SSACH LTI AV T VM TN P Y VT Y ICATH IFEXQ LANVFO DY KRS Y--EMSXYLTEHVEFR 100€&
t= | CEDNF3 | CEDNP3_LACTC LN I AV T VTN P Y VT Y ICATHY I DK LS TLFNCHER S Y--ELSXYLTEHVFR 1001
= | CEDNT S | CEDXTS_ZWESRC I LD I PR TV T N P A T e AT PO I DO LAN I FECRN Y I L——ELIXYLTEHVERG 1022
T=|SBZR00 | SEER00_TORDC TR IRy T VI Py T Y VEAT P I EX LSHIFDDRTY S L-—ELSKYLTEHVERA 1032
T= | RORLE4RQET | ADRIE4RQET_SRICO FREDE I R T VeI N Y VT F VAL A I KK VIHHPCEDEDEEAKEFTEYLTSLVED 1028
= | ROROLOF4KE | ROROLOF4KE_SASCO LR I R T VI N P Y T YW AVAQIEEG TR LFECEFSDELSIYSRYLTTHVFR 1017
= |ROR1IADHSTT? | AORIARDHST? _SASOO LR I R I T T VTN P T PV EAVAG I EXO LACL PSR DD YATVONHIRYLTALVFA 10240
Tz | C4YHED | CAYEBEI_CTATY LK I R TV TN VT PV S AVAS I EXG Lo LFERD DY DS VILYARYLTSLVFA 1023
T= | S2B4C1 | S3IBLC1_CANTC FLE DK I AR T Ve IN Y VT FVCAREQ I XN LEXVEF DS DS EENSCEYAQYLTOHVER 555
= | RILX4E | RILXLE_FICST FL DK I A VTV TN Y VT FVEAT A IS IDOYFSe-—EEDVADYARYLTMHEVEN S5E7
Tz |ROR1E4SMTIE | ROR1E4SMTE_SASCO FL D I R T VI N P Y T PV EAARG I KNG LDHEF IXDMEE DV VD YARYLTLHVEFR 570
t= | AEDNB2 | AEDNE2_FIOCT PLADE I TR TV I N T PV CAVASI GRS IO Y P EE DG DEVADY SR YLTMLVFA 101k
t= | BERTFE | BERTFE_DEBHA L o I f A TV TN T PV AV L I RS IDHY FDEN D TENVEEYARYLTAHVEA 1024
= | ZIREYD | ZIREYOD_SFREN FLEDE I A VYTV TN Y VI Y IGA LA VAN LEDYFEFONORDSLOFHARYLTTHVER 10408
Tz | ZEETX] | ZEETX1_CANEC FREDE I fR T VI N P Y T PV EALAG I KNG VAQHECDERDAH--IYTEYLTEQVFR 10407
t= | HBX1LE | EBX1LE_CANOS PPN O I R g TV TN VT PV AL A I KNS VASH P SE DO DAH -— IYTEYLTREQVEA 100&
t= | BSWELE | BSWELE _CANDC L DK I R I TV I N VI PV CAI E I BN IAN LY PRDA DN -—MPARYLARGVEA 101€e
= | CAYET1 | CAYFT1_CRANAW FL DK I R VTV TN Y VI FIGAIESIRES I THLFFEDADHH--ARRARYLAVOVER S5E
T | CEMET] | CSMET1_CRANTT LLONE IRV Ty T VMIN P Y VI FVEAI O I XK T SHLVEFEDN S AH--LYARYTANGVET 1011
T |HITIELS | MIIX1S CANED P L I R g T I N v I WV GA L e I KN VAP S DN DN EHE — LY AKXYLASOVER 1013

3.4.3 Three critical pairs of amino acids in
DNA and RNA polymerases and their
possible function(s)

These analyses have revealed three critical
pairs of amino acids in all these polymerases
belonging to different types and origins.
Table 3 shows these three critical pairs from
different representative  DNA and RNA
polymerases.

The pair 1 involves in polymerization, (the Lys
functions as proton abstractor); and the Arg with
its guanidinium group make multiple hydrogen
bonds to the NTP/ANTP.

The pair 2 (YG pair) acts as “steric gate” and
involves in template binding and allows only
NTPs in RNA polymerases (dNTPs in DNA
polymerases) at polymerization site possibly with
other conserved amino acids and

The pair 3 involves as “charge shielder” of
NTPs/dNTPs through a Mg ion (Table 3) and

orients the a-phosphates of NTPs/dNTPs for
polymerization.

3.4.4 Similarities in the active sites of DNA
and RNA polymerases

3.4.4.1The invariant K and its role in E. coli DNA
polymerase | and T7 RNA polymerase

The DNA and RNA polymerase active sites were
probed by a variety of techniques:

In the E. coli DNA polymerases |, 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 [10].

Photo affinity labeling of the enzyme with dNTP
analogue, 8-azido-dATP, and sequencing of the
labeled peptide, identified Tyr766 at the active site
of the enzyme [11]. Thus, the foot printing and
photo cross-linking experiment has suggested
the Tyr766 in the active site.
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Table 3. Critical pairs of amino acids found in DNA polymerases and RNA polymerases

Enzyme Arg/Lys TyrlIGly Aspl//Asp

DNA polymerases

T, pol Arg518/Lys522 Tyr530/Gly531 Asp475/Asp654
E. colipol | Arg754/Lys758 Tyr766/Gly 767 Asp705/Asp882
E. coli pol Il Leu*523/Arg527 Phe533/Gly534 Asp452/ Asp545
E. colipol 1l A----/Lys758 Tyr764/*Ala765 Asp405/Asp733
Human a Lys947/Lys950 Tyr957/Gly958 Asp860/Asp1004
Human B Leu*163/Lys168 Tyr 173/Leu*174 Asp192/Asp256
Human y Arg943/Lys947 Tyr955/Gly956 Asp890/Asp935
Human & Arg689/Lys694 Tyr701/Gly702 Asp602/Asp757
Yeast ¢ Leu*819/Lys824 Tyr831/Gly832 Asp669/ Asp2118
Viral RNA polymerases

T7 Arg627/Lys631 Tyr639/Gly640 Asp537/Asp812
T3 Arg628/Lys632 Tyr640/Gly641 Asp538/Asp813
Chloroplast RNA polymerases”

A Thaliana Arg725/Lys729 Tyr737/Gly738 Asp654/Asp886
O. Sativa Arg765/Lys769 Tyr777/Gly778 Asp694/Asp926
Mitochondrial RNA polymerases”

A Thaliana Arg748/Lys752 Tyr760/Gly761 Asp677/Asp909
N. sylvestris Arg774/Lys778 Tyr786/Gly787 Asp703/Asp935

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 p.
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)

In almost all the pol IV polymerases, only a G (PXG) is seen at the 1 1" position from the catalytic K; no regular
gate keeper Y is found which possibly explains the error-prone nature of these polymerases

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 J 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.

* RNA polymerase data based on MSA delete single bracket

However, Basu and Modak [12], who have
probed the polymerase active site with pyridoxal
phosphate, found Lys758 at the active site
(pyridoxal phosphate binds competitively to the
dNTP site through Schiff's base formation and
covalently links the amino acid involved possibly
in polymerization reaction). These results
suggest that the polymerase active site is in the
bigger domain remote from the 3%
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 the loss
of DNA polymerase activity, whereas the 3’- &’
exonuclease activity was unaffected. Inhibition of
adenovirus DNA polymerase by pyridoxal
phosphate was time-dependent and displayed
saturation kinetics [13]. It is interesting to note
that Zaldivar et al. [14] have shown that not only
in DNA polymerases but also in RNA
polymerases | and Il of rat liver and RNA
polymerase | of yeast, were also inactivated by
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pyridoxal phosphate and hence suggested a
possible involvement of a Lys residue in the
catalytic site of RNA polymerases too.

Thus, both the Lys and Tyr are completely
conserved in DNA polymerases analyzed by
Palanivelu [4] and RNA polymerases (this
communication). 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 "Kx3NSxYG" has been
proposed to form part of the polymerization
active site of alpha-like DNA polymerases [15].
However, by MSA analysis, these polymerases
have shown a completely conserved R exactly at
the 4™ position downstream from the catalytic K
and hence should be also included the template
binding and catalysis and thus active site motif in
both - DNA and RNA polymerases is ‘R’
xxxK' xxxxxxY **G”. By using a library with totally
random nucleotides at five different codons
(R659, R660, K663, F667, and G668), Suzuki et



al. [16] confirmed that R%®® and K°®* were
immutable in_the DNA J)olymerase from T.
aquaticus (R™ and K™ in E. coli DNA
polymerase |, respectively),

The following observations also support As the
Lys is completely conserved in both the types of
polymerases [4 and this communication]) it is
proposed that the catalytic amino acid could be
the completely conserved K in both the RNA
and DNA polymerases

Furthermore, 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 [17].

Like DNA polymerases the DNA ligases are also
inhibited by pyridoxal 5’-phosphate indicating the
presence of a K at the catalytic domain of the
enzyme [18]. 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 Y or a hydrophobic amino
acid [17].

Interestingly, not only in DNA ligases, but also in
RNA ligases the catalytic K is conserved [18].

In E. coli DNA polymerase | Y’® and Y are
found to be in close proximity to the 3’-OH of the
primer and interestingly, such proximity is
completely conserved in both the types of
polymerases. Further analysis by site-directed
mutagenesis, Doublie and Ellenberger [19] and
Astatke et al. [20] have shown that the critical Y
may possibly be involved in template recognition
and dNTP selection in DNA polymerases [21]
and the same function is proposed for RNA
polymerases as well in this communication. It is
interesting to note that a highly conserved Tyr
residue in reverse transcriptase controls
substrate selection. It is interesting to note that
the highly conserve Y®° residue is critical for
nucleotide recognition among Family A DNA
polymerases, i.e., Yy polgmerases from
eukaryotes. Furthermore, Y™ s a highly
conserved residue among a wide variety of DNA
polymerases (Table 1). Further proof of y’ee
involvement in nucleotide selection was obtained
from site-directed mutagenesis of Y766;
substitution of an equivalent amino acid as in
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
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polymerase attributable to decreased stringency
for selection of dNTPs [19]. Interestingly the YG
doublet is highly conserved and found to be a
common pair in different types of DNA and RNA
polymerases (Table 4).

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 invariant K2 (= K®® in E. coli
DNA pol I) actually makes contact with the a-
phosphate of dNTP [22].

Since, the mechanism of action for
polymerization reactions of RNA polymerases,
proposed in this article, is based on a proton
abstraction at the catalytic site amino acid, K is
placed as the catalytic amino acid. The other
active site amino acids, viz. the YG pair and
possibly with other conserved amino acid(s),
holds the complementary base inserted by the
finger domain onto the catalytic site, the catalytic
K adds the NTP to the 3-OH. The reaction
essentially occurs through proton abstraction by
K followed by an electrophilic-nucleophilic attack
at the growing 3” end (Figs. 9.1-9.4).

3.4.4.2 T7 polymerase used as the model
enzyme for studying transcription

Perhaps the most widely studied single-subunit
RNA polymerase is bacteriophage similar to the
E. coli DNA polymerase | for polymerase family.
The common feature of all these SSU RNA
polymerases from T7, T3, SP6, and K11,
mitochondrial and chloroplast, is their simpler
structure compared to prokaryotic and eukaryotic
multi-subunit RNA polymerases which are more
complex. Interestingly, even though they are
single-subunit RNA polymerases, they are able
to perform the complete transcriptional cycle in
the absence of additional protein factors. The
single-subunit  composition,  relatively  low
molecular weight, makes the T7 RNA
polymerases the most convenient model for
investigating the physicochemical aspects of
transcription and its catalytic mechanism.
Furthermore, the enzyme can be produced in
large amounts for structural analysis.

3.4.4.3 Properties of T7 RNA polymerase

T7 RNA polymerase was first isolated from T7-
infected E. colicells in 1970 [23]. It has 883
amino acids with a molecular mass of 98,092
Daltons, optimally active in the pH range 8.0-9.0
and the elongation rate is 100-200
nucleotides/sec. The T7 polymerase requires a



double-stranded DNA template and 5- 10 mM
Mg2+ as a cofactor for the optimal synthesis of
RNA [2]. It is an extremely promoter-specific
enzyme and transcribes only DNA downstream
of a T7 promoter (TAATACGACTCACTATAG)
and the transcription begins with the 3' G. It has
a very low error rate. Interestingly, the 3D
structures of polymerization domains are very
similar in DNA and RNA polymerases, including
the T7 RNA polymerase [8]; they all resemble a
right hand and the sub domains are referred to
as “palm”, “thumb”, and “fingers”. However, the
T7 family of RNA polymerases is structurally and
evolutionarily distinct from the multi-subunit
family of RNA polymerases of bacterial and
eukaryotic families and is not inhibited by the
antibiotic, rifampicin. In biotechnology
applications, T7 RNA polymerase is used to
transcribe DNA in many modern-day vectors that
have been cloned into such vectors.

3.4.4.4 Analysis of active site and metal binding
site(s) of T7 RNA polymerase

Table 4 shows the summary of site-directed
mutagenesis of the T7 RNA polymerase active
site [24]. The catalytic K**' when modified with
either G or L or R, only partially inactivated the
T7 RNA polymerase whereas in DNA
polymerase |, it was completely inactivated.
However, in another site-directed mutagenesis
experiment, Osumi-Davis et al. [25] have shown
when the K*' is modified to M, T7 RNA
polymerase has lost almost all the activity.
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Interestingly, the Y®*° of the YG pair is also
essential for its activity as the modification of this
critical Y®*° yielded no activity as expected. Site-
directed mutagenesis experiments have also
shown other amino acids like P563, Y571, T636, [Fo46
are also important for the activity of the enzyme
(Table 4). By electron paramagnetic resonance
spectroscopy, flow-dialysis and transcription
analysis, the D537 and D812 in bacteriophage
T7 RNA polymerase are found to be as metal
ion-binding sites and are essential in the catalytic
mechanism [26, 27].

3.4.5 Mechanism___of NTP___and _ dNTP
discrimination in SSuU RNA
polymerases

Though  the RNA  polymerases, DNA

polymerases or reverse transcriptases are
divergent, the overall 3 D structures are found to
be very similar and follow right handed palm,
fingers and thump shape. The RNA
polymerases, DNA polymerases use the same
catalytic amino acid and gate keeper pair and an
invariant R in their catalytic motif. Then the most
intriguing question is how the RNA polymerases
discriminate NTPs from dNTPs and allow only
NTPs to the polymerization site. This problem
was solved by an interesting mutagenesis
experiment by Kotsyuk et al. [5]. They
observed that the YG pair in viral RNA
polymerases is characterized by a unique
distribution of invariant hydroxyl-containing
amino acids like S and T, whereas no such

Table 4. Summary of site-directed mutagenesis results on T7 RNA polymerase

Amino acid position and Result Reference
modification

K'"”?— L No change in activity [28]
P _, A Inactivated [24]
Y .8 Inactivated ibid
K®' —»G/LIR Partially inactivated ibid
TS, P Inactivated ibid
Y*L D Inactivated ibid
F*_»C Inactivated ibid
D> —N Inactivated (Total) [25]
D**— N Inactivated (Total) ibid
K& —>M Inactivated (1% activity) [29]
Y —F Fully active* ibid
S —» A No RNAP but shows DNAP 5]

*kinetic parameters are somewhat different
# RNAP/DNAP = RNA polymerases/ DNA polymerase activity
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regularity is seen in DNA polymerases 14]. In
order to find out whether this unique Ser®in T7
RNA polymerase (Y***GS®*") play any role in the
discrimination between NTPs and dNTPs, they
made a single amino acid substitution and the
s*' was modified to Ala. The mutant enzyme
was purified to homogeneity and found to their
surprise that the mutant enzyme allowed dNTPs
also and the T7RNA polymerase lost RNA
polymerase activity and exhibited DNA
polymerase activity. The Ser hydroxyl likely
recognizes the 2’-OH in the NTPs and possibly
makes a hydrogen bond and discriminate
dNTPs, where they lack a 2’-OH. If you have
close look at the other SSU RNA polymerase
from mitochondria and chloroplasts a functionally
equivalent T is placed in the vicinity of the YG
pair as YGXT. A similar observation was made by
Cermakian et al. [3] The invariant T in these
polymerases possibly involves in the NTP and
dNTP discrimination as in the case of T7 RNA
polymerases.

3.4.6 Mechanism _of action of T7 RNA
polymerase

The mechanism of action of T7 RNA polymerase
is proposed based on the data obtained by MSA
and data already available by biochemical, site-
directed mutagenesis and X-ray crystallographic
analysis. X-ray crystallographic analysis of T7
polymerase have shown that the B motif is
located in the ‘finger’ subdomain, close to motifs
A and C with both these motifs likely to form the
active site. The side chain radicals of the three
invariant amino acids (R627, K®' and Y639) are
found to be directed towards the substrate
binding cleft [30]. Temiakov et al. [31] have also
shown that Y*¥ s mainly involved in
discrimination of ribose versus deoxyribose
substrates and the substrate selection occurs
prior to the isomerization to the catalytically
active conformation. However, an invariant Y is
also found in DNA polymerases as well, at the
same distance from the catalytic K [4]. Therefore,
the presence of an invariant S or T adjacent to
YG pair in these RNA polymerases was found to
be playing an important role in substrate
selection [5,3]. Whitney Yin and Steitz [32] have
observed two divalent metal ions in the active
site of T7 RNA polymerase; metal ion A is
associated exclusively with the 3' end of RNA in
the product complex while metal ion B remains
bound to the product pyrophosphate as well as
the catalytic carboxylate.
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The proof-reading mechanism is well established
in DNA polymerases [4]. However, it is poorly
understood in RNA polymerases. Maintaining
high fidelity during transcription is essential for
the accurate transfer of genetic information from

DNA to RNA. (RNA polymerases generally
misincorporate only one wrong
nucleotide/~100000 bases). As RNA

polymerases are also Zn metalloenzymes
(possibly the metal ion A, which is associated
exclusively with the 3" end of RNA as discussed
elsewhere) the Zn-mediated deletion [4] of the
misincorporated NTP could be a possible
mechanism, as the enzyme stalls at every
misincorporation like DNA polymerases. Zn
mediated hydrolysis could be also the possible
mechanism for RNA cleavage followed by
dissociation at transcription termination, where
the RNA polymerase again stalls at the
termination site.

Fig. 9.1. Watson-Crick base pairing of the
incoming nucleotide with the template and
nucleotide discrimination by steric gate amino
acids Tyr, Gly and Ser

Fig. 9.2. Electronic transition at the active site for
proton abstraction and an electrophilic and
nucleophilic attack

Fig.9.3. Proton abstraction by the active site
amino acid Lys with simultaneous formation of
3'>5’ phosphodiester bond with the incoming
NTPs

Fig. 9.4. Transfer of the proton from Lys to
pyrophosphate and formation of inorganic
pyrophosphate and the translocation of the
enzyme to next complementary nucleotide in-
position that is to be polymerized.

3.4.7 Other__conserved amino _acids _and
regions in these polymerases

It should also be noted that the above discussed
conserved motifs and amino acids form only the
substrate binding and catalytic cores. Apart from
these, there are a large number of single amino
acid invariants (Ys, Ws, Cs, Ps and Gs,) diads,
triads and long conserved stretches of amino
acids in all these polymerases (Figs. 2-7). A
good number of highly conserved Ps in these
polymerases is implicated in making the
necessary bents on the enzyme’s structure
during substrate binding, polymerization and
translocation processes. The long conserved
stretches of amino acids might be required to
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Figs. 9.1-9.4. Steps proposed in the polymerization reaction of T7 RNA polymerase

make the correct, unique 3D structures. The 4. CONCLUSION

highly conserved Cs might be useful for making

the disulphide bridges which make the enzyme MSA have shown that a basic amino acid K, a

more compact and stable. YG pair and an invariant R and S/T are highly
conserved in all SSU RNA polymerases.
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Distance conservation is also found among the
conserved motifs and amino acids among these
RNA polymerases. Site-directed mutagenesis,
biochemical and X-ray crystallographic analyses
of T7 RNA polymerase have also suggested their
involvement in substrate binding and catalysis.
Based on these results, a plausible mechanism
of action is proposed for the polymerization
reactions for T7 RNA polymerase as the model
enzyme.
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