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Abstract

Aim: To analyze the most complex multi-subunit (MSU) DNA dependent RNA polymerases (RNAPs) of
eukaryotic organisms and find out conserved motifs, metal binding sites and catalytic regions and
propose a plausible mechanism of action for these complex eukaryotic MSU RNAPs, using yeast
(Saccharomyces cerevisiae) RNAP Il, as a model enzyme.

Study Design: Bioinformatics, Biochemical, Site-directed mutagenesis and X-ray crystallographic data
were analyzed.

Place and Duration of Study: School of Biotechnology, Madurai Kamaraj University, Madurai, India,
between 2007- 2013.

Methodology: Bioinformatics, Biochemical, Site-directed mutagenesis (SDM) and X-ray crystallographic
data of the enzyme were analyzed. The advanced version of Clustal Omega was used for protein
sequence analysis of the MSU DNA dependent RNAPs from various eukaryotic sources. Along with the
conserved motifs identified by the bioinformatics analysis, the data already available by biochemical and
SDM experiments and X-ray crystallographic analysis of these enzymes were used to confirm the
possible amino acids involved in the active sites and catalysis.

Results: Multiple sequence alignment (MSA) of RNAPs from different eukaryotic organisms showed a
large number of highly conserved motifs among them. Possible catalytic regions in the catalytic subunits
of the yeast Rpb2 (= B in eubacteria) and Rpb1 (= B’ in eubacteria) consist of an absolutely conserved
amino acid R, in contrast to a K that was reported for DNA polymerases and single subunit (SSU)
RNAPs. However, the invariant ‘gatekeeper/DNA template binding’ YG pair that was reported in all SSU
RNAPs, prokaryotic MSU RNAPs and DNA polymerases is also highly conserved in eukaryotic Rpb2
initiation subunits, but unusually a KG pair is found in higher eukaryotes including the human RNAPs.
Like the eubacterial initiation subunits of MSU RNAPSs, the eukaryatic initiation subunits, viz. Rpb2, exhibit
very similar active site and catalytic regions but slightly different distance conservations between the
template binding YG/KG pair and the catalytic R. In the eukaryotic initiation subunits, the proposed
catalytic R is placed at the o position from the YG/KG pair and an invariant R is placed at -5 which are
implicated to play a role in nucleoside triphosphate (NTP) selection as reported for SSU RNAPs (viral
family) and DNA polymerases.



Similarly, the eukaryotic elongation subunits (Rpb1) are also found to be very much homologous
to the elongation subunits (B’) of prokaryotes. Interestingly, the catalytic regions are highly conserved,
and the metal binding sites are absolutely conserved as in prokaryotic MSU RNAPSs. In eukaryotes, the
template binding YG pair is replaced with an FG pair. Another interesting observation is, similar to the
prokaryotic B’ subunits, in the eukaryotic Rpb1 elongation subunits also, the proposed catalytic R is
placed double the distance, i.e., -18 amino acids downstream from the FG pair unlike in the SSU RNAPs
and DNA polymerases where the distance is only -8 amino acids downstream from the YG pair. Thus, the
completely conserved FG pair, catalytic R with an invariant R, at 6" position are proposed to play a
crucial role in template binding, NTP selection and polymerization reactions in the elongation subunits of
eukaryotic MSU RNAPs. Moreover, the Zn binding motif with the three completely conserved Cs is also
highly conserved in the eukaryotic elongation subunits. Another important difference is that the catalytic
region is placed very close to the N-terminal region in eukaryotes.

Conclusions: Unlike reported for the DNA polymerases and SSU RNA polymerases, the of eukaryotic
MSU RNAPs use an R as the catalytic amino acid and exhibit a different distance conservation in the
initiation and elongation subunits. An invariant Zn* binding motif found in the Rpb1 elongation subunits is
proposed to participate in proof-reading function. Differences in the active sites of bacterial and human
RNA polymerases may pave the way for the design of new and effective drugs for many bacterial
infections, including the multidrug resistant strains which are a global crisis at present.

Keywords: Multi-subunit DNA dependent RNA polymerases, Eukaryotic RNA polymerases, RNA
polymerase IlI, Saccharomyces cerevisiae, Conserved motifs, Polymerase active site, Polymerization
mechanism, Transcription slippage diseases, Drug design.



1. INTRODUCTION

RNAPs (EC 2.7.7.6) are key enzymes which play a vital role in the flow of genetic information
from DNA to proteins and the proteins are final players in all cellular processes. Therefore, they are found
in all living organisms and play a crucial role in copying DNA sequences into RNA molecules which are
subsequently translated into proteins. Thus, transcription forms the first step and a key control point in
gene regulation and expression. Errors in the transcription process can potentially lead to aberrant gene
products and ultimately lead to various diseases including cancer. One major class of transcription error,
known as transcriptional slippages, are implicated in the development of a wide variety of diseases, such
as colon cancer, non-familial Alzheimer’s, Down’s syndrome, etc. (Anikin et al, 2010). Recently the in
vitro transcribed mMRNAs have come into focus as a potential new class of drugs known as ‘mRNA
therapeutics’ to deliver genetic information through mRNAs to correct the malfunction(s) (Sahin et al,
2014) and also potential vaccines against cancer treatment (Conry et al, 1995). In fact, many anti-
cancer drugs act by inhibiting the transcription step itself. Therefore, understanding the mechanism and
regulation of RNAPs have been a key goal of molecular biologists since its discovery. Interestingly, the
sequences, overall 3D framework and functions of these DNA dependent RNAPs are universally
conserved in viruses, bacteria, plants and animals with small but significant differences in their active
sites and catalytic amino acids. For the discussion about the discovery and dynamics of the
polymerization reactions refer to Palanivelu (2018). Instead of a single type of RNAPs in prokaryotes,
Robert Roeder and William Rutter discovered in1969 the existence of three different RNAPs in eukaryotic
cells that were responsible for transcription of all types of RNAs in the eukaryotic cells (Roeder and
Rutter, 1969).

Though RNAPs are found in all organisms, their number and composition vary across taxa,
possibly due to evolutionary consequences, changes in the genome structure and the complexity of the
transcription process. However, the MSU RNAPs display a conserved core structure across all major
domains of life, viz. viruses, bacteria, archaea and eucarya. For example, viruses contain mainly two
different RNAPs, viz. DNA dependent RNAPs and RNA dependent RNAPs. Both eubacteria and
archaebacteria contain a single type of MSU RNAPSs, while eukaryotes contain at least five distinct types
of MSU RNAPs (I-V). While the eubacterial enzymes are composed of 5 different subunits, the eukaryotic
enzymes are made up of up to 12 -16 different subunits. Despite such differences, there are striking
similarities among the transcriptional mechanisms by various types of RNAPs across the three major
domains of life [Werner and Grohmann, 2011 and references therein].

Transcription and transcriptional regulation are very important in eukaryotes as it underlies all
aspects of cellular metabolism including oncogenesis (cancer) and morphogenesis (development). The
major type of RNA polymerase, i.e., the RNA polymerase Il, which involves in the transcription of genes,
is a large (550 kDa) complex made up of 12 subunits. Unlike in prokaryotes, gene expression, and
therefore, RNAP |l activity is controlled by several proteins known as general transcription factors. In
other words, as there are no Sigma like factors in eukaryotic cells for promoter recognition and to initiate
transcription, the eukaryotic RNAPs interact with a variety of protein factors known as general
transcription factors. Large volumes of genomic and protein sequence data are available for most of the
prokaryotic and eukaryotic MSU RNAPs. Understanding the biological principles buried in these
sequencing data is a significant challenge for scientists. Therefore, the purpose of the study is to analyze
the available protein sequences of the MSU RNAPs from eukaryotes to find out the highly conserved
motifs among them and to understand the structure- function relationships and mechanism of action of
these key enzymes, along with the X-ray crystallographic and experimental data available on these
enzymes from various sources. A comparative analysis of the bacterial and human RNAPs for their
transcription mechanism will the pave way to design new and effective drugs for many bacterial
infections, including the antibiotic resistance, especially the multi-drug resistance, which has become a
global crisis [Domecq et al., 2008, Ma et al 2016; and references therein]. MSA has been proven to be
very useful for assigning a function to a given sequence, by comparing the existing experimental data
with the protein sequence data and thus, bridging the gap between the protein sequence and
experimental data.

RNAPs catalyze the chemical reactions that synthesize an RNA strand from a DNA template with
all the 4 NTPs and a metal ion, usually a Mg2+ ion. The RNA synthesis involves three steps, viz. initiation,
elongation and termination. RNAPs bind to the promoter region with the help of transcription factors and
unwind the double-stranded DNA ahead of them, move forward by adding NTPs one at a time and allow
the unwound DNA behind them to rewind. As a result, RNA strand synthesis occurs in a transcription



bubble of ~25 unwound DNA bp. Only ~8 nucleotides of newly-synthesized RNA remain base-paired to
the template DNA and the rest of the RNA molecules falls-off the template to allow the DNA behind it to
rewind. The newly formed RNA copies serve as blueprints for the synthesis of proteins during the next
step of translation. The basic transcription unit is the distance between the sites of transcription start site
(TSS) and transcription termination site (TTS), and may have one or more genes between them (e.g.,
mono or poly-cistronic mMRNAs, poly-cistronic mMRNAs are uncommon in eukaryotes).

2. Types of MSU DNA dependent RNAPs of prokaryotes and eukaryotes
There are at least 4 different types of MSU RNAPs in living cells, viz.

1) MSU DNA dependent RNAPs of eubacteria

2) MSU DNA dependent RNAPs of archaebacteria

3) MSU DNA dependent RNAPs of chloroplasts (Plastid encoded)
4) MSU DNA dependent RNAPs of eukaryotes

2.1 Types of MSU DNA dependent RNAPs in Eukaryotes

As mentioned elsewhere, bacteria and archaea have only a single RNAP to transcribe all of its
genes whereas eukaryotic cells employ different RNAPs to transcribe different types of genes, viz.
rRNAs, tRNAs and mRNAs (Table 1).

There are at least 7 major types of RNAPs in eukaryotes. The nuclear genome utilizes three
major types of RNAPs which are localized in the nucleus. For example, the RNAP | is localized in the
nucleolus and primarily involves in the synthesis of the rRNAs and the other two RNAPs, viz. RNAPs I
and Il are localized in the nucleoplasm and mainly involved in the synthesis of mMRNAs and tRNAs,
respectively (Table 1). Plants are unique among eukaryotes in having five nuclear MSU RNAPs. Two
plant-specific RNAPs, polymerases IV and V are 12-subunit enzymes that are evolved as specialized
forms of Pol Il. (Pols IV and V are nonessential for viability but play important roles in RNA-mediated
gene silencing pathways that tame transposons and defend against invading viruses (Ream et al., 2014).

Table 1 Types and functions of eukaryotic RNAPs

Type of RNA Polymerase Type of RNA(s) synthesized

1. RNA Polymerase | (Nucleolus) rRNA genes (5.8S, 18S, 28S rRNAS from 458 pre-rRNA)

2. RNA Polymerase Il (Nucleoplasm) mMRNAs, snRNAs, microRNAs

3. RNA Polymerase Il (Nucleoplasm) tRNAs & 5S rRNA, scRNAs, U6 SnRNA

4. RNA Polymerase IV (Plant specific) siRNAs in plants

5. RNA Polymerase V (Plant specific) Plant specific RNAs involved in siRNA directed
heterochromatin formation in plants.

6. MSU type (Chromosome encoded) Eubacterial and Chloroplasts

7.SSU type (Plasmid &Nucleus encoded)  Mitochondrial and Chloroplasts

2.2 Basic structure and composition of the eukaryotic RNAPs

All the 5 eukaryotic enzymes (RNAPs I-V) are MSU enzymes. The 12-subunit RNAP Il is the
enzyme largely responsible for transcription of protein-encoding genes and thus, forms the central
component of the eukaryotic transcription machinery. Similarities between the eukaryotic and prokaryotic
MSU enzymes, suggest a common lineage in the evolutionary tree. For example, counterparts for all the
five core eubacterial RNAP subunits (axfp’w) are found in the eukaryotic RNAPs I, Il and Ill (Lane and
Darst 2010) (Table 2). The 5 orthologs include the two largest catalytic subunits Rpb1 and Rpb2, which
correspond to the bacterial ' and B subunits, respectively (Sweetser et al, 1987). Furthermore, Rpb3 and
Rpb11 correspond to the two copies of the bacterial a subunit, and the Rpb6 subunit corresponds to the
bacterial w subunit (Minakhin et al, 2001). In addition to, the two large subunits of RNAP Il share some
sequence homology and antigenic determinants with the corresponding subunits of RNAPs | and Il
(Nonet et al, 1987) (Refer to also Mix and Match analysis Figs. 5 and 6). Rpb3 is involved in RNAP I



assembly. The subunits Rpb4 and Rpb7 form a heterodimer and associate reversibly with the *10-subunit
core polymerase’ and involves in the initiation process which is otherwise defective in initiation. Rpb5, an
evolutionarily highly conserved, universal eukaryotic RNAP subunit, shared by all three enzymes,
facilitates communication between the RNAP core with a variety of basal and gene-specific transcription
factors (Todone et al., 2000). Rpb7 is essential for the functioning of the RNAP-II as deletion is also found
to be lethal. A cleft is formed by jaws; the upper jaw is formed by regions of Rpb1, Rpb2 and Rpb9
whereas the lower jaw is formed by Rpb1 and Rpb5. The jaws are thought to grab the incoming DNA
template (Bushnell and Kornberg, 2003) (Fig. 1).

Consistent with the increased complexity of the eukaryotic genome, all three major RNAPs of the
eukaryotic transcriptional machinery have several additional subunits that do not have bacterial
counterparts. Table 2 shows the subunit compositions of the three major types of nuclear MSU RNAPs.
Apart from the 5 orthologs, as discussed above, the nuclear RNAPs share four common subunits, while
the remaining subunits are RNAP dependent. Thus, the three major classes of eukaryotic RNAPs: I, Il
and lll, in addition to comprising of two large catalytic subunits also made up of 10-14 smaller subunits
(Table 2).

Table 2 Composition of the three major eukaryotic nuclear RNAPs

Features Pol | Pol Il Poll lll
Subunits unique to each RNAP
(a2BB w- like) 5 5* 5
Common subunits to all 3 RNAPs 4 4 4
Additional unique subunits to each RNAPs 5 3 7
Total No. of subunits 14 12 16
Products pre-rRNAS pre-mRNAs pre-tRNAs
(45S RNA — 288S, 5.8S, 18S) 5 snRNAs* 5S & 7S RNAs®,
Sno RNAs, microRNAs  U6-snRNA
Sensitivity to a-Amanitin Nil High (1 pg/ml) Moderate (10 pg /ml)
Sensitivity to Actinomycin-D# 0.05 pg/ml 0.5 pug/ml 5.0 pg/ml
NB:

*The largest subunit, Rpb1, has unique Carboxy Terminal Domain (CTD); #Gnatt et al, 2011
Subunit nomenclatures RNAPs |, Il & lll: RP A1-A14; RP B1-B12; RP C1-C16
A U1-U5 of ~200 bases; involves in the formation of spliceosomes

$7S RNA from the signal recognition particle (SRP) which is involved in the transport of proteins into the
endoplasmic reticulum.

2.3 Characteristics of the C-terminal domain (CTD) in the largest subunit Rpb1

Though exact functions of all the eukaryotic RNAPs are more or less completely understood, yet
much data are not available on the individual subunits except for the larger subunits. An interesting
feature of the RNAP II, a 12-subunit complex, is its unique CTD in the largest subunit Rpb1. The Rpb1
elongation subunit consists of a tandem repeat of a conserved heptapeptide repeat sequences (-
YSZPT35P37-). These heptapeptide repeats are completely conserved in sequence and function from
yeast to human with varying lengths from 25 to 52. (The CTD domain does not exist in RNAPs | and Il
suggesting its special importance to mRNA processing). The Ser residues are phosphorylated and
dephosphorylated during the active transcription process. Therefore, the RNAP-II exists in two forms, i.e.,
unphosphorylated and phosphorylated forms (Il and IIP), respectively (Young, 2003). In fact, the transition
between the two forms facilitates different functions during transcription. (The phosphorylation of CTD is
catalyzed by TFIl-H, one of the six general transcription factors associated with RNAP Il. TFIl-H plays a
dual role: one is to unwind the DNA at the transcription start site and the other is to phosphorylate the
heptapeptide repeats. (TFII-H is a large protein complex that contains among others the Cdk7/Cyclin-H
kinase complex for phosphorylation of CTD and an ATP dependent DNA helicase to unwind the DNA and
open up the transcription bubble at TSS). It also involves in transcription-coupled DNA mismatch repair.
(Mutations in the human XPD kinase cause xeroderma pigmentosum and trichothiodystrophy, Hahn
2004)
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The elongation of initiation is accomplished by the phosphorylation of Ser’ of the heptapeptide, (-
YS?PTS’PS-) by the TFII-H. The Ser’ phosphorylation recruits enzymes to cap the 5' end of the newly
synthesized mRNA and the 3' processing factors to poly(A) sites. Once the second Ser is phosphorylated,
i.e., Ser?, elongation is activated. West and Cordon (1995) have shown substitution of Ala or Glu for Ser
in positions 2 or 5 is lethal. In addition, changing Tyr in position 1 to Phe is also lethal. In order to
terminate elongation, dephosphorylation is accomplished by phosphatases. Once the domain is
completely dephosphorylated, the RNAP Il is "recycled" and catalyzes the same process with another
initiation site. Thus, the CTD acts as a platform for various transcription factors as it binds or dissociates
them, depending upon their requirements during the transcription process. Thus, the phosphorylation and
dephosphorylation of the CTD is an important regulatory mechanism exhibited only by the RNAP Il
(Sylvain E and Shona, 2008). Ser7 phosphorylation is required for the transcription of SnRNAs and a
mutation of Ser7 to Ala causes a specific defect in snRNA expression (Egloff et al, 2007)

The number of heptapeptide repeats in the CTD increases with genomic complexity; for example,
17 in Plasmodium, 26 in yeast, 32 in Caenorhabditis elegans, 45 in Drosophila, and 52 in mammals). The
CTD deletion experiments have shown the CTD’s central role in coupling transcription to all three of the
main mRNA processing events (Phatnani and Greenleaf, 2006). For example, deletion of most of the
CTD can result in inefficient capping, splicing, and polyadenylation in vivo. SDM experiments of the yeast
RNAP Il has found at least 10 repeats are needed for the viability of the process (McCracken et al.
1997; Fong and Bentley 2001).

2.4 Salient features of the yeast (S. cerevisiae) MSU RNAPs

To-date one of the most well-studied eukaryotic RNAPs is from the baker’s yeast, S. cerevisiae.
In fact, our present understanding of the eukaryotic transcription system is mainly based on the yeast
system. (For solving the structure and molecular basis of transcription by the yeast RNAP II, Roger
Kornberg was awarded Nobel Prize in chemistry in 2006). Like other eukaryotic cells, the yeast cells also
contain 3 different polymerases as discussed above. All the three yeast polymerases have five core
subunits that exhibit good homology to the B, B, a and w subunits of E. coli RNAP. RNAPs | and Il
contain the same two non-identical a-like subunits, whereas polymerase Il has two copies of a different a-
like subunit. All three yeast polymerases share four other common subunits as mentioned elsewhere. In
addition, each RNAP contains three to seven unique smaller subunits as shown in Table 3.

The yeast RNAP I, which involves in the production of mMRNAs, is extensively characterized and
a great deal of information is available. The yeast RNAP Il is composed of 12 subunits and the largest
subunit (Rpb1) contains the essential CTD, containing 26 heptapeptide repeats (YSPTSPS). Thus, the
Rpb1, Rpb2, Rpb3 and Rpb11 subunits are related to the subunits of the eubacterial RNA polymerase
core enzyme, whereas the 5 subunits, viz. Rpb5, Rpb6, Rpb8, Rpb10 and Rpb12 are shared among
yeast RNA polymerases |, Il and Il (Kolodziej et al, 1990) (Table 3).

The yeast RNAP Il core enzyme is composed of 12 subunits (Fig. 1). The 7 subunits, viz. Rpb1-4,
Rpb7, Rpb9 and Rpb11 are unique to RNAP II while the 5 subunits, viz. Rpb5, Rpb6, Rpb8, Rpb10 and
Rpb12 are shared between the three RNAPs (Table 3). The Arpb4 phenotypes can be suppressed by
overexpression of Rpb7, and the high level of Rpb7 allows its interaction with RNAP Il in the absence of
Rpb4 (Sheffer et al, 1999), suggesting that Rpb7 is the critical component of the Rpb4—Rpb7 complex
and the role of Rpb4 is to stabilize the complex. MSA analysis of the Rpb7 from various eukaryotic
sources have shown 3 template binding pairs, possibly decide the right orientation of the template DNA
possibly by three-point attachment in addition to two long stretches of conserved motifs (data not shown).
Rpb2, a protein of 138,750 Daltons, exists as a single copy in the haploid yeast genome and disruption of
the gene is lethal to the yeast cell. (Sweetser et al, 1987).



Table 3. The composition of the yeast RNAP-II

Subunit Size (~kDa) Subunit Size (~kDa)
Rpb1 (B’) 192E Rpb7** 19E

Rpb2 (B) 139E Rpb8* 17E/S
Rpb3 (~a) 35E Rpb9 14NE

Rpb4 25NE Rpb10* 8.8E/S
Rpb5* 25E/S Rpb11 14E

Rpb6* (w) 18E/S Rpb12* 7.7TE/S

Adapted from Kolodziej et al (1990); E, Essential; NE, Nonessential; S, Shared.

*The 5 Rpb subunits, viz. 5, 6, 8, 10 and 12 are common for all 3 RNAPs, viz. RNAP |, Il & llI

The Rpb6 promotes RNAP assembly and contains 9 C2H2 zinc fingers (Woychik and Young, 1992).
** Rpb7 is unique to RNAP II. (Rpbs7 and 4 form a dimer and initiate transcription, not required for
elongation)

Rpb3 is not absolutely equivalent to a subunit of E. coli.

Subunits Rpb1, Rpb2, Rpb3 and Rpb7 are absolutely required for activity.

Rpb1 is known to bind strongly to Rpb5.

Rpb12 interacts with Rpb3.

Fig. 1 A schematic diagram of the 12-subunit yeast MSU RNAP-II with the CTD and processing
components
CE Capping Enzyme; PAM, Poly-Adenylation Machinery; SPL, Spliceosome;
(Ps)n, phosphorylation at Ser5 positions (during initiation); (Pz)n phosphorylations at Ser2 positions (during
elongation).

During the production of the primary transcript by RNAP-II, the phosphorylation state (P) of the
CTD changes to allow the transcribing polymerase to associate with the capping, splicing,
polyadenylation and mRNA export machinery (Phatnani and Greenleaf, 2006). X-ray crystallographic
results also provide evidence for RNA exit in the vicinity of the carboxyl-terminal repeat domain, coupling
synthesis to RNA processing by enzymes bound to this domain (Cramer et al 2001). These associations
are essential for normal processing of pre-mRNAs to generate mature mRNAs and to export them to the
cytoplasm and also for normal termination of transcription by RNAP Il. The subunit Rpb1 (RPO21) is the
largest and catalytic component of RNAP |l and similar to the eubacterial 3’. Bacterial RNA polymerase
subunit w and eukaryotic RNA polymerase subunit Rpb6 (shared by RNAPs [, Il, and Ill) are the
sequence, structural, and functional homologs and promote RNA polymerase assembly (Minakhin, et al,
2001).



In this communication, the yeast RNAP Il is used as the model system and the structural studies
of yeast RNAP Il are directly relevant to RNAP Il enzymes in higher organisms, as the yeast RNAP
Il subunits are very well conserved in sequence and function as discussed elsewhere. These analyses
not only bridge the data obtained by protein sequence analysis and the experimental results obtained on
the yeast RNAP Il but also will pave for more SDM experiments and genetic analysis to dissect the
transcription mechanism in eukaryotes in much detail. The following brief discussion on the basic
structure of the transcription unit, transcription cycle and the participation of the RNAP |l subunits will be
useful to further understand the analysis and conclusions.

3. Basic Structure of the Transcription Units in Eukaryotes

The transcription units in eukaryotes are slightly different from the one described in prokaryotes
(Palanivelu, 2018) as most of the eukaryotic genes are interrupted with intervening sequences called
introns. A typical transcription unit in eukaryotes is shown in Fig. 2.

Promoter Region PolyAAS
-70 25  TSS Y 1T
A
CAAT TATA I$r ATG Exon1 Intron1 Exon2 TAG
Y === ] //// 3”
o 2 /L
3 BRE 30bp ——— 5”
5 UTR DPE 3’ UTR
Fig. 2 Schematic diagram of a typical transcription unit in eukaryotes
NB:

Blue lines, DNA strands; TATA, TATA box (Hogness box) (some promoters are TATAless), CAAT, CAAT box; The
starting nucleotide (nt) is always an A in eukaryotes; UTR, UnTranslated Region); PolyAAS, Poly-A Addition Site
(AATAAA); TSS, Transcription Start Site; Inr, Initiation region —-pyTCACA-; DPE, Downstream Promoter Element (is
seen ~ +30 bp in many genes, AGACA); TTS, Transcription Termination Site.

[Some transcription units have an InR start site, TATA-like site, Down Stream Promoter Elements (DPE), Upstream
activator elements/Enhancer elements, Repressor and even Insulator and Silencer sequences. The poly-A cleavage
site is about 30-35 or even 100 nucleotides downstream of the STOP codon (TAG). This sequence at the mRNAs’ 3’
end is called poly-A signal. The sequence present in the terminal region of the gene is TTATTT (poly-A signal) is
usually followed by poly-U of 20 to 35 nts downstream from the poly-A signal.

5' UTR is the portion of an mRNA from the 5' end to the first codon; the 3' UTR is the portion of an mRNA from the
last codon to the poly-A site. The UTRs play crucial roles in mRNA stability, transport, translation efficiency, etc].

4. Transcription Processes in Eukaryotes

The basic transcription unit in eukaryotes is the distance between the sites of transcription start
site (TSS) and transcription termination site (TTS), and the coding region is usually interrupted by one to
many introns (Fig. 2)

The RNA synthesis in eukaryotes involves four steps, viz. formation of pre-initiation complex
(PIC), initiation, elongation and termination. It is interesting to note that the eukaryotic RNAPs do not
possess any initiator subunits similar to the o factors, as reported in prokaryotes., However, unlike in
prokaryotes where the initiation starts with the specific binding of the single o subunit, in eukaryotes, at
least about half a dozen protein factors involve in the initiation of transcription and are collectively known
as General Transcription factors (GTFs). These GTFs assemble at the promoter region to form the PIC.
Once the PIC is formed and the RNAP is positioned at TSS, the initiation subunit Rpb2 initiates RNA
synthesis by making short RNA primers of ~10 nts, from which the elongation subunit Rpb1 extends and
terminates at TTS. In eukaryotes, there is no well-defined transcriptional terminator region as in
prokaryotes and therefore, the transcription progresses well beyond 1000 or more nts downstream from
the stop codon. Unlike RNAP | and Ill, RNAP Il lacks any specific termination signals.

In my earlier communication, SSU RNAPs and MSU RNAPs (prokaryotic and prokaryotic type,
i.e., plastid-encoded) RNAPs were analyzed in detail (Palanivelu 2017, 2018 & 2019). In this
communication, the most complex MSU RNAPs of eukaryotic origin are analyzed for their conserved



motifs, active sites, metal binding regions and based on these findings, a plausible mechanism of action
is proposed for these MSU eukaryotic enzymes using the yeast MSU RNAP Il as the model enzyme.

5. MATERIALS AND METHODS

A large number of MSU RNAPs from eubacteria and eukaryotes have been isolated, purified,
characterized, cloned and sequenced [Young, 2003; Cramer, 2002; Werner and Grohmann, 2011 and
references therein) Complete nucleic acid and protein sequence data are available for these enzymes
from different eukaryotic sources. Thus, these data have become valuable tools in analyzing and
understanding the structure-function relationships of these most complex enzymes which play a vital role
gene expression. This communication presents a consensus model for initiation and elongation
processes and also a plausible mechanism of action for these enzymes.

The S. cerevisiae DNA-dependent MSU RNAP Il is used as the model system for delineating the
polymerization mechanism. Biochemically and genetically as this is the most well-studied enzyme, a large
amount of data on biochemical, SDM and X-ray analyses of its subunits make this enzyme a convenient
model for investigating the physicochemical aspects of transcription in eukaryotes. For MSA of various
eukaryotic RNAP I, 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.

6. RESULTS AND DISCUSSION
6.1 MSA of eukaryotic MSU RNA polymerases from different sources

The eukaryotic RNAP Il is composed of various subunits as describes elsewhere (Table 2). Only
the two catalytic subunits viz. Rpb2 and Rpb1 which involve in the initiation and elongation processes are
analyzed to find out the conserved and active site regions among them. Figures 3 and 4 show the MSA of
the two catalytic subunits of MSU RNAP Il from various eukaryotic sources. To reduce the length of the
article, only the relevant and highly conserved regions are shown in the Figures. The possible catalytic,
template and substrate binding motifs are highlighted in yellow and the metal binding regions are
highlighted in green/orange. The subunit sequences of standard organisms are highlighted in
yellow/magenta and used for numbering.

6.1.1 MSA of Rpb2 subunits of eukaryotic MSU RNAPs (RNAP II)

Figure 3 shows the MSA analysis and conserved motifs of the Rpb2 initiation subunits in
eukaryotic MSU RNAPs Il. There are large numbers of conserved motifs are observed and some are
found to be long stretches (highlighted). The yeast (S. cerevisiae) Rpb2 subunit (1224 amino acids) is
used as the standard for numbering and highlighted in magenta. The catalytic region is found ~400 amino
acids from the N-terminal. The invariant template binding YG is replaced by a KG pair in higher
eukaryotes including human. The invariant catalytic R is placed at -9 from the template binding pair. This
distance conservation is in close agreement with Pal and Luse (2003) findings that the transcription
slippage abruptly stopped once the Rpb2 makes about 9 nucleotides. Interestingly, the transition from
abortive to productive elongation cycle occurred once the RNAP register +10 nts (Fiedler and Timmers,
2001). The absolutely conserved R, which is implicated in NTP selection in SSU and MSU RNAPs and
DNA polymerases, is placed —5 position. In fact, in all the eubacterial B subunits the catalytic R is placed
at -7" position from the YG pair and completely conserved R is placed at -8" position downstream from
the catalytic R. However, catalytic R is placed at 8" position from the YG pair the completely conserved
R was at -4" position in SSU RNAPs and DNA polymerases [Palanivelu 2017 and 2013]. This strongly
suggests that the DNA polymerases, SSU and MSU RNAPs 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 upstream amino acid from catalytic K in DNA polymerases is
usually a G or A [Palanivelu 2013], but in SSU viral RNA polymerases it is a Q (Palanivelu 2017) and in
MSU eubacterial B subunits, it is a D in all (Palanivelu 2018) and in eukaryotic Rpb2 it is S/T, suggesting
a possible role in the substrate binding and catalysis. Another catalytic like region is located in ~400
amino acids from the N-terminal but with a YG/FG pair and a catalytic R at -9 and long highly conserved
stretches on both the sides. The Zn binding motif with 3 completely conserved Cs is found in the C-
terminal region (highlighted in orange) which is followed by a long stretch of conservation till the C-
terminal end. There are many highly conserved YG/FG/IG/LG pairs and a WG pair in the Rpb2 subunits.
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At least three of them may provide by three-point attachment for stereo specific binding on to the template
DNA. However, the DNA polymerases show only one YG pair. Interestingly, the RNA dependent RNAPs
do not have the YG pair [Tunitskaya and Kochetkov ,2002]. A long stretch of the C-terminal region is
highly conserved in all Rpb2 subunits. Interestingly the higher eukaryotic Rpb2 subunits show a
completely conserved motif till the end of the C-terminal whereas the lower eukaryotic Rpb2 subunits also
show a completely conserved stretch but not covering all the amino acids till the C- terminal with a
consensus sequence “PYAXKLLFQELMxM”. A long stretch of highly conserved end suggests a possible
role in the initiation process.
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sp|P30876 | RPB2_HUMAN
tr|G3v8Y5|G3VaY5_RAT

tr | AOA250Y753 | AOA250Y753_CASCN
tr | ADALU7RAC7 | AOALU7RAC7_MESAU
tr | ADA286X1Q9 | AOA286X1Q9_CAVPO
tr] 13M351] 13M351_ICTTR
tr|G7P5R6 | G7P5R6_MACFA
tr|H2QP18|H2QP18_PANTR

tr | ADALU7VOT5 | AOALU7VOT5_TARSY
tr | AOA1S2ZSL2|AOA1S2ZSL2_ERIEU
tr | AOAOD9QYL1 | AOAOD9QYL1_CHLSB
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr|AOA212Z1U3 ]| A0A212Z 1U3_GORGO
tr | AOALD5QGAS | AOA1D5QGAS_MACMU
tr | AOA2J8S2N1 | AOA2J8S2N1_PONAB
tr| AOA2K5K5J5 | AOA2K5K5J5_COLAP
tr| AOA2J8PEW7 | AOA2J8PEW7_PANTR
tr| AOA2K5CY83 | AOA2K5CY83_AOTNA
tr | AOAO9BNEY4 | AOAO9BNEY4_PAPAN
tr|C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY61_TETPH
tr|AOALX7QYAL | AOALX7QYAL_9SACH
tr|J7RVO5|J7RVI5_KAZNA
tr|H2AVJI8 |H2AVI8_KAZAF
sp|QBFLD5 |[RPB2_CANGA
sp|PO8518|RPB2_YEAST

tr | AOAOL8VHAS | AOAOLBVHAS_9SACH
tr ] ADAOL8RB33 | AOAOLBRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZM49|G8ZM49_TORDC

tr | ADA1Q3A090 | AOA1Q3A090_ZYGRO
tr | ADAON7 1S35 | AOAON7 1S35_9SACH
tr|ADA212MG88 | AOA212MG88_ZYGBA
tr ] AOA1S7HHEL | AOALS7HHEL_9SACH
tr| S6ESB4 | S6ESB4_ZYGB2

tr | B6K5Q5 | B6K5Q5_SCHIY

sp| Q02061 |RPB2_SCHPO

tr| SOR8U4 | SOR8U4_SCHOY

tr | SOWSC6 | SOWSC6_SCHCR

sp|P30876 |RPB2_HUMAN
tr|G3v8Y5|G3v8Y5_RAT

tr | ADA250Y753 | AOA250Y753_CASCN
tr | ADA1U7RAC7 | AOALU7RAC7_MESAU
tr | ADA286X1Q9 | AOA286X 1Q9_CAVPO
tr]13M351] 13M351_ICTTR
tr|G7P5R6 | G7P5R6_MACFA
tr|H2QPI8|H2QP18_PANTR

tr | ADA1U7VOT5 | AOALU7VOT5_TARSY
tr]ADA1S2ZSL2 | AOA1S2ZSL2_ERIEU
tr | ADAOD9QYL1 | AOAODIQYL1_CHLSB
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr|AOA212Z1U3 | AOA212Z1U3_GORGO
tr | ADA1D5QGAS | AOALD5QGAS_MACMU
tr | ADA2J8S2N1 | AOA2J8S2N1_PONAB
tr | ADA2K5K5J5 | AOA2K5K5J5_COLAP
tr | ADA2J8PEW7 | AOA2J8PEW7_PANTR
tr | ADA2K5CY83 | AOA2K5CY83_AOTNA
tr | ADAO96NEY4 | AOAO9BNEY4_PAPAN
tr|C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY61_TETPH

tr] ADA1X7QYA1 | AOALX7QYAL_9SACH
tr|J7RVO5]I7RVO5_KAZNA

tr [H2AVJI8 |H2AVI8_KAZAF
sp|Q6FLD5 |RPB2_CANGA
sp|PO8518|RPB2_YEAST

tr | ADAOL8VHAS | AOAOLBVHAS_9SACH
tr | ADAOL8RB33 | AOAOLBRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZM49|G8ZMA9_TORDC

tr | ADA1Q3A090 | AOA1Q3A090_ZYGRO
tr | ADAON7 1S35 | AOAON7 1S35_9SACH
tr | ADA212MG88 | AOA212MG88_ZYGBA
tr | ADA1S7HHEL | AOALS7HHEL_9SACH
tr| S6ESB4|S6ESBA_ZYGB2

tr| B6K5Q5 | B6K5Q5_SCHIY

sp| Q02061 |RPB2_SCHPO

tr | SOR8U4 | S9R8U4_SCHOY

tr| SOW8C6 | SOW8C6_SCHCR
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sp|P30876 |RPB2_HUMAN NKTQISLVRMPYACKLLFQELMSMS IAPRMMSY —---— 1174
tr|G3v8Y5]G3V8Y5_RAT NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —---— 1174
tr]AOA250Y753 | AOA250Y753_CASCN NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV -~~~ 1174
tr|AOALU7R4C7 | AOALU7RAC7_MESAU NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV -~~~ 1174
tr]A0OA286X1Q9 | A0A286X1Q9_CAVPO NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV —---- 1174
tr]I13M351] 13M351_ICTTR NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV -~~~ 1174
tr|G7P5R6 | G7P5R6_MACFA NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV —---- 1174
tr|H2QP18|H2QP18_PANTR NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV —---- 1174
tr]AOALU7VOTS |AOALU7VOT5_TARSY NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV—---- 1174
tr|AOA1S2ZSL2 | AOA1S2ZSL2_ERIEU NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV—---- 1174
tr|AOAOD9QYL1|AOAOD9QYL1_CHLSB NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV —---- 1167
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV—---- 1167
tr]AOA212Z1U3|AOA212Z1U3_GORGO NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV—---- 1174
tr | AOA1D5QGAS | AOA1D5QGA5_MACMU NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV—---- 1174
tr|AOA2J8S2N1 | AOA2J8S2N1_PONAB NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —+---- 1174
tr | AOA2K5K5J5 | AOA2K5K5J5_COLAP NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —+-—--- 1174
tr|AOA2J8PEW7 | AOA2J8PEW7_PANTR NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —---— 1167
tr | AOA2K5CY83 | AOA2K5CY83_AOTNA NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —+-—--- 1174
tr|AOAO96NEY4 | AOAO96NEY4_PAPAN NKTQISLVRMPYACKLLFQELMSMS IAPRMMSYV —+-—--— 1174
tr|C9J2Y9|C9J2Y9_HUMAN NKTQISLVRMPYACKLLFQELMSMS IAPRMMSV —+---- 1167
tr|G8BY61]G8BY61_TETPH NKIDIYQIRJPYAAKLLFQELMAMN I TPRLY[TDRSKNH 1224
tr]AOALX7QYAL|AOALX7QYAL_9SACH NKIDIYQIQJPYAAKLLFQELMAMNITPRLY[TDRSRDH 1221
tr]J7RVI95]JI7RVI5_KAZNA NKIDIYQIRJPYAAKLLFQELMAMNITPRLY[TDRSRDH 1220
tr|H2AVJI8|H2AVJI8_KAZAF NKIDIYQIHJPYAAKLLFQELMAMN I TPRLF[TDRSRDH 1222
sp|Q6FLD5|RPB2_CANGA NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSRDH 1223
sp|PO8518 | RPB2_YEAST NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSRDF| 1224
tr | AOAOLBVHAS | AOAOL8VHA5_9SACH NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSRDH 1224
tr | AOAOLBRB33 | AOAOL8RB33_SACEU NKIDIYQIHJPYAAKLLFQELMAMNITPRLY[TDRSRDF 1224
tr|GOVJ71]GOVJ71_NAUCC NKIDIYQIHJPYAAKLLFQELMAMNITPRLY[TERSRDH 1224
tr|G8ZM49|G8ZM49_TORDC NKIDIYQINJPYAAKLLFQELMAMNITPRLY[TDRSKDH 1222
tr] AOA1Q3A090 | AOA1Q3A090_ZYGRO NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSKDH 1224
tr ] AOAON7 IS35 | AOAON71S35_9SACH NKIDIFQIHJPYAAKLLFQELMAMN I TPRLY[TDRSKDH 1222
tr|AOA212MG88 | AOA212MG88_ZYGBA NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSKDH 1223
tr|AOA1S7HHEL | AOA1S7HHEL_9SACH NKIDIYQIHJPYAAKLLFQELMAMN I TPRLY[TDRSKDH 1223
tr|S6ESB4 | S6ESB4_ZYGB2 NKIDIYQIHJPYAAKLLFQELMAMN I TPRLYTDRSKDF] 1223
tr|B6K5Q5| B6K5Q5_SCHJIY NRTRFSQI1Y|PYAAKLLFQELMSMNIAPRLF[TKSHH-- 1210
sp] Q02061 |RPB2_SCHPO NRTRFSQVY|PYAAKLLFQELMSMN IAPRLF[TKNHK-- 1210
tr|S9R8U4 | SOR8U4_SCHOY NRTRFSQI1Y|PYAAKLLFQELMSMNIAPRLF[TKNHKI - 1211
tr|S9W8C6 | SOW8C6_SCHCR NRTRFSQVY|PYAAKLLFQELMSMN IAPRLF[TKNHKN- 1211

Fig. 3 MSA of the Rpb2, initiation subunits, of eukaryotic RNAPs I

P30876|RPB2_HUMAN, Homo sapiens
AO0A250Y753_CASCN, Castor Canadensis
A0A286XIQ9_CAVPO, Caviaporcellus
I3M351_ICTTR, Ictidomys tridecemlineatus
AOA1U7VOT5_TARSY, Tarsiussyrichta
AOAOD9QYL1_CHLSB, Chlorocebussabaeus
AOA2I2ZIU3_GORGO, Gorilla gorillagorilla
AOA2J8PEW7_PANTR, Pan troglodytes
A0A2J8S2N1_PONAB, Pongo abelii
AOAQ96NEY4|_PAPAN, Papio Anubis
G8BY61_TETPH, Tetrapisisporaphaffii
J7RV95_KAZNA, Kazachstaniana ganishii
Q6FLD5_CANGA, Candida glabrata
AOAOL8VHA5_9SACH,Saccharomyces boulardii
GOVJ71_NAUCC, Naumovozyma castellii
AOA1Q3A090_ZYGRO,Zygosaccharomyces rouxii
AOAON7IS35_9SACH, Zygosaccharomyces kombuchaensis
AO0A212MG88_ZYGBA, Zygosaccharomyces bailii
AOA1S7HHE1_9SACH, Zygosaccharomyces parabailii
S6ESB4_ZYGB2, Zygosaccharomyces bailii (strain CLIB 213)
B6K5Q5_SCHJY, Schizosaccharomyces japonicas
Q02061_SCHPO, Schizosaccharomyces pombe
S9R8U4_SCHOY, Schizosaccharomyces octosporus
S9W8C6_SCHCR, Schizosaccharomyces cryophilus

G3V8Y5_RAT, Rattus norvegicus
AOA1U7R4C7_MESAU, Mesocricetus auratus
tr|G7P5R6_MACFA, Macaca fascicularis
H2QPI8_PANTR, Pan troglodytes
AO0A1S2ZSL2_ERIEU, Erinaceus europaeus
AOA2K5K5J5_COLAP, Colobus angolensis palliates
AOA1D5QGA5_MACMU, Macaca mulatta
AOA2K5CY83_AOTNA, Aotus nancymaae
AOA2K5ZNR7_MANLE, Mandrillus leucophaeus
C9J2Y9_HUMAN, Homo sapiens
trlAOA1X7QYA1_9SACH, Kazachstania saulgeensis
H2AVJ8 KAZAF, Kazachstania africana
P08518|_Yeast, Saccharomyces cerevisiae
AOAOL8RB33_SACEU, Saccharomyces eubayanus
G8ZM49|_TORDC, Torulasporadel brueckii
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Figure 4 shows the MSA analysis and conserved motifs in the Rpb1 elongation subunits in
eukaryotic MSU RNAPs Il. The yeast subunit with 1733 amino acids is used as standard and highlighted
in magenta. Like the Rpb2 subunits, there are large numbers of conserved motifs and some are found to
be long stretches (highlighted). However, the Rpb1 subunits are more conserved than the Rpb2
subunits. The ‘template binding’ pair is invariably an FG rather than a YG pair as reported in other MSU
RNAPs. However, the catalytic R is completely conserved, including distance conservation in all the
eukaryotic Rpb1 subunits and the upstream neighbour is mostly S/T but in lower eukaryotes like yeasts, it
is N. Unlike in prokaryotic elongation subunit, the catalytic region is placed very close to the N-terminal (~
100 amino acids). It is interesting to note that the distance between the catalytic R and the FG pair is 18
amino acids, i.e., placed exactly double the distance as compared to the Rpb2 initiation subunits. This
distance closely agrees with the transcription bubble which extends ~ 20 bp from the TATA box (Pal et al,
2005). The template binding and catalytic conservations strongly suggest that the DNA, SSU and MSU
RNA polymerases use the same set of amino acids for template, substrate binding and catalysis
establishing a structure-function relationship among the DNA and RNAPs. Interestingly the catalytic
region harbouring the Zn binding motif is found very close to the N-terminal region. This is in sharp
contrast to the equivalent region in the [’ subunit in all eubacteria (Table 1). The Zn binding motif was
originally identified by X-ray crystallographic analysis in the equivalent ' subunit of the thermophilic
bacterium, Thermus aquaticus, [Zhang et al, 1999]. The Zn binding 3 invariant Cs were located in the
catalytic region and suggested in possible proof-reading activity during elongation. A completely
conserved R found upstream from the catalytic R is located at -6™ position which is implicated in NTP
selection. It is interesting to note a completely conserved R found upstream from the catalytic R is missing
in eubacteria (Table 1) [Palanivelu 2017, Palanivelu 2013]. The immediate downstream amino acid from
catalytic K in DNA polymerases is usually a G or A [Palanivelu 2017], but in viral RNA polymerases it is a
K or R, in MSU [’ subunits, it is a D and in all B’ subunits it is an S and it is an S/T in eukaryotes
suggesting a possible role in NTP selection. In SSU RNAPs, an invariant hydroxyl amino acid located
very close to the YG pair is shown to involve in NTP selection by SDM experiments (Kostyuk et al.1995).
In addition to the template binding FG pair, there are 1 YG pair, 4 LG pairs and 3 I/VLG pairs in this
subunit. A C- terminal conservation - SPDDSDEEN- (where the penultimate E is replaced with
functionally equivalent D in some species) is seen in all higher forms of life and such sequence was
conspicuously absent in the lower eukaryotes like yeasts and also not found in the initiation subunits,
Rpb2. The —DXD- is a metal binding motif commonly found in glycosyl transferases and interestingly
similar motif -DXDXT- in metal-dependent phosphatases (DxDXE in C-terminals of Rpb1 elongation
subunits) where it plays a role for Ser phosphate removal from the CTD at the end of the cycle
(Hausmann and Shuman, 2002). Interestingly, this motif invariably ends in N preceded by D/E in all the
cases in Rpb1 (Fig 4). As expected the CTD is filled with the “heptapeptide repeats” (YSPTSPS) in all
species and its role is discussed elsewhere (Not shown in the Figure). Crammer et al (2001) results
provide evidence for RNA exit in the vicinity of the carboxyl-terminal repeat domain, coupling synthesis to
RNA processing by enzymes bound to this domain.
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GSLVHISYLEMGHDTTRLFYSNIQTVIN------ N-—-WLLIEGHT JGIGDSIADAKTYQ
GSLVHISYLEMGHDVTRLFYSNIQTVIN------ N-—-WLLIEGHT JGIGDSIADAKTYQ
GSLVHISYLEMGHDITRLFYSNIQTVIN------ N-—-WLLIEGHT JGIGDSIADSKTYQ
GSLVHISYLEMGHDVTRLFYSNIQTVIN------ N-—-WLLIEGHT JGIGDSIADSKTYQ
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GSLVHISYLEMGHDVTRLFYSNIQTVVNN—-=——————- WLLIEGHS JGIGDS IADAKTYL
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GGL IHVVTREKGPQVCAKLFGN IQKVVNF-=——————- WLLHNGFSTIGIGDT IADGPTMR
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GGL IHTVMREKGPKICAELFGNIQKVVNY —=—————-- WLLHNGFS |G IGDAIADASTMK
GGL IHTVMREKGPRVCAQLFSSIQKVTNY —=—————-- WLLHNGFS|GIGDT IADV[STMK
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GGL IHTVMREKGPQVCAQLFSSIQKVVNF-——————-- WLLHNGFS |GIGDT IADASTMK
* * * - *

* K-k KAkk - kK

627
626
626
626



tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAPA | AOALL8HAPA_XENLA
tr [HO9GLG5 |HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr| D4ASAG | DAASAG_RAT
sp|P08775|RPB1_MOUSE

sp|P24928 |RPB1_HUMAN

tr | AOA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr ] AOA2 13MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |WsN8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_OTELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | ADAIASNSRS | AOALABNSR8_9TELE
tr | ADAIWAYLM7 | AOALWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P0O4050 |RPB1_YEAST

tr | ADA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | AOA1DSPUAG | AOALDSPUAG_CANAL
tr | GBBEH9 | GBBEH9_CANPC

tr | AOA1USDYNO | AOALUSDYNO_ALLSI
tr | AOA1L8HA4P4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4ASA6 | DAASA6_RAT
sp|P08775|RPB1_MOUSE

sp|P24928 |RPB1_HUMAN

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | ADA2 13MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |W5N8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_OTELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | AOA1ASEROS | AOALASERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | AOA1ASNSRS | AOALABNSR8_9TELE
tr | ADAIWAYLM7 | AOAIWAYLM7_9TELE
tr | ADAIMSAGL7 | AOAIMBAGL7_MALS4
sp|PO4050|RPB1_YEAST

tr | AOA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOA1D8PUA6_CANAL
tr | GBBEHO | GBBEH9_CANPC

29

DIQNTIKKAKQDVIEVIEKAHNNELEPTPGN
DIQNT IKKAKQDV IEVIEKAHNNELEPTPGN
DIQNT IKKAKQDV IEVIEKAHNNELEPTPGN
DIQNTIKKAKQDV IEVIEKAHNNELEPTPGN
DIQNT IKKAKQDV IEVIEKAHNNELEPTPGN
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DIQNTIKKAKQDVIEVIEKAHNNELEPTPGN
DIQNT IKKAKQDV IEVIEKAHNNELEPTPGN
DIQNTIKKAKQDV IEVIEKAHNNELEPTPGN
NINQT IAKAKADVMDL 1 QAARHDWLKADPGM
EITETIAEAKKKVLDVTKEAQANLLTAKHGM
EITHAISSAKEQVQEI I YKAQHNELELKPGM
EITHAISSAKEQVQEI I YKAQHNELELKPGM
DITSTISEAKIKVQE I ILDAQSNKLEPEPGM
DVNKTIQEAKQKVQEI I IDAQHNKLEPEPGM
DITKTIQEAKQKVQEI I LDAQHNKLDPEPG
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tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAPA | AOALL8HAPA_XENLA
tr [H9GLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
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tr | AOA213MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU
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tr |W5N8Z6 |WsN8Z6_LEPOC
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tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_OTELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | ADAIASNSR8 | AOALABNSR8_9TELE
tr | ADAIWAYLM7 | AOAIWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P0O4050 |RPB1_YEAST

tr | AOA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | AOA1DSPUAG | AOALDSPUAG_CANAL
tr | GBBEH9 | GBBEH9_CANPC

tr | AOA1USDYNO | AOALUSDYNO_ALLSI
tr | AOA1L8HAP4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
tr|GIMCZ1|GIMCZ1_AILME
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tr|S7PWZ6|S7PWZ6_MYOBR
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tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | AOA1ASEROS | AOALASERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
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tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAPA | AOALL8HAPA_XENLA
tr [H9GLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4ASAG | DAASAG_RAT
sp|P08775|RPB1_MOUSE

sp|P24928 |RPB1_HUMAN

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | AOA213MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |WsN8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_OTELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | ADAIASNSR8 | AOALABNSR8_9TELE
tr | ADAIWAYLM7 | AOAIWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P0O4050 |RPB1_YEAST

tr | AOA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | AOA1DSPUAG | AOALDSPUAG_CANAL
tr | GBBEH9 | GBBEH9_CANPC

tr | AOA1USDYNO | AOALUSDYNO_ALLSI
tr | AOA1L8HAP4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4A5A6 | DAASA6_RAT
sp|P08775|RPB1_MOUSE

sp|P24928 |RPB1_HUMAN

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr ] ADA2 13MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |W5N8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | AOA1ASEROS | AOALASERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | AOA1ASNSR8 | AOALABNSRS_9TELE
tr | ADAIWAYLM7 | AOAIWAYLM7_9TELE
tr | ADAIMSAGL7 | AOAIMBAGL7_MALS4
sp|PO4050|RPB1_YEAST

tr | AOA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOALDS8PUAG_CANAL
tr | GBBEHO | GBBEH9_CANPC
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tr | ADA1USDYNO | AOALUSDYNO_ALLSI 1926
tr | ADA1L8HAPA | AOALL8HAPA_XENLA 1968
tr |HO9GLG5 |HOGLG5_ANOCA 1969
tr|H2R1J6 |H2R1J6_PANTR 1960
tr|GIMCZ1|GIMCZ1_AILME 1973
tr|008847]008847_MOUSE 1966
tr|S7PWZ6|S7PWZ6_MYOBR 1970
tr| D4ASAG | DAASAG_RAT 1970
sp|P08775|RPB1_MOUSE 1970
sp|P24928 |RPB1_HUMAN 1970
tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR 1970
sp|P11414|RPB1_CRIGR 1970
tr|035559]035559_CRIGR 1970
tr | AOA2 13MOH2 | AOA2 13M9H2_PAPAN 1931
tr | F7HB40 | F7HB40_MACMU 1932
tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB 1932
tr |W5N8Z6 |WsN8Z6_LEPOC 1959
tr] 13JRW6 | 13JRW6_ORENI 1966
tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE 1965
tr | ADA1A7X327 | AOALA7X327_9TELE 1969
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU 1969
tr | ADA1ASERO5 | AOALABERO5_9TELE 1969
tr | ADA1ASDQ60 | AOALABDQ60_9TELE 1962
tr | ADAIASNSRS | AOALABNSR8_9TELE 1962
tr | ADAIWAYLM7 | AOALWAYLM7_9TELE 1968
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4 1803
sp|P04050 |RPBL_YEAST 1733
tr|AOA1B2J8C6 |AOALB2J8C6_PICPA —————mmmmmmee 1743
tr]F2QW17|F2QW17_KOMPC ~ mmmmmmmmmmmeo 1743
tr]A3GID7|A3GID7_PICST —mmmmmmmmmmo 1739
tr|AOAIDSPUAG |AOALDBPUAG_CANAL ~  ————mmmmmmmee 1728
tr|G8BEHO|GBBEH9_CANPC  —mmmmmmmmmme 1746

Fig. 4 MSA of the Rpb1 the elongation subunits of eukaryotic RNAP II

AOA1UBDYNO _ALLSI Alligator sinensis AOA1L8H4P4 _XENLA Xenopus laevis
HI9GLG5 _ANOCA Anolis carolinensis H2R1J6 _PANTR Pan troglodytes

G1MCZ1 _AILME Ailuropoda melanoleuca 008847 _MOUSE Mus musculus

S7PWZ6 _MYOBR Myotis brandtii D4A5A6 _RAT Rattus norvegicus

P08775 _MOUSE Mus musculus P24928|RPB1_HUMAN Homo sapiens
AOA1S3EWL2 _DIPOR Dipodomys ordii P11414 _CRIGR Cricetulus griseus

035559 _CRIGR Cricetulus griseus AOA2I3M9H2 _PAPAN Papio Anubis

F7HB40| _MACMU Macaca mulatta AOA2K6RYW9 _SAIBB Saimiri boliviensis
W5N826 _LEPOC Lepisosteus oculatus I3JRW6 _ORENI Oreochromis niloticus
AOAOR4IMS9 _ DANRE Danio rerio AOA1A7X327 _9TELE Aphyosemion striatum
AOA1A8UKD7 _NOTFU Nothobranchius furzeri AOA1A8ERO05 _9TELE Nothobranchius korthausae
AOA1A8DQ60 _9TELE Nothobranchius kadleci AOA1ABNSR8 _9TELE Nothobranchius rachovii
AOATWA4YLM7 _9TELE Scleropages formosus AOA1TMBAGL7 _MALS4 Malassezia sympodialis
P04050|RPB1_YEAST Saccharomyces cerevisiae ~ A0OA1B2J8C6 _PICPA Komagataella pastoris
F2QW17 _KOMPC Komagataella phaffii A3GID7 _PICST Scheffersomyces stipitis
AOA1D8PUAG6 _CANAL Candida albicans G8BEH9 _CANPC Candida parapsilosis

7. Mix and Match analysis of eubacterial and eukaryotic initiation and elongation
subunits

For this analysis a small number of initiation and elongation subunits of eubacterial and
eukaryotic MSU RNAPs were subjected to MSA with ClustalWW Omega programme and presented in Figs.
5 and 6. For eubacteria, E. coli MSU RNAP and for eukaryote, S. cerevisiae MSU RNAP Il sequences
were used as standards. Only highly conserved regions are shown in the figures.

7.1 Mix and Match analysis of the E. coli () and S. cerevisiae (Rpb2) initiation subunits

Figure 5 shows the mix and match analysis of the initiation subunits from pro- and eukaryotic
MSU RNAPs. The eukaryotic sequences are shown in red. The active site regions are highlighted in
yellow the representative sequences are highlighted in yellow. There are a good number of sequences
aligning in both. Significant among them are -
FI/VINGS/TEK/RVL/II/VA/SQ- (~200), IETPE (~500) preceding this sequence a WG in eukaryotic and YG
in prokaryotic sequences, -ASI/LIPF-, the metal ion binding regions -GYNQ/FEDS- (~800), -
LDD/ED/SGL/I- (~850); -GDKF/MAS/GRHGXKG- (~1000), HLVDDKI/MHAR (~1050), RFGEME (~1100).
The catalytic regions are matching but among themselves only and there is no complete consensus
among them, i.e., they are located at different regions. However, the metal binding motifs are aligning in
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both the initiation subunits suggesting the metal binding regions are preserved as a domain and did not
diverge much during evolution. The prokaryotic active site region is placed around 540-555/1342 amino
acids whereas eukaryotic active site region is placed around 851-866/1224 amino acids. The notable
difference in the eukaryotic template binding pair sis KG in lower eukaryotes like human and in lower
eukaryotes it uses YG like yeasts. The eukaryotes follow two very similar ending sequences at the C-
terminal end as —~ACKLLFQELMSMSIAPRMMSV- (~1150) and -
AAKLLFQELMAMNITPRLYT- (~1200) (deviating amino acids are shown in red) and the prokaryotes
follow an altogether different consensus end sequence as —SFNVLLKEIRSL- (~1280). Thus, the
eukaryotic and prokaryotic ending sequences are different and their significance is not clear now.
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CLUSTAL O(1.2.4): Mix and Match analysis of eukaryotic Rpb2 and eubacterial 3 initiation subunits 5

sp|P30876|RPB2_HUMAN
tr|G3veY5|G3VaY5_ RAT
tr|AOA250Y753 | AOA250Y753_CASCN
tr|AOALU7RACT7 | AOALU7RAC7_MESAU
tr|AOA286X1Q9 | AOA286X1Q9_CAVPO
tr]13M351] 13M351_ICTTR
tr|G7P5R6|G7P5R6_MACFA
trH2QP18|H2QP18_PANTR
tr|AOALU7VOT5 | AOALU7VOT5S_TARSY
tr|AOA1S2ZSL2 | AOA1S2ZSL2_ERIEU
tr | AOAOD9QYL1 ] AOAOD9QYL1 CHLSB
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr|AOA212Z1U3 | AOA212Z1U3_GORGO
tr ] AOA1D5QGAS | AOALD5QGAS_MACMU
tr | AOA2J8S2N1 | AOA2J8S2N1_PONAB
tr | AOA2K5K5J5 | AOA2K5K5J5_COLAP
tr | AOA2J8PEW7 | AOA2JBPEW7_PANTR
tr | ADA2K5CY83 | AOA2K5CYS3_AOTNA
tr | AOAO9BNEY4 | AOAO9BNEY4_PAPAN
tr|C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY61_TETPH

tr | AOALX7QYAL | AOALX7QYAL_9SACH
tr|J7RVI5]J7RVI5_KAZNA
tr|H2AVJI8 | H2AVI8_KAZAF
sp|QBFLD5 [RPB2_CANGA
sp|PO8518|RPB2_YEAST

tr | AOAOL8VHAS | AOAOLSVHAS_9SACH
tr | AOAOL8RB33 | AOAOLSRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZMA49 | G8ZM49_TORDC

tr | AOA1Q3A090 | AOALQ3A090_ZYGRO
tr | AOAON7 1S35 ] AOAON7 1S35_9SACH
tr|AOA212MG88 | AOA212MGSS_ZYGBA
tr | AOALS7HHEL | AOA1S7HHEL 9SACH
tr|SBESB4|S6ESB4_ZYGB2
tr|B6K5Q5 | B6K5Q5_SCHIY

sp] Q02061 |RPB2_SCHPO

tr| SOR8U4 | SOR8U4_SCHOY

tr | SOWSC6 | SOW8C6_SCHCR
sp|Q8RQE9|RPOB_THETS
ASR51304.1

OXR47929.1

WP_093971860. 1
sp|Q2NWR6 | RPOB_SODGM

sp| B4EYU9 | RPOB_PROMH
sp|A7FNI3|RPOB_YERP3
sp|Q1C1UL|RPOB_YERPA
sp|B2K113|RPOB_YERPB

sp| ABGSE7 | RPOB_SERP5

sp| QBDANO | RPOB_PECAS
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tr | AOAON7 1S35 | AOAON7 1S35_9SACH
tr|ADA212MG88 | AOA212MG88_ZYGBA
tr|AOALS7HHEL | AOA1S7HHEL 9SACH
tr| S6ESB4 | S6ESB4_ZYGB2
tr|B6K5Q5 | B6K5Q5_SCHJY

sp| Q02061 |RPB2_SCHPO
tr|SOR8U4 | SOR8U4_SCHOY

tr | SOWSC6 | SOW8C6_SCHCR
sp|Q8RQE9|RPOB_THETS
ASR51304.1

OXR47929.1

WP_093971860. 1
sp|Q2NWR6 | RPOB_SODGM

sp| B4EYU9 | RPOB_PROMH
sp|A7FNI3|RPOB_YERP3
sp|Q1C1UL|RPOB_YERPA
sp|B2K113|RPOB_YERPB

sp| ASGSE7 |RPOB_SERP5

sp| QBDANO | RPOB_PECAS

sp| C6DHR5 | RPOB_PECCP
sp|Q7N9A4 | RPOB_PHOLL

sp| C5BHE3 |RPOB_EDW19

sp | A7MQQ9 | RPOB_CROS8

sp|B5XYF5 |RPOB_KLEP3

sp|POA8V2 |RPOB_ECOLI

sp| C5A0S7 | RPOB_ECOBW
sp|Q31U10|RPOB_SHIBS
sp|Q32AF9|RPOB_SHIDS

sp| ABAKT9|RPOB_CITKS
sp|BSRFK1|RPOB_SALG2
sp|B5BJIQ3 | RPOB_SALPK
sp|BATOY9|RPOB_SALNS
sp|P06173 | RPOB_SALTY

sp|P30876 |RPB2_HUMAN
tr|G3V8Y5|G3V8Y5_RAT

tr | ADA250Y753 | AOA250Y753_CASCN
tr | ADA1U7RAC7 | AOALU7RAC7_MESAU
tr | ADA286X1Q9 | AOA286X1Q9_CAVPO
tr] 13M351] 13M351_ICTTR
tr|G7P5R6|G7P5R6_MACFA
tr|H2QP18|H2QP18_PANTR

tr | ADALU7VOT5 | AOALU7VOT5_TARSY
tr|AOA1S2ZSL2 | AOA1S2ZSL2_ERIEU
tr ] ADAOD9QYL1 | AOAODIQYL1_CHLSB
tr | ADA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr]AOA212Z1U3 | AOA212Z1U3_GORGO
tr | AOA1D5QGAS | AOALD5QGAS_MACMU
tr | ADA2J8S2N1 | AOA2J8S2N1_PONAB
tr | ADA2K5K5J5 | AOA2K5K5J5_COLAP
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DQEEVFEKPTRETCQGMRHATYDK

I APGVRVSGDDV I IGKTVTLPENE

ESK] DQEEVFEKPTRETCQGMRHATYDK I APGVRVSGDDV I IGKTVTLPENE
ESK] DQEEVFEKPTRETCQGMRHATYDK I APGVRVSGDDV I IGKTVTLPENE
ESK] DQEEVFEKPTRETCQGMRHATYDK I APGVRVSGDDV I IGKTVTLPENE

ESKKGFDQEEVFEKPTRETCQGMRHATYDK
ESKKGFDQEEVFEKPTRETCQGMRHATYDK
ESKKGFDQEEVFEKPTRETCQGMRHATYDK
ESKKGFDQEEVFEKPTRETCQGMRHATYDK
ESKKGFDQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESK DQEEVFEKPTRETCQGMRHATYDK
ESKKGFDQEEVFEKPTRETCQGMRHATYDK
DQEEVFEKPTRETCQGMRHATYDK
DQEEVFEKPTRETCQGMRHATYDK
DQEEVFEKPTRETCQGMRHATYDK

SITETFEKPHRTNTLRMKHGTYDK
SITETFEKPQRTNTLRMKHGTYDK

SITETFEKPQRTNTLRMKHGTYDK
SITETFEKPQRTNTLRMKHGTYDK|
SITETFEKPQRTNTLRMKHGTYDK|
SITETFEKPQRTNTLRMKHGTYDK| 111qg
SITETFEKPQRTNTLRMKHGTYDK| 111qg
SITETFEKPQRTNTLRMKHGTYDK|
SITETFEKPQRTNTLRMKHGTYDK|
SITETFEKPQRTNTLRMKHGTYDK|
SITETFEKPQRTNTLRMKHGTYDK 111d
TVMEEFERPTRSTTLRMKHGTYDK

TVMEEFERPVRSTTLRMKHGTYDK 114
TVMEEFERPARSTTLRMKHGTYDK

TVMEEFERPARSTTLRMKHGTYDK 111d
LGPERI-----TRDIPHLSEAALRD
ARDTKLGPED I ----- TRDIPNVGEEALRN
ARDTKLGAEEl----- TRDISNLPEIQLNR
ARDTKLGAEEI----- TRDISNLPEIQLNR
SRDTKLGPEEN----- TADIPNVGEAALSK
SRDTKLGPEEN----- TADIPNVGEAALSK
SRDTKLGPEEN----- TADIPNVGEAALSK
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----

SRDTKLGPEEI-----
SRDTKLGPEEI-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN----~
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----
SRDTKLGPEEN-----

GDKFASRHGOKG CG I1QYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKG CG I1QYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKG CG I1QYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKG CG I1QYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGTCG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGT CG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGTCG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGTCG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGTCG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGOKGT CG IQYRREDMPHTCEG I THDI I INPHA JPSRMT I GHL
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I I INPHA IPSRMT 1 GHU
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I I INPHA IPSRMT 1 GHU
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I 1 INPHA IPSRMT 1 GHU
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I I INPHA IPSRMT 1 GHU
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I I INPHA IPSRMT 1 GHU
GDKFASRHGQKGT CG 1QYRREDMPHTCEG I THD I I INPHA IPSRMT 1 GHU

I APGVRVSGDDV I IGKTVTLPENE
I APGVRVSGDDV I IGKTVTLPENE
I APGVRVSGDDV I IGKTVTLPENE
I APGVRVSGDDV I IGKTVTLPENE
I APGVRVSGDDV I IGKTVTLPENE
I APGVRVSGDDV I IGKTVTLPENE

KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTTPISPDE
KTAPVPPDH
KTAPIPLDH
KTAPIPVDN
KTAPIPLDN
RTSFKGESE
KITPKGESP
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ
KVTPKGETQ

1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS
1ECLQGKVS

894
894
894
894
894
894
894



tr | AOA2J8PEW7 | AOA2JSPEW7_PANTR
tr | AOA2K5CY83 | AOAZK5CY83_AOTNA
tr | AOAO9BNEY4 | AOAO9BNEY4_PAPAN
tr[C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY6L TETPH
tr|AOALX7QYAL|AOALX7QYAL 9SACH
tr|J7RVO5[J7RVI5_KAZNA
tr|H2AVJI8 | H2AVI8_KAZAF
sp|QBFLD5 [RPB2_CANGA

sp|P08518 |RPB2_YEAST

tr ] ADAOL8VHAS | AOAOLBVHAS_9SACH
tr ] AOAOLSRB33 | AOAOLBRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZM49|G8ZM49_TORDC

tr | AOA1Q3A090 | AOA1Q3A090_ZYGRO
tr ] ADAON7 1S35 | AOAON7 1S35_9SACH
tr| AOA212MG88 | AOA212MG8S_ZYGBA
tr | AOALS7HHEL | AOA1S7HHEL_9SACH
tr| S6ESB4|S6ESB4_ZYGB2
tr|B6K5Q5 | B6K5Q5_SCHJY

sp| Q02061 |RPB2_SCHPO

tr| S9R8U4 | S9R8U4_SCHOY
tr|SOWSC6 | SOWSC6_SCHCR

sp| Q8RQE9|RPOB_THETS
ASR51304.1

OXR47929.1

WP_093971860. 1
Sp|Q2NWR6 | RPOB_SODGM
sp|B4EYU9 | RPOB_PROMH
sp|A7FNI3|RPOB_YERP3
sp|Q1C1U1|RPOB_YERPA
sp|B2K113|RPOB_YERPB

sp| ABGSE7 |RPOB_SERP5

sp | Q6DANO | RPOB_PECAS

sp | C6DHR5 | RPOB_PECCP

sp|Q7N9A4 |RPOB_PHOLL

sp| C5BHE3 | RPOB_EDWI9

sp| A7MQQ9 | RPOB_CROS8
sp|BSXYF5|RPOB_KLEP3
sp|POA8V2|RPOB_ECOL I

sp| C5A0S7 | RPOB_ECOBW
sp|Q31U10|RPOB_SHIBS
sp|Q32AF9 | RPOB_SHIDS

sp| ABAKT9|RPOB_CITKS
sp|BSRFK1|RPOB_SALG2
sp|B5BJIQ3 | RPOB_SALPK
sp|B4TOY9|RPOB_SALNS
sp|P06173|RPOB_SALTY

sp|P30876 | RPB2_HUMAN
tr|G3V8Y5|G3V8Y5_RAT

tr ] ADA250Y753 | AOA250Y753_CASCN
tr ] AOALU7RAC7 | AOALU7RAC7_MESAU
tr | ADA286X1Q9 | AOA286X1Q9_CAVPO
tr] 13M351] 13M351_ICTTR
tr|G7P5R6|G7P5R6_MACFA
tr|H2QP18|H2QP18_PANTR

tr | AOALU7VOT5 | AOALU7VOTS_TARSY
tr|AOA1S2ZSL2 | AOA1S2ZSL2_ERIEU
tr ] ADAOD9QYL1 | AOAODIQYL1_CHLSB
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr|AOA212Z1U3 | AOA212Z1U3_GORGO
tr ] AOA1D5QGAS | AOALD5QGAS_MACMU
tr | AOA2J8S2N1 | AOA2J8S2N1_PONAB
tr | ADA2K5K5J5 | AOA2K5K5J5_COLAP
tr | ADA2J8PEW7 | AOA2JBPEW7_PANTR
tr | ADA2K5CY83 | AOA2K5CY83_AOTNA
tr | ADAO9BNEY4 | AOAO9BNEY4_PAPAN
tr|C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY61_TETPH

tr ] ADAIX7QYAL | AOALX7QYAL_9SACH
tr|J7RV95]J7RVO5_KAZNA
tr[H2AVJI8 |H2AVI8_KAZAF
sp|Q6FLD5 |RPB2_CANGA

sp|P08518 |RPB2_YEAST

tr | ADAOL8VHAS | AOAOLBVHAS_9SACH
tr | ADAOL8RB33 | AOAOLBRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZM49|G8ZM49_TORDC

tr ] ADA1Q3A090 | AOA1Q3A090_ZYGRO
tr ] ADAON7 1S35 | AOAON7 1S35_9SACH
tr| ADA212MG88 | AOA212MG88_ZYGBA

1 TCEGITPDI I INPHAIPSRMT IGHL | ECLQGKVS
1 TCEGITPDI I INPHAIPSRMT I1GHL | ECLQGKVS
1 TCEGITPDI I INPHAIPSRMT IGHL | ECLQGKVS
1 TCEGITPDI I INPHAIPSRMT IGHL | ECLQGKVS
1 TAEG IVPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG IVPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG IVPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TADG I VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG IVPDL I INPHAIPSRMTVAHL | ECLLSKVA
1GDKFASRHGQKGT 1G I TYRREDMPFTAEG IVPDL I INPHAIPSRMTVAHL I ECLLSKVA
1 TAEG 1 VDL IINPHATPSRMTVAHL | ECLLSKVA
| TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
| TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
| TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
| TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TSEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 TAEG1VPDL I INPHAIPSRMTVAHL | ECLLSKVA
1 SAQGIVIPDI I INPHAIPSRMTVAHLYECQLSKVS
1 SAQG1VIPDI I INPHAIPSRMTVAHLYECQLSKVS
1 SAQGVVIPDV I INPHAIPSRMTVAHL | ECQLSKVS
1 SAQG 1VIPDVI INPHAIPSRMTVAHL | ECQLSKVS
vV LPDGTPYDVILNPLGVPSRMNLGQILETHLGLAG
P LEDGTHYDFVLNPLGVPSRMNVGQIRETHLGWAA
P MADGTPADIVLNPLGVPSRMNVGQVILEVHLGWAA
P MADGTPADIVLNPLGVPSRMNVGQVILEVHLGWAA
P DENGVPYD IVLNPLGVPSRMN1GQI L ETHLGMAA
P DENGNPYDLVLNPLGVPSRMNIGQII|ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQII|ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI|ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI | ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI | ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI | ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI | ETHLGMAA
P DENGTPYDIVLNPLGVPSRMN IGQI L ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI L ETHLGMAA
P DENGTPYD IVLNPLGVPSRMNIGQI L ETHLGMAA
P DANGTPYDIVLNPLGVPSRMNIGQILETHLGMAA
PGDKMAGRHGNKGV 1 SK INP 1EDMPYDENGTPVD I VLNPLGVPSRMN I GQI LETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMNIGQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN IGQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN1GQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN1GQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN1GQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMNIGQILETHLGMAA
PBDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN IGQILETHLGMAA
PBEDKMAGRHGNKGH 1SKINP1 DENGTPYDIVLNPLGVPSRMN1GQILETHLGMAA

**:*_***:** :* *_::*l‘ :****_:_:: * . ..
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIIVDDKIHSRARGP 1Q I LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIVDDK IHSRARGP 1Q 1 LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIVDDK IHSRARGP 1Q 1 LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIVDDK IHSRARGP 1Q 1 LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIVDDK IHSRARGP 1Q 1 LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKHIVDDK IHSRARGP 1Q 1 LNRQPNEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q 1 LNRQPNEGRSRDGGLRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPMEGRSRDGGLIRFGEMERDCQ
RKITSQIFIGPTYYQRLKH RGP 1Q1LNRQPNMEGRSRDGGLIRFGEMERDCQ
KKLMAQIFFGPTYYQRLRH RGPMQVLTRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQIFFGPTYYQRLRH RGPMQVLTRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQIFFGPTYYQRLRHIIVDDK I HARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQIFFGPTYYQRLRHIIVDDK I HARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQIFFGPTYYQRLRHIIVDDK IHARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQIFFGPTYYQRLRHMVDDK I HARARGPMQVL TRQPVEGRSRDGGLRFGEMERDCM
KKLMAQIFFGPTYYQRLRHIIVDDK IHARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQ I FFGPTYYQRLRHIIVDDK I HARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQ I FFGPTYYQRLRHIIVDDK I HARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMAQ I FFGPTYYQRLRHIIVDDK I HARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMSQIFFGPTYYQRLRHIIVDDK IHARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMSQIFFGPTYYQRLRHIIVDDK IHARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM
KKLMSQIFFGPTYYQRLRHIIVDDK IHARARGPMQVL TRQPYEGRSRDGGLIRFGEMERDCM




tr|AOALS7HHEL | AOA1S7HHEL 9SACH
tr| SBESB4|S6ESB4_ZYGB2
tr|B6K5Q5 | B6K5Q5_SCHJY
sp] Q02061 |RPB2_SCHPO
tr|S9R8U4|S9R8U4_SCHOY
tr| SOWSC6|SOWSCH_SCHCR
sp | Q8RQE9 |RPOB_THETS
ASR51304.1

OXR47929.1
WP_093971860.1
sp|Q2NWR6 | RPOB_SODGM
sp|B4EYU9 | RPOB_PROMH
sp|A7FNI3|RPOB_YERP3
sp|Q1C1UL |RPOB_YERPA
sp|B2K113|RPOB_YERPB
sp| ABGBE7 | RPOB_SERP5
sp| QBDANO | RPOB_PECAS
sp| C6DHR5 | RPOB_PECCP
sp|Q7N9A4 | RPOB_PHOLL
sp| C5BHE3 | RPOB_EDWI9
sp| A7MQQ9 | RPOB_CROSS
sp| BSXYF5|RPOB_KLEP3
sp|POASV2 |RPOB_ECOLI
sp| C5A0S7 |RPOB_ECOBW
sp|Q31U10|RPOB_SHIBS
sp|Q32AF9|RPOB_SHIDS
sp| ABAKT9|RPOB_CITKS
sp|BSRFK1|RPOB_SALG2
sp|B5BJQ3 | RPOB_SALPK
sp|B4TOY9 |RPOB_SALNS
sp|P06173|RPOB_SALTY

sp|P30876|RPB2_HUMAN
tr|G3v8Y5|G3vaY5 RAT

tr | AOA250Y753 | AOA250Y753_CASCN
tr | AOALU7RAC7 | AOALU7RACT _MESAU
tr | AOA286X1Q9 | AOA286X1Q9_CAVPO
tr] 13M351] 13M351_ICTTR
tr|G7P5R6|G7P5R6_MACFA
tr|H2QP18|H2QP18_PANTR

tr | AOALU7VOT5 | AOALU7VOT5_TARSY
tr|AOA1S2ZSL2 | AOA1S2ZSL2_ERIEU
tr | AOAOD9QYL1 ] AOAODIQYL1_CHLSB
tr | AOA2K5ZNR7 | AOA2K5ZNR7_MANLE
tr|AOA212Z1U3|A0A212Z1U3_GORGO
tr | AOALD5QGAS | AOALD5QGAS_MACMU
tr|AOA2J8S2N1 | AOA2J8S2N1_PONAB
tr | AOA2K5K5J5 | AOA2K5K5J5_COLAP
tr | AOA2J8PEW7 | AOA2JSPEW7_PANTR
tr | AOA2K5CY83 | AOAZK5CY83_AOTNA
tr | AOAO9BNEY4 | AOAO9BNEY4_PAPAN
tr|C9J2Y9]C9J2Y9_HUMAN
tr|G8BY61|G8BY61 TETPH
tr|AOALX7QYAL | AOALX7QYAL 9SACH
tr[J7RVO5[J7RVI5_KAZNA
tr|H2AVJI8 | H2AVI8_KAZAF
sp|QBFLD5 [RPB2_CANGA

sp|P08518 |RPB2_YEAST

tr ] ADAOL8VHAS | AOAOLBVHAS_9SACH
tr | AOAOL8BRB33 | AOAOLBRB33_SACEU
tr|GOVJ71]GOVI71_NAUCC
tr|G8ZM49|G8ZM49_TORDC

tr | AOA1Q3A090 | AOA1Q3A090_ZYGRO
tr | AOAON7 1S35 | AOAON7 1S35_9SACH
tr | AOA212MG88 | AOA212MG88_ZYGBA
tr | AOALS7HHEL | AOA1S7HHEL_9SACH
tr| S6ESB4 | S6ESB4_ZYGB2
tr|B6K5Q5 | B6K5Q5_SCHJY

sp| Q02061 |RPB2_SCHPO

tr| SOR8U4 | S9R8U4_SCHOY

tr| SOWSC6 | SOWSCH_SCHCR
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KKLMSQIFFGPTYYQRLRHbVDDKIHAR
'VDDKITHAR
RKLVAQVFLGPTYYQRLKHLVDDKIHAR
RKLVAQVFLGPTYYQRLKHLVDDKIHAR
RKLVSQVFLGPTYYQRLKHLVDDKIHAR
RKLVSQVFLGPTYYQRLKHLVDDKITHAR
EPIEGP 1VVGQMF IMKLYHMWVEDKMHAR:
DKFDRKVTVGY I YMLKLHHLVDDKTHAR:
EQFERPVTVGYMHYLKLHH|LVDDKMHAR:
EQFERPVTVGYMHYLKLHH|LVDDKMHAR:
EQFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERPVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNH|LVDDKMHAR:
EKFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERQVTVGYMYMLKLNH|LVDDKMHAR:
ERFERQVTVGYMYMLKLNHLVDDKMHAR:
EQFERPVTVGYMYMLKLNH|LVDDKMHAR:
EQFERPVTVGYMYMLKLNH|VDDKMHAR:

KKLMSQIFFGPTYYQRLRH

GPYSLI
IGPYSL
GPYSL
GPYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL

GPMQVLTRQPVEGRSRDGGL
GPMQVLTRQPVEGRSRDGGL
GPVQI LTRQPVEGRSRDGGL
GPVQI LTRQPVEGRSRDGGL
GPVQI LTRQPVEGRSRDGGL
GPVQI LTRQPVEGRSRDGGL
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(

RFGEMH
RFGEMH
RFGEMH
RFGEMH
RFGEMH
RFGEMH
RFGEME]
RFGEME]
RFGEME]
RFGEME]

RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM
RFGEMEM

EQFERPVTVGYMYMLKLNHLVDDKMHARSTGSYSLVTQQPLGGKAQFGGQRFGEME

EQFERPVTVGYMYMLKLNHLVDDKMHAR
EQFERPVTVGYMYMLKLNHLVDDKMHAR
EQFERPVTVGYMYMLKLNHLVDDKMHAR
EQFERSVTVGYMYMLKLNHLVDDKMHAR
EQFERPVTVGYMYMLKLNHLVDDKMHAR
EQFERPVTVGYMYMLKLNHLVDDKMHAR:
EQFERPVTVGYMYMLKLNHLVDDKMHAR:
EQFERPVTVGYMYMLKLNHLVDDKMHAR:
- - *

EEE £

GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL
GSYSL

ek -k-k-| x --

IACKLLFQELMSMS I APRMMSV
IACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS I APRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV
JACKLLFQELMSMS IAPRMMSV

AAKLLFQELMAVMNTTPRLYTIR

AAKLLFQELMAMN I TPRLYTPRSRDF————————————
AAKLLFQELMAMNITPRLYTPRSRDF————————————
AAKLLFQELMAMN I TPRLFTPRSRDF————————————
AAKLLFQELMAMNITPRLYTIPRSRDF————————————
AAKLLFQELMAMNITPRLYTDRSRDF————————————
AAKLLFQELMAMNITPRLYTPRSRDF————————————
AAKLLFQELMAMNITPRLYTIHRSRDF————————————
AAKLLFQELMAMNITPRLYTERSRDF————————————
AAKLLFQELMAMNITPRLYTPRSKDF————————————
AAKLLFQELMAMNITPRLYTPRSKDF————————————
AAKLLFQELMAMNITPRLYTPRSKDF————————————
AAKLLFQELMAMNITPRLYTPRSKDF————————————
AAKLLFQELMAMNITPRLYTIPRSKDF————————————
AAKLLFQELMAMNITPRLYTIPRSKDF————————————
AAKLLFQELMSMNIAPRLFTKSHH-—————————————
AAKLLFQELMSMNIAPRLFTKNHK - == === ————————
AAKLLFQELMSMNIAPRLFTENHK I —————————————
AAKLLFQELMSMNIAPRLFTHKNHKN-————————————

QQPLBGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPLEGKAQFGG(
QQPL{GKAQFGG(
QQPL{GKAQFGG(
GSYSLVTQQPLEGKAQFGG(

*e -

*x

RFGEME]
RFGEME]
RFGEME]
RFGEME]
RFGEME]
RFGEME]
RFGEME]
RFGEME]




45

Sp|Q8RQE9|RPOB_THETS SFAVLVKELQALALDYQTLDEKDN--PVDIFEGLASKR 1119
ASR51304.1 SFNVLVKEMRSLGLNYELNS I DALPDPDE IAEAAE-—— 1388
OXR47929.1 SFNVLVKEIRSLSLDYDLERN-———————————————— 1370
WP_093971860.1 SFNVLVKEIRSLSLDYDLERN -~~~ === ===~ 1370
Sp|Q2NWR6 |RPOB_SODGM SFNVLLKEIRSLG INJ ELEED-—-—-———————————— 1342
sp|B4EYU9 |RPOB_PROMH SFNVLLKEIRSLG INJ ELEDE-—-—-——=——=—————— 1342
sp|A7FNI3|RPOB_YERP3 SFNVLLKEIRSLGIN ELEEE-—-—————————————— 1342
sp|Q1C1U1|RPOB_YERPA SFNVLLKEIRSLGIN| ELEEE-—-—————————————— 1342
sp|B2K113|RPOB_YERPB SFNVLLKEIRSLGIN ELEEE-—-—————————————— 1342
sp|ASGSE7 |RPOB_SERP5 SFNVLLKEIRSLG IN ELEGE-—-—-—-=————————— 1342
sp|QBDANO | RPOB_PECAS SFNVLLKEIRSLGINJ ELEEK-————————————m—m 1342
sp| C6DHRS | RPOB_PECCP SFNVLLKEIRSLGINJ ELEEE-—————————————— = 1342
sp|Q7N9A4 | RPOB_PHOLL SFNVLLKEIRSLGINJ ELEGE-———————————————— 1342
sp|C5BHE3|RPOB_EDWI9 SFNVLLKEIRSLGINJ ELEDE-———————————————— 1342
sp|A7MQQ9 | RPOB_CROSS SFNVLLKEIRSLGINJ ELEDE-—————————=———— = 1342
sp|B5XYF5|RPOB_KLEP3 SFNVLLKEIRSLGINJ ELEDE-———————————————— 1342
sp|POA8V2|RPOB_ECOLI SFNVLLKEIRSLGINIELEDE-=———=—=————————— 1342
sp| C5A0S7 |RPOB_ECOBW SFNVLLKEIRSLGIN} ELEDE-———————————————— 1342
sp|Q31U10|RPOB_SHIBS SFNVLLKEIRSLGINJ ELEDE--——————————————— 1342
sp|Q32AF9|RPOB_SHIDS SFNVLLKEIRSLGINJ ELEDE-———————————————— 1342
Sp|ASAKT9|RPOB_CITKS SFNVLLKEIRSLGINJ ELEDE-———————————————— 1342
sp|B5RFK1|RPOB_SALG2 SFNVLLKEIRSLG INJ ELEDE————————————————— 1342
sp|B5BJQ3|RPOB_SALPK SFNVLLKEIRSLG INJ ELEDE -~~~ ===~~~ 1342
Sp|BATOY9|RPOB_SALNS SFNVLLKEIRSLG INJ ELEDE-—-————=————————— 1342
sp|PO6173|RPOB_SALTY SFNVLLKEIRSLG INJ ELEDE-—-——— ===~~~ 1342
- -k -k - - -

Fig. 5 Mix and Match analysis of the initiation subunits B of E. coli and Rpb2 of yeast RNAP-II
For legends follow Figures 3-5.

Figure 6 shows the mix and match analysis of the elongation subunits from pro- and eukaryotes
MSU RNAPs. The active site regions are highlighted in yellow and the representative sequences are
highlighted in yellow. In eukaryotic elongation subunits, the catalytic region is brought to the N-terminal
region whereas it is found very close to the C-terminal region. There are 4 Cs at the N-terminal region in
prokaryotic elongation subunits (out of which 2 are aligning in both) suggesting a possible additional Zn
binding region. There are a very few motifs aligning in both. Significant among them are —GHIELA-,
-NLM/LGKRVDF/YS-, possible metal binding region -DFDGDE/QM-, -DTAV/LKTAE/NT/SGYI/L-,
-L/IVIIAAQSIGEPA/GTQM/LTL/MXTFH-. The metal binding region -NADFDGD- is aligning in both and
placed in the middle of the enzyme. The C-terminal ends in eukaryotes usually end in -PDDSDE/DE/DN-
(except in yeasts and Alligator) and -GSDNE/D- in prokaryotes, suggesting a possible metal binding site
(DxD) at the ends. It is interesting to note that the prokaryotic active site is placed at the C-terminal region
(~900 amino acids) whereas the eukaryotic active site is placed at the N-terminal region (~90 amino
acids) with their built-in Zn binding motifs.



CLUSTAL O(1.2.4):MSA of eubacterial 3’ and eukaryotic Rpb1 subunits

tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAPA | AOALL8HAPA_XENLA
tr |H9GLG5 |HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
sp|P08775|RPB1_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr| D4ASAG | DAASAG_RAT

tr | AOA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr] ADA213MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYW9 | AOA2K6RYWS_SAIBB
tr | W5N8Z6 |WsN8Z6_LEPOC

tr] 13JRW6 | 13JRW6_OREN

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_OTELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | AOA1ASNSR8 | AOALABNSRS_9TELE
tr | ADAIWAYLM7 | AOALWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P04050 |RPB1_YEAST

tr | ADA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOALDS8PUAG_CANAL
tr | GBBEHO | GBBEH9_CANPC
AEG34223.1

ASR51305. 1

0XR47930.1

sp | A7MQQ8 |RPOC_CROS8

sp|Q32AGO |RPOC_SHIDS
sp|QOSY12|RPOC_SHIF8

sp|B2TWH4 |RPOC_SHIB3

sp|POAST7 |RPOC_ECOLI
sp|Q3YUZ6|RPOC_SHISS
sp|B1XBZ0|RPOC_ECODH

sp| ABA787|RPOC_ECOHS

tr | AOA237JUP3 | A0A237JUP3_SHISO
tr | AOAOF1RBF2 | AOAOF1RBF2_ENTAS
tr | AOA1B3EWGO | AOALB3EWGO_ENTCL
tr | ADAOFOXM62 | AOAOFOXM62_9ENTR
sp|Q5PK92 | RPOC_SALPA

sp | AOMHEQ [RPOC_SALAR

tr | ADA232XM43 | AOA232XM43_SALMU
tr | BSRFKO | BSRFKO_SALG2
sp|POA2R5 |[RPOC_SALTI

sp|Q57H68 |RPOC_SALCH
sp|POA2R4|RPOC_SALTY

sp|A6TGP1 |RPOC_KLEP7

tr | ADA0J2K6S7 | AOA0J2KES7_9ENTR
tr ] ADAOG3RZQO | AOAOG3RZQO_KLEOX
tr ] AOA212HDS5 | AOA212HDS5_9ENTR
tr | AOAIROFP41 | AOALROFP41_CITBR
tr | ADAO78LHAS | AOAO78LHAS_CITKO
sp|ABAKT8|RPOC_CITK8

tr | AOA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAP4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
sp|P08775|RPB1_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4A5A6 | DAASA6_RAT

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | ADA2 13MOH2 | AOA2 13MIH2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |W5N8Z6_LEPOC
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tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
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tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | AOA1ASNSRS | AOALABNSR8_9TELE
tr | AOAIWAYLM7 | AOALWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7 MALS4
sp|PO4050|RPB1_YEAST

tr | AOA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOALD8PUAG_CANAL
tr | GBBEHO | GBBEH9_CANPC
AEG34223.1

ASR51305. 1

OXR47930.1
sp|A7MQQ8|RPOC_CROS8

sp|Q32AG0 |RPOC_SHIDS
sp|QOSY12|RPOC_SHIF8

sp|B2TWH4 [RPOC_SHIB3

sp|POAST7 |RPOC_ECOLI

sp|Q3YUZ6 |RPOC_SHISS
sp|B1XBZ0|RPOC_ECODH

sp| ABA787 |RPOC_ECOHS

tr | ADA237JUP3 | AOA237JUP3_SHISO
tr | ADAOF1RBF2 | AOAOF1RBF2_ENTAS
tr | ADA1B3EWGO | AOALB3EWGO_ENTCL
tr | ADAOFOXM62 | AOAOFOXM62_9ENTR
sp|Q5PK92 |RPOC_SALPA

sp | A9MHEQ |RPOC_SALAR

tr | ADA232XM43 | AOA232XM43_SALMU
tr|BSRFKO | BSRFKO_SALG2
sp|POA2R5 |RPOC_SALTI

sp|Q57H68 |RPOC_SALCH

sp|POA2R4 |RPOC_SALTY
sp|A6TGP1|RPOC_KLEP7

tr | ADA0J2K6S7 | AOAOJ2KES7 9ENTR
tr | ADAOG3RZQO | AOAOG3RZQO_KLEOX
tr | AOA212HDS5 | AOA212HDS5_9ENTR
tr | AOAIROFP41 | AOALROFP41_CITBR
tr | ADAO78LHAS | AOAO78LHAS_CITKO
sp|ABAKT8|RPOC_CITK8

tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAP4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
sp|P08775|RPB1_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4ASAG6 | DAASAE_RAT

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | AOA2 13MOH2 | AOA2 13MOH2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWO | AOA2K6RYW9_SAIBB
tr | W5N8Z6 |WsN8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr ] ADA1ASUKD7 | AOALABUKD7_NOTFU
tr | AOA1ASERO5 | AOALABERO5_OTELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | ADA1ASNSR8 | AOALABNSRS_9TELE
tr | ADAIWAYLM7 | AOALWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P04050|RPB1_YEAST

tr | ADA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOALDS8PUAG_CANAL
tr | GBBEHO | GBBEH9_CANPC
AEG34223.1

ASR51305.1

OXR47930.1

sp | A7MQQ8 |RPOC_CROS8

sp|Q32AGO |RPOC_SHIDS
sp|QOSY12|RPOC_SHIF8

sp|B2TWH4 |RPOC_SHIB3

sp|POAST7 |RPOC_ECOLI
sp|Q3YUZ6|RPOC_SHISS
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DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
DALLDNGRRGRAITG-SNKRPLKSLADMIKGKQGRFR
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PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV I ENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQTGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD I I VENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCEGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD IV IENRQPTLHKMEMMGHRVR I LPWSTFRLNLSVT
PSDLHLQIGYKVERHMCDGD I I IENRQPTLHKMBEMMGHRVR I LPWSTFRLNLSVT
RGDIALQAGWI'VERHLKDGDYVLENRQPSLHKMEMMAHRVKLMDYSTFRLNLSVT

NLMGKRVDFS,
NLMGKRVDFS,
NLMGKRVDFS,
NLMGKRVDFS,
NLMGKRVDFS,
NLLGKRVDYS!
NLLGKRVDYS!
NLLGKRVDYS!
NLLGKRVDYS!
NLLGKRVDYS!
NLLGKRVDYSGEREVITIGPYLR
NLLGKRVDYSGEREVITIGPYLR
NLLGKRVDYSGRSVITVGPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYS{ER GPYLR
NLLGKRVDYS{R GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR
NLLGKRVDYSER GPYLR

* E

Fk = KkKkk -k

I1SEDPNLE
1SEDPNLE
1SEDPNLD
1SEDPNLD
1SEDPNLD

VIVIGPQLK

VIV[[GPELK

VIVYGPQLK

VIT|/GPYLR

VIT|/GPYLR

2002000000000

r

RYRHEPWSTFRL

AGD 1QLQYGWKVERH IMDNDPVLFNRQPSLHKMSMMAHRVKV IPYSTFRLNLSVTSPYNA
AGD IVLQYGWKVERHLMDDDPVLENRQPSLHKMEMMAHRVKVMPYSTFRLNLSVTEPYN.
AGDIVLQYGWKVERHLMDDDPVLENRQPSLHKMEMMAHRVKVMPYSTFRLNLSVTEPYN.
AGDIALQYGWKVERHLMDNDPVLENRQPSLHKMEMMAHRVKVMPYSTFRLNLSVTEPYN.
AGDIALQYGWKVERHLMDDDPVLENRQPSLHKMEMMAHRVRVMPYSTFRLNLSVTEPYN.
AGDIALQYGWKVERHLMDDDPVLENRQPSLHKMEMMAHRVKVMPYSTFRLNLSVTEPYN.
QRD I -KDEVWDALEEV IHGKVVLIENRAPTLHRL( 1QAFQPVLVEGQS IQLHPLVCEAEN
ER----KEVWDILDEVIREHPVMINRAPTLHRLE I QAFEPVL IEGKATQLHPLVCBAEN
QE----PVVWDILEEVIREHPVMINRAPTLHRL( 1QAFEPVL IEGKATIQLHPLVCAAEN
EE----AVVWDILDEVIREHPVLINRAPTLHRLE I QAFEPVL IEGKATQLHPLVCRAAYN
EE----AVVWDILDEVIREHPVLINRAPTLHRLE I QAFEPVL IEGKATQLHPLVCRAAYN
EE----AVVWDILDEVIREHPVLINRAPTLHRLE I QAFEPVL IEGKATQLHPLVCRAAYN
EE----AVVWDILDEVIREHPVLINRAPTLHRLE I QAFEPVL IEGKATQLHPLVCRAAYN
EE----AVVWDILDEVIREHPVLLNRAPTLHRLGIQAFEPVLIEGKAIQLHPLVCAAYNA

EE----AVVWDILDEVI REHPVLl[NRAPTLHRL]S I1QAFEPVLIEGKAI QLHPLVCM'




sp|B1XBZO|RPOC_ECODH

sp| ABA787|RPOC_ECOHS
tr|AOA237JUP3|A0A237JUP3_SHISO
tr | AOAOF1RBF2 | AOAOF1RBF2_ENTAS
tr ] ADA1B3EWGO | AOALB3EWGO_ENTCL
tr | ADAOFOXM62 | AOAOFOXM62_9ENTR
sp|Q5PK92|RPOC_SALPA

sp | AOMHEQ |RPOC_SALAR

tr | AOA232XM43 | AOA232XM43_SALMU
tr | BSRFKO | BSRFKO_SALG2
sp|POA2R5 |RPOC_SALTI
sp|Q57H68 | RPOC_SALCH
sp|POA2R4|RPOC_SALTY
sp|A6TGP1|RPOC_KLEP7

tr | AOA0J2K6S7 | AOADJ2K6S7_9ENTR
tr | AOAOG3RZQO | ADAOG3RZQO_KLEOX
tr | AOA212HDS5 | AOA212HDS5_9ENTR
tr | AOAZROFP41 | AOAIROFP41_CITBR
tr | AOAO78LHAS5 | ADAO78LHAS_CITKO
sp| ABAKT8|RPOC_CITKS

tr | AOALUSDYNO | AOALUSDYNO_ALLSI
tr|AOALL8HAPA | AOALL8HAPA_XENLA
tr|HOGLG5 |HOGLG5_ANOCA
tr|H2R1J6|H2R1J6_PANTR
sp|PO8775|RPBL_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4ASAG | DAASAE_RAT

tr | AOA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | AOA2 13MOH2 | AOA2 13MOH2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | AOA2KBRYWS | AOA2K6RYWS_SAIBB
tr |WSN8Z6 |W5N8Z6_LEPOC

tr| 13JRW6 | 13JRW6_ORENI

tr | AOAOR4 1MS9 | AOAOR4 IMS9_DANRE
tr| AOA1A7X327 | AOA1A7X327_OTELE
tr | AOALABUKD7 | AOA1ASUKD7_NOTFU
tr | AOALABERO5 | AOA1ASERO5_OTELE
tr | AOA1A8DQ60 | AOA1ASDQB0_OTELE
tr | AOALABNSRS | AOA1ASNSRS_OTELE
tr | AOALWAYLM7 | AOALWAYLM7 _OTELE
tr | AOAIMBAGBL7 | AOAIMBAGL7 MALS4
sp|P04050 |RPB1_YEAST

tr| AOA1B2J8C6 | AOALB2J8C6_PICPA
tr|F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | AOALD8PUAG | AOALDSPUAG_CANAL
tr| G8BEH9 | GBBEH9_CANPC
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sp|A7MQQ8|RPOC_CROS8
sp|Q32AGO|RPOC_SHIDS
sp|QOSY12|RPOC_SHIF8

sp|B2TWH4 |RPOC_SHIB3

sp|POAST7 |RPOC_ECOLI
sp|Q3YUZ6|RPOC_SHISS
sp|B1XBZO|RPOC_ECODH

sp| ABA787 |RPOC_ECOHS

tr | AOA237JUP3 | A0A237JUP3_SHISO
tr | AOAOF1RBF2 | AOAOF1RBF2_ENTAS
tr | AOALB3EWGO | AOA1B3EWGO_ENTCL
tr | AOAOFOXM62 | ADAOFOXMB2_9ENTR
sp|Q5PK92 | RPOC_SALPA

sp| AOMHE9 | RPOC_SALAR

tr | AOA232XM43 | AOA232XM43_SALMU
tr | BSRFKO | BSRFKO_SALG2
sp|POA2R5 |[RPOC_SALTI
sp|Q57HE8 | RPOC_SALCH

sp| POA2R4|RPOC_SALTY
sp|ABTGP1|RPOC_KLEP7

tr | AOAOJ2K6S7 | AOADJ2KES7_9ENTR
tr | AOAOG3RZQO | AOAOG3RZQO_KLEOX
tr ] AOA212HDS5 | AOA212HDS5_9ENTR
tr | AOAIROFP41 | AOALROFP41_CITBR
tr | ADAO78LHAS | AOAO78LHAS_CITKO
sp|ABAKT8|RPOC_CITK8
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EE----AVVWDILDEVIREHPVELNRAPTLHRLE 1 QAFEPVLIEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLE 1 QAFEPVLIEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLE 1 QAFEPVLIEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLE 1 QAFEPVLIEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKATQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS | QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS I QAFEPVL IEGKAIQLHPLVCAAYNA
EE----AVVWDILDEVIREHPVELNRAPTLHRLS | QAFEPVL IEGKAIQLHPLVCAAYNA
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LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAEIQELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAE1QELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAE1QELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAE1QELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHLPQSLETRAE1QELAMVPRMIVTPQSNRPVMG IVQDTLTAVRKFTKRDVF
LHVPQSEEARAELAQ I AWVPRQ I'VSPQANKPVMG I'VQDTLCG IRKFTLRDCL
DFDGDEMNLHVPQSEETRAELSQLCAVPLQIVSPQSNKPCMGIVQDTLCGIRKLTLRDTF
LHVPQSEETRAELSQLCAVPLQIVSPQSNKPVMG IVQDTLCGVRKMTLRDTF
LHVPQSEETRAELSQLCAVPLQIVSPQSNKPVMG IVQDTLCGVRKMTLRDTF
LHVPQSPETRAELSE ICAVPLQIVSPQSNKPVMG IVQDTLCG IRKMTLRDNF
LHVPQSPETRSELSQICAVPLQIVSPQSNKPVMG IVQDTLCGIRKMTLRDIF
LHVPQSPETRSELSQICAVPLQIVSPQSNKPVMG IVQDTLCGIRKMTLRDIF
VHVPLSSFAQAEAR IQMLSAHNLLSPASGEPLAKPSRDIILGLYYITQVR-K
VHVPLSLEAQLEARVLMMSTNNILSPANGKP I I'VPSQDMVLGLYYLSMDR-E
VHVPLSLEAQLEARTLMLASNNVLFPANGEPSIVPSQDIVLGLYYTTRER-1
VHVPLTLEAQLEARALMMSTNNILSPANGEP I I'VPSQDVVLGLYYMTRDK-1
VHVPLTLEAQLEARALMMSTNNILSPANGEP I I'VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNN I LSPANGEP PSQDVVLGLYYMTRDC-V
DFDGDQMAVHVPLTLEAQLEARALMMSTNNILSPANGEP I 'VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
WVHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
WVHVPLTLEAQLEARALMMSTNNILSPANGEP PSQDVVLGLYYMTRDC-V
WVHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP PSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP PSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I 1VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I 1VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I 1VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I 1VPSQDVVLGLYYMTRDS-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP 1 1VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I 1VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I I'VPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
VHVPLTLEAQLEARALMMSTNNILSPANGEP I IVPSQDVVLGLYYMTRDC-V
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tr | ADA1USDYNO | AOALUSDYNO_ALLSI
tr | ADA1L8HAPA | AOALL8HAPA_XENLA
tr |HO9GLG5 |HOGLG5_ANOCA
tr|H2R1J6|H2R1J6_PANTR
sp|P08775|RPB1_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr| D4ASAG | DAASAG_RAT

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | AOA2 13MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |WsN8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASERO5 | AOALABERO5_9TELE
tr | ADA1ASDQ60 | AOALABDQ60_9TELE
tr | ADAIASNSR8 | AOALABNSR8_9TELE
tr | ADAIWAYLM7 | AOALWAYLM7_9TELE
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4
sp|P04050|RPB1_YEAST

tr | ADA1B2J8C6 | AOA1B2J8C6_PICPA
tr | F2QW17 | F2QW17_KOMPC
tr|A3GID7|A3GID7_PICST

tr | ADA1DSPUAG | AOALDSPUAG_CANAL
tr | GBBEH9 | GBBEH9_CANPC
AEG34223.1
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sp| A7MQQ8|RPOC_CROS8
sp|Q32AGO|RPOC_SHIDS
sp|QOSY12|RPOC_SHIF8

sp|B2TWH4 [RPOC_SHIB3

sp|POAST7 |RPOC_ECOLI
sp|Q3YUZ6|RPOC_SHISS
sp|B1XBZ0|RPOC_ECODH

sp|ABA787 |RPOC_ECOHS

tr | ADA237JUP3 | AOA237JUP3_SHISO
tr | ADAOF1RBF2 | AOAOF1RBF2_ENTAS
tr | AOA1B3EWGO | AOALB3EWGO_ENTCL
tr | ADAOFOXM62 | AOAOFOXM62_9ENTR
sp|Q5PK92|RPOC_SALPA

sp | A9MHEQ |RPOC_SALAR

tr | ADA232XM43 | AOA232XM43_SALMU
tr | BSRFKO | BSRFKO_SALG2
sp|POA2R5 |[RPOC_SALTI

sp|Q57H68 |RPOC_SALCH

sp|POA2R4 |RPOC_SALTY
sp|A6TGP1|RPOC_KLEP7

tr | ADA0J2K6S7 | AOA0J2KES7_9ENTR
tr ] ADAOG3RZQO | AOAOG3RZQO_KLEOX
tr ] ADA212HDS5 | AOA212HDS5_9ENTR
tr | AOAIROFP41 | AOALROFP41_CITBR
tr | ADAO78LHAS | AOAO78LHAS_CITKO
sp|ABAKT8|RPOC_CITKS

tr | AOA1USDYNO | AOALUSDYNO_ALLSI
tr | AOA1L8HAP4 | AOALL8HAPA_XENLA
tr |HOGLG5 | HOGLG5_ANOCA
tr|H2R1J6 |H2R1J6_PANTR
sp|P08775|RPB1_MOUSE
tr|GIMCZ1|GIMCZ1_AILME
tr|008847]008847_MOUSE
tr|S7PWZ6|S7PWZ6_MYOBR

tr | D4A5AG6 | DAASA6_RAT

tr | ADA1S3EWL2 | AOALS3EWL2_DIPOR
sp|P11414|RPB1_CRIGR
tr|035559]035559_CRIGR

tr | ADA2 13MOH2 | AOA2 13M9H2_PAPAN
tr | F7HB40 | F7HB40_MACMU

tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB
tr |W5N8Z6 |W5N8Z6_LEPOC

tr] 13JRW6 | 13JRW6_ORENI

tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE
tr | ADA1A7X327 | AOALA7X327_9TELE
tr ] ADA1ABUKD7 | AOALABUKD7_NOTFU
tr | ADA1ASEROS | AOALASERO5_9TELE
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tr | ADA1USDYNO | AOALUSDYNO_ALLSI 1926
tr | ADA1L8HAPA | AOALL8HAPA_XENLA 1968
tr [HO9GLG5 |HOGLG5_ANOCA 1969
tr|H2R1J6 |H2R1J6_PANTR 1960
sp|P0O8775|RPB1_MOUSE 1970
tr|GIMCZ1|GIMCZ1_AILME 1973
tr|008847]008847_MOUSE 1966
tr|S7PWZ6|S7PWZ6_MYOBR 1970
tr| D4ASAG | DAASAG_RAT 1970
tr | AOA1S3EWL2 | AOALS3EWL2_DIPOR 1970
sp|P11414|RPB1_CRIGR 1970
tr|035559]035559_CRIGR 1970
tr ] AOA213MOH2 | AOA2 13M9H2_PAPAN 1931
tr | F7HB40 | F7HB40_MACMU 1932
tr | ADA2K6RYWS | AOA2K6RYWS_SAIBB 1932
tr | W5N8Z6 |WsN8Z6_LEPOC 1959
tr] 13JRW6 | 13JRW6_ORENI 1966
tr | ADAOR4 IMS9 | AOAOR4 IMS9_DANRE 1965
tr | ADA1A7X327 | AOALA7X327_9TELE 1969
tr | ADA1ABUKD7 | AOALABUKD7_NOTFU 1969
tr | ADA1ASERO5 | AOALABERO5_9TELE 1969
tr | ADA1ASDQ60 | AOALABDQ60_9TELE 1962
tr | ADA1ASNSRS | AOALABNSR8_9TELE 1962
tr | ADAIWAYLM7 | AOAIWAYLM7_9TELE 1968
tr | ADAIMBAGL7 | AOAIMBAGL7_MALS4 1803
sp|P04050 |RPB1_YEAST 1733
tr|AOA1B2J8C6 |AOALB2J8C6_PICPA ———————mome e 1743
tr]F2QW17|F2QW17_KOMPC ~ —mmmmmmme o 1743
tr]A3GID7|A3GID7_PICST  —mmmmmmeee o 1739
tr|AOAIDSPUAG |AOALDBPUAG_CANAL ~  ————mmmmmme e 1728
tr|G8BEHO|GBBEH9_CANPC ~  —mmmmmmme 1746

Fig. 6 Mix and Match analysis of the elongation subunits B’ of E. coli and Rpb1 of yeast RNAP-II.
For legends refer to Figs. 3 and 4

8. Active site analysis of the S. cerevisiae MSU RNAP- Il
8.1. Catalytic region

It has been found that almost all DNA polymerases and SSU RNAPs use an invariant K for
catalysis, i.e., in the initial proton transfer reactions [Palanivelu 2013, 2017]. However, in all MSU RNAPs
analyzed, no K was found at the expected distance from the template binding YG/FG pair but an
equivalent invariant R (Table 4). However, a detailed analysis has shown that all prokaryotic DNA
polymerases Il also use an invariant R in catalysis with similar distance conservations [Palanivelu, 2013,
2019] instead of a usual K; interestingly, an enzyme also possesses primase activity and along with
associated 3'—5' exonuclease activity. Table 4 shows the invariant template binding YG pair with its
catalytic R in the initiation (8 and Rpb2) and in the elongation subunits (B’ and Rpb1) of eubacterial and
eukaryotic MSU RNAPs, respectively (Figs. 3-7). The catalytic R in both in the initiation and elongation
subunits of the MSU RNAPs will serve as a proton abstractor for initiating the catalysis as explained by
Palanivelu (2018).

Table 4 Amino acids around the catalytic amino acid K/R and the YG/FG pair in DNA
polymerases, SSU and MSU RNAPs.

Polymerase type Catalytic Region
Viral SSU RNA pol (T7) -TR*VTKR'SVMTLAY®GS-
Mitochondrial SSU RNA pol (Yeast) -TR'KVVKQ'TVMTNVY’GV--
Chloroplast SSU pol (ARATH) -DRKLVKQ'TVMTSVY®GV-
E. coli DNA pol 1 (SSU) -QRRSAKA'INFGLIY*GM-
Initiation subunits of MSU RNAPs
E. coli MSU RNAP B subunit SOTRPERAGFEVRD'VHPTHY GPRV%-
S. cerevisiae MSU RNAP Il Rpb2 subunit  %*'FR°SLFFRS'YMDQEKKY?GMSI®"°-
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Human MSU RNAP Il Rpb2 subunit FPFRPSVFYRS YKEQESKK’GFDQ™-

Elongation subunits of MSU RNAPs

E. coli MSU RNAP B’ subunit S53NSVDAVKVRS'VWSC DTDFGVC “AHC Y '°G'"RDL®'-
S. cerevisiae MSU RNAP Il Rpb1 subunit -*DPR°LGSIDRN'LKC‘QTC’QEGMNEC “PGHF '*G'°HI-
Human MSU RNAP Il Rpb1 subunit DPRPQGVIERT'GRC'QTC’AGNMTEC"“PGHF '*G'*HI®8-

NB: MSU RNA polymerases which use R in the catalytic site is shown in bold.
The invariant R, at -6/-7 is not found in B’ subunits of eubacteria
The eukaryotic elongation subunits an FG instead of a YG

Table 4 shows the invariant YG/FG pair and its catalytic R in the initiation and elongation
subunits of eubacterial and eukaryotic MSU RNAPs.

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 MSU RNAPs, data not shown) as it is not reported in
RNA dependent RNAPs where they use RNA as the template [Tunitskaya and Kochetkov, 2002]. In fact,
Kotsyuk et al. (1995) have shown that the DNA dependent T7 RNAP requires both the strands for activity
and uses two YG pairs and there was no activity when single-stranded DNA was used as the substrate.
However, the eukaryotic initiation subunit Rpb2 uses a functional equivalent FG and the initiation subunit
from higher eukaryotes including human uses a completely different pair, KG but followed by an F. The
elongation subunits in all eukaryotes use a functionally equivalent FG pair. However, it is interesting to
note the catalytic amino acid is R and is completely conserved in all MSU RNAPs Il. Three invariant Cs
between catalytic R and YG/FG pair in the elongation subunits (8’ and Rpb1) are highly conserved in both
pro- and eukaryotes but the three Cs are placed at a different distances as 5+12+15 and 4+7+14 with an
11 amino acids span in both the cases (Table 4). These completely conserved Cs are implicated in Zn
binding in the bacterial elongation subunits by crystallographic analysis (Zhang et al 1999).

8.2 Mechanism of NTP and dNTP discrimination in eukaryotic MSU RNA polymerases

NTP and dNTP discrimination in nucleic acid polymerases is usually achieved by base pairing, base
stacking, hydrogen bonding and also by specific interaction(s) of completely conserved amino acid(s) in
the nucleotide interacting domains. A completely conserved R at -5 in the Rpb2 and -6 in Rpb1 is known
to participate in the nucleotide discrimination and select only NTPs in the polymerization site (Table 4).
Similar absolute conservation is seen in SSU RNAPs from viruses, mitochondria and chloroplasts and
DNA polymerases too. A conspicuous absence of an invariant R at the expected distance at -6 in the
elongation subunit p’ of eubacterial MSU RNAPs (Table 4) raises the question of how they discriminate
the NTPs from dNTPs. Modelling of the substrate NTP bound to the T. thermophilus RNAP active site
suggests that N8 (numbering from E. coli RNA polymerase) within a highly conserved sequence motif
“SNADFDGD*** that includes the catalytic Asp triad (D460, D462, D464) could mediate specific
recognition of the O2 ribose atom (Svetlov et al 2004; Zhang et al 1999). Functional in vitro analysis
demonstrated that the substitutions of the corresponding ' N** residue led to the loss of discrimination
between NTP and dNTP substrates as well as to defects in RNA chain extension (Svetlov et al 2004). It is
interesting to note that substitution of the corresponding amino acid in yeast Rpb1 (N479Y) is lethal in the
same sequence motif “’*YNADFDGD in eukaryotes (Trinh et al 2006). The absolutely conserved N in
both the cases could discriminate the NTP from dNTP by recognizing the 2’-OH of the ribose and
suggested that the crucial N could interact with both the 2’-OH as well 3’-OH (Trinh et al 2006).

The highly conserved S/T adjacent (N in S. cerevisiae) to the catalytic R in the initiation and
elongation subunits likely recognizes the 2’-OH in the NTPs and possibly makes a hydrogen bond and
discriminate dNTPs, which lack a 2’-OH (the yeast elongation subunit, Rpb1 could also use the invariant
N*"® to make the necessary H bond with the 2'-OH a well as 3-OH as shown in elongation subunit B’ of
eubacterial MSU RNAPs (Palanivelu 2018). Kaplan et al (2008) have shown by SDM experiments that
the completely conserved His1085 both in prokaryotes (B’) and eukaryotes Rpb1 might involve in NTP
selection and substitution of Ala or Phe resulted in inviability. This H1085 in the trigger loop (amino acids
from 1060 to 1101) was shown to make a contact with the B phosphate either through H-bond or salt
bridge and the L1081 was located at the 3’ end of the RNA (Wang et al, 2006). Mix and match
analysis also shows and that particular His is completely conserved in both prokaryotes and eukaryotes in
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highly conserved stretch (Fig. 6). Another amino acid Q1078 in the same block is also shown to be
essential and replacing Q1078 in Rpb1 to either N or S is lethal in yeast (Kaplan et al, 2008), consistent
with a key role of these residues in NTP/dNTP discrimination.

9. The initiation and elongation subunits work in tandem during transcription cycles in
eukaryotic MSU RNAP I

A close similarity is observed between the prokaryotic and eukaryotic transcription cycles. For
example, it has been shown in prokaryotes (E. coli) that the initiation of transcription by the 8 subunit is
not smooth and it makes many aborted transcripts of sizes 2-7 nts before the elongation step is taken
over by the B’ subunit (Campbell et al 2001). It was found that RNA/DNA hybrids of less than 8-bp
display markedly less stability than those that are 8 bp or longer. In fact, the E. coli MSU RNAPs use
these short RNA/DNA hybrids of 8 bp or longer for the ternary elongation complex (TEC) formation and
further processivity (Kireeva et al 2000). Furthermore, Zaychikov et al (1997) have shown that an ~17 bp
region of the DNA called the ‘transcription bubble’ was melted to expose the template strand for
transcription in E. coli. MSA analysis agreed with these findings with the 7 amino acid gap between the
catalytic R and the template binding YG pair in the initiation subunit B and 17 amino acid gap
(‘transcription bubble’) between the catalytic R and the template binding YG pair in the elongation subunit
B’ (Table 5) (Palanivelu, 2018).

A similar observation of abortive initiations in eukaryotic Rpb2 was also reported by Pal and Luse,
(1997). In addition to, as in prokaryotes, in eukaryotes also a 9 bp DNA-RNA stable hybrid is formed
which extends from the active centre at nearly right angles to the entering DNA during the elongation
cycle (Gnatt et al, 2001). Fiedler and Timmers (2001) results further support the MSA findings where the
transition from abortive to productive elongation cycle occurred once the RNAP register +10 nts (Table 5).
These observations are further supported by Luse (2013) who have shown that the promoter clearance
was complete with ~ 10 nts. Pal et al (2005) on analyzing the ‘transcription bubble’ have found that
regardless of promoter spacing, the upstream edge of the ‘transcription bubble’ formed 20 bp from TATA
which is in close agreement with MSA analysis data. A similar finding was reported by Giardina and Lis
(1993). Furthermore, Holstege et al (1997) analyzed the transcription initiation by the yeast RNAP Il in a
highly efficient in vitro transcription system composed of essentially homogeneous protein preparations
and found that the downstream part of the ‘transcription bubble’ expands in a continuous motion, but the
initially opened region on the non-template strand reclosed abruptly when transcription reached 11, which
was accompanied by a switch from abortive initiations to productive mRNA synthesis (elongation). MSA
analysis agrees with these findings with the 9 amino acid gap between the catalytic R and the template
binding YG pair in the initiation subunit Rpb2 and 19 amino acid gap (‘transcription bubble’) between the
catalytic R and the template binding FG pair in the elongation subunit Rpb1. Furthermore, Gnatt et al,
found that the contacts to the downstream and upstream parts of the hybrid are made by Rpb1 and Rpb2,
respectively, which further supports the tandem arrangement of the initiation and elongation subunits as
proposed in this model (Gnatt et al, 2001).

GTFs

Rpb2 Rpbl
5 caAAT BR TATA 234567 3’

3 A0 35 . LA (101112131415161718) 5

Fig. 7 A consensus model showing pre-initiation, initiation and elongation events by GTFs, Rpb2 and Rpb1
subunits of MSU RNAP- Il of S. cerevisiae

NB: Thick lines indicate DNA strands and the thin line indicates the mRNA transcript.
A is shown as the first nucleotide at the +1 TSS
GTFs, General Transcription Factors (TFII-D, -A, -B, -F, -E, -H)
BRE, TFII-B Recognition Element (G/C-G/C-G/A-C-G-C-C)

In contrast to prokaryotes, in eukaryotes, it has been found that an A is inserted (and not a usual G, as
in prokaryotes) in the initiation site as it invariably uses a G for capping enzyme which is also
associated with the RNAP II.

Figure 7 shows a consensus model of the yeast MSU RNAP Il subunits, from promoter recognition
to initiation and elongation events during the transcription process. This has been confirmed that the
RNAP II undergoes abortive initiations until it reached a position beyond +9 (i.e., the distance between
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the template binding FG pair and the catalytic R), at which stage the RNAP Il was released from its
promoter contacts and an elongation complex (TEC) is formed and a 20 bp “transcription bubble’ formed
from the TATA box (Pal et al, 2005). A modular structure is proposed for the initiation and elongation
subunits’ function in eukaryotes also as suggested by Severinov et al (1996) in prokaryotes.

10. Metal binding sites

The metal binding sites S. cerevisiae MSU RNAP |l is arrived at from the data obtained by the
MSA (this work) and X-ray crystallographic analyses (Zhang et al.1999) and SDM experiments (Svetlov
et al, 2004) on eubacterial MSU RNAPs. The eukaryotic Rpb2 and Rpb1 subunits show many possible
metal binding sites (highlighted in green). A Mg2+ ion binding site is found in the mRNA initiation subunit,
Rpb2, from all eukaryotes. Similarly, a Mg®* and a Zn** binding motifs are also found in the elongation
subunits, Rpb1, of all eukaryotic RNAPs II. Crystallographic analysis of the T. aquaticus RNAP by Zhang
et al, (1999) have shown that the Mg atom is chelated at an absolutely conserved —-NADFDGD- motif in
the B’ elongation subunit and surprisingly the same invariant motif is found by MSA in all eukaryotic
elongation subunits as well. Moreover, this is one of the regions that align in both the pro- and eukaryotes
by mix and match analysis (Fig. 6). Interestingly, substitution of these Ds by A (D—A) gave rise to a
dominant lethal phenotype and showed no detectable enzyme activity (Zaychikov et al, 1996). In addition
to that, a Zn binding motif is also recognized in the eubacterial and eukaryotic elongation subunits with
three conserved Cs. However, their distances arrangements of the three Cs are found to be different
(Table 5). Another distinguishing feature between the eukaryotic and eubacterial elongation subunits is
the catalytic and Zn binding regions, i.e., in E. coli B’ subunit, the amino acids 888, 895 and 898 are
shown to be involved in Zn binding (Table 5) but in eukaryotic elongation subunits it is placed at the very
beginning of the N-terminal and covers the amino acids region 57-82 (Table 5). The Zn binding motif that
is located in Rpb1 subunits may play a similar role in the Zn mediated proof-reading function as proposed
for DNA polymerases and MSU RNAPs from eubacteria (Palanivelu, 2013, 2018).

Table 5. Metal binding sites in prokaryotic and eukaryotic MSU RNAPs

Subunit (Organism) Metal biding site Method and Reference

B eubacteria (E. coli) STLEHDDA/ -*®GYNFEDS* - (Mg%) MSA (This communication)

B’ eubacteria (E. coli) SBYNADFDGDQM - (Mg¥) & X-ray crystallographic data
-BRs'VWWSC DTDFGVC ’AHC Y GR®-(zn?")* ( Zhang et al, 1999)

Rpb2 Eukaryote (S. cerevisiae) -*°LDDDG® - -®¥2GYNQED*S¥®-(Mg”) MSA (This communication)

Rpb1 Eukaryote (S. cerevisiae)-"°YNAD*FD*GDEM™ - (Mg®") & MSA (This communication)
-®PRELGSIDRN'LKC'QTC’QEGMNEC “PGHF *GH®-(zZn*")
*Possible metal binding sites arrived at by MSA and SDM*

NB: The B’ and RpB1 elongation subunits of eubacteria and eukaryotes contain both the Mg2+\ and Zn*
binding sites. In both the cases, the Zn?* binding site is built in the catalytic region with the 3 invariant Cs
which coordinates the Zn atom.

11. Mechanism of Action of the Eukaryotic (S. cerevisiae) MSU RNAP Il

A minimal number of steps involved in the catalytic cycle of RNAPs consist of NTP selection,
Watson-Crick base pairing with the complementary nucleotide to the template, catalysis, pyrophosphate
release and translocation. As the catalytic regions are found to be similar in both the initiation and
elongation subunits, the polymerization mechanism could be also similar in both the initiation and
elongation reactions. Figs. 7 describe the mechanism of action of the initiation and elongation subunits
during transcription cycles in S. cerevisiae.



56

11.1 Mechanism of initiation by Rpb2 subunit of S. cerevisiae in MSU RNAP Il

Step 1. Enzyme and the NTP at the Entry Site: Template binding pair (Tyr-Gly) and nucleotide
discrimination by the invariant amino acids, Watson-Crick base pairing of the incoming NTP with the
template DNA. The catalytic site amino acid Arg in positioned for proton abstraction. ATP is the
initiating nucleotide.

Step 2. Proton abstraction and nucleophilic attack of the a-phosphate of NTP: Electronic
transition at the active site for proton abstraction by the active site Arg and an electrophilic and
nucleophilic attack of the incoming NTPs on the 3’-OH.

Step 3. Phosphodiester bond formation: Proton abstraction by the active site amino acid Arg with
simultaneous formation of 3’5’ phosphodiester bond with the incoming NTPs.

Step 4. Inorganic pyrophosphate formation and translocation of the enzyme to next
nucleotide:  Proton transfer from the active site amino acid Arg, formation of inorganic
pyrophosphate, active site restoration and translocation of the enzyme to next nucleotide.

11.2 Mechanism of elongation by Rpb1 subunit in yeast MSU RNAP Il

Step1: Enzyme and the NTP at the Entry Site: Template binding by the template binding amino
acids (Phe- Gly) and nucleotide discrimination by the invariant amino acids, Watson-Crick base
pairing of the incoming NTP with the template DNA. The catalytic site amino acid Arg in positioned for
proton abstraction.

Step 2. Proton abstraction and nucleophilic attack of a-phosphate of NTP: Electronic transition
at the active site for proton abstraction by the active site Arg and an electrophilic and nucleophilic
attack of the incoming NTPs on the 3’-OH.

Step 3. Phosphodiester bond formation: Proton abstraction by the active site amino acid Arg with
simultaneous formation of 3’5’ phosphodiester bond with the incoming NTPs.

Step 4. Inorganic pyrophosphate formation and translocation of the enzyme to next
nucleotide:  Proton transfer from the active site amino acid Arg, formation of inorganic
pyrophosphate, active site restoration and translocation of the enzyme to next nucleotide.

12. Proof-reading mechanism and Transcription termination in S. cerevisiae MSU RNAP i

Maintaining high fidelity during transcription is essential for the accurate transfer of genetic
information from DNA to RNA as the first step in gene expression. The proof-reading mechanism is well
established in DNA polymerases (Palanivelu 2013). However, it is poorly understood in RNAPs.
Transcription accuracy is relatively high, as RNAPs generally misincorporate one wrong
nucleotide/~100000 bases. As RNAPs are also Zn metalloenzymes the Zn-mediated deletion of the
misincorporated NTP could be a possible mechanism as explained for DNA polymerases and eubacterial
MSU RNAPs as both use DNA template to produce a complementary DNA/RNA strand (Palanivelu 2013,
2018). There is no distinct proof-reading domain or separate proof-reading subunit as reported in DNA
polymerases. However, in eubacterial and eukaryotic elongation subunits of the MSU RNAPs a highly
conserved Zn binding motif built into the catalytic region itself might involve in the proof-reading function
(Palanivelu 2018). Presence of two metal ions at the active site is supported by a 2.8 A difference Fourier
map, one persistently bound and the other possibly exchangeable during RNA synthesis (Cramer et al,
2001). When the enzyme stalls due to secondary structures and/or misincorporation, the proof-reading
begins with fraying of the misincorporated nucleotide away from the DNA template and subsequent
backtracking of RNAP by one position followed by nucleolytic cleavage of a dinucleotide that contains the
misincorporated nucleotide (Sydow and Cramer (2009). Sydow and Cramer (2009), have also proposed
that the exo- or endonucleolytic cleavage occurs at the same active site that is used for polymerization,
which is further confirmed by X-ray crystallographic analysis of the E. coli and T. thermophilus MSU
RNAPs (Zhang et al, 1999) suggesting a possible Zn mediated cleavage. The complete conservation of
the active sites and Zn binding motif in all prokaryotic and eukaryotic elongation subunits, found by MSA
analysis also further proves this point. The proof-reading mechanism may not be that much important
during initiation events by the Rpb1 subunits, as they transcribe only very small regions, i.e., only ~ 10
nts and again such transcripts are well within the 5’ untranslated regions of the RNA; so any error it
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makes may not be deleterious. Furthermore, a Zn binding motif is not found in the active site region of the
initiation subunits. However, proof- reading is very important for the elongation subunit, viz., Rpb1 to
produce an error—free transcripts, as they are going to be translated into active proteins. Therefore, when
the enzyme stalls at the wrong nucleotide, it could backtrack and make an endonucleolytic cleavage or
simply remove the wrong nucleotide by exonuclease action (Nudler 2009; Palanivelu 2013). Thus, the
fidelity in the transcription is ensured by two mechanisms in MSU RNAPSs, viz. by selection of correct
NTPs and an efficient Zn mediated proof-reading.

The enzyme could use the same strategy for transcription terminations (intrinsic types) at TTSs.
That is, when the enzyme stalls due to the stem-loop structures commonly found at the TTSs, it could
backtrack and make an endo- or exonucleolytic cleavage and release the RNA transcript, using the same
active site by Zn mediated reaction.

13. Other conserved regions and amino acid(s) in the MSU RNAP Il

The above analysis to find out the conserved motifs, active sites and invariant amino acids, with
respect to the substrate binding and catalytic region, form only a small region of the MSU RNAPs. Apart
from these, there are a large number of single amino acid conservations like Ys, Ws, Cs, Ps and Gs,
diads, triads and long stretches of conserved amino acids in all these polymerases (Figs. 4 — 6). The
highly conserved stretches of amino acids may represent the different conserved structural motifs such as
loops, rudders, jaws, bridge helix, exit/entry points for DNA/RNA, etc. Thus, they could form small
functional domains. A good number of completely conserved Ps in these polymerases is implicated in
making the necessary bents on the enzyme’s structure during unique folding, substrate and template
binding. The completely conserved Cs other than the catalytic region may play a role in the formation of
disulphide bridges to make the enzyme more compact and stable.

14. CONCLUSIONS

Unlike reported for the DNA polymerases and SSU RNA polymerases, the MSU enzymes of
eukaryotic MSU RNAPs are similar to the prokaryotic ones and use an R as the catalytic amino acid.
However, they maintain a different distance conservation in the initiation and elongation subunits. An
invariant Zn?* binding motif found in the Rpb1 elongation subunits, is proposed to participate in proof-
reading function. Therefore, it is clear from this communication that even though the transcription
machinery of eukaryotes is much more complex than that of prokaryotes, the general principals of
transcription and its regulation are found to be highly preserved. Hence, it is proposed that the MSU
RNAP Il of eukaryotes may also follow very similar polymerization and proof-reading mechanisms like
their counterparts in eubacteria. MSA data and the available experimental data show that both the
eubacterial and eukaryotic MSU RNAPs would have evolved from a common ancestor.
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