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ABSTRACT 

 

The Molecular Mechanism of Rat1-Mediated  

RNA Polymerase II Transcription Termination 

 

Myungjin Kang 

Biophysics and Chemical Biology 

The Graduate School 

Seoul National University 

 

Transcription termination factors, recruited to RNA Polymerase II (Pol II) C-terminal 

Domain (CTD), determine the termination process according to the phosphorylation pattern 

of CTD. Various kinases take parts in the CTD phosphorylation depending on gene length. 

There are two transcription termination pathways briefly. One is Nrd1-dependent pathway, 

which is carried out in short genes especially, sn/sno RNA or cryptic unstable transcripts 

(CUTs). In long genes like cording genes, Rat1, the 5’to 3’exoribonuclease, carries out Pol 

II termination with its cofactor, Rai1, and CTD binding protein, Rtt103.  

To test the Rat1-dependent termination pathway, I hypothesized specific conditions 

required for Pol II termination. First, paused Pol II will be more easily terminated by 

exoribonuclease. Secondly, there will be a limit in the length of nascent RNA to terminate 

Pol II by Rat1. Lastly, Rat1 might contain other activities except for exonuclease activity. 

To verify this hypothesis, I designed Pol II pausing condition with various RNA templates, 

and made rat1 point mutants by PCR mutagenesis. Also, I purified recombinant proteins 

from E. coli through 4-steps chromatographies and 12 subunits-RNA Polymerase II from 
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S. cerevisiae to use them in vitro system. I performed experiments to figure out molecular 

mechanism of Pol II termination.  

NTP misincorporation enhances Pol II termination by Rat1/Rai1 complex. This is 

because paused Pol II induced by NTP misincorporation might be vulnerable to processive 

Rat1/Rai1 complex. And with the longer RNA length, the better Pol II termination by 

Rat1/Rai1 is achieved. The processivity of Rat1/Rai1 might accumulate along the long 

RNA. 

In addition, I find out various rat1 point mutants showing termination defects in vivo 

and in vitro test. One of them, rat1 S694A mutant and rat1 E203A/D233A/D235A mutant 

are lethal in S. cerevisiae. It is true that there are other active domain to be studied for 

termination in addition to dominant exonuclease activity domain in Rat1. This is because 

that some mutants, affecting Rai1-interacting domain, show cell viability defects in vivo 

and termination defects in vitro. 

These results imply that Rat1/Rai1 complex is sufficient to terminate Pol II under 

proper conditions like paused Pol II, long nascent RNA, and undefined specific activities 

of Rat1. I suggest that these factors might be important for cell viability and Pol II 

termination. 

 

 

 

Key Words: RNA polymerase II, Rat1, Transcription, misincorporation,  

Point mutation 
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INTRODUCTION 

 

Transcription termination of mRNA is greatly influenced by the phosphorylation 

patterns of the RNA Polymerase II (Pol II) C-terminal domain (CTD), composed of 

‘YSPTSPS’ heptads repeats. In termination state, 2nd serine and 5thserine show different 

phosphorylation patterns to recruit various termination factors, binding phosphorylated 

serine(Egloff et al., 2012). During initiation, the CTD is hyphophosphorylated which 

allows transcription initiation factors to bind and assembly of the preinitiation complex 

(PIC). As Pol II escapes promoter, the CTD is phosphorylated on 5thserine (Ser5P) by 

cyclin-dependent kinase Kin28 which facilitates pre-mRNA 5’-end capping and the stable 

transition from initiation to elongation (Kim et al., 2010; Komarnitsky et al., 2000). Ser5P 

is gradually decreased during transcription elongation by CTD phosphatases, Ssu72 and 

Rtr1 (Mosley et al., 2009). As Pol II elongates to further downstream, 2nd serine (Ser2) is 

phosphorylated by Ctk1, a major Ser2 kinase in S. cerevisiae. As Pol II processes 

elongation to 3’-end of the gene, the polyadenylation machinery and termination factors 

are recruited to Ser2P.And Fcp1, the Ser2 phosphatase dephosphorylates the Ser2 at the 

end of the gene (Cho et al., 2001; Egloff et al., 2012). These two marks, Ser5P and Ser2P, 

are significant features that determine the two Pol II termination pathways.  

One is linked to noncoding RNAs such as the small nuclear RNA (snRNAs) and small 

nucleolar RNAs (snoRNAs) which are also transcribed by Pol II but not polyadenylated by 

the mRNA poly (A) polymerase (Pap1). However there are various proteins and protein 

complexes that have been involved in sn/snoRNA 3’ end processing and termination. Nrd1, 

Nab3, and Sen1 are key factors of this pathway and interact with RNA degradation factors 
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such as Trf4 and exosome components (Heo et al., 2013; Steinmetz et al., 2001; Vasiljeva 

and Buratowski, 2006). It is called Nrd1 complex pathway. Nrd1 complex pathway is 

closely coupled to exonucleolytic degradation by TRAMP-exosome.  

In addition to noncoding RNA, mRNA is involved in cleavage and polyadenylation. 

Cleaving at the poly (A) site generates 5’ monophosphate for Rat1/hXrn2 exoribonucleases 

which degrade the nascent transcripts up to Pol II active site surface (Connelly and Manley, 

1988). This is called “Torpedo” model that is supported by evidence that Pol II termination 

is defected in deficient Rat1 or lack Rai1 in yeast(Kim et al., 2004). Similar termination 

defects occur when Rat1 homolog Xrn2 is knockdown in mammalian cell(Teixeira et al., 

2004; West et al., 2004). The activity of Rat1, 5’ to 3’ exoribonuclease, is stimulated by 

cofactor Rai1, Rat1 interacting protein (Xue et al., 2000). Although Rai1 does not 

contribute directly to Rat1's exonuclease activity, it could possess RNA 5’ 

pyrophosphohydrolase activity, which would convert the 5’ triphosphate group to a 

monophosphate, making the entry point for Rat1 (Xiang et al., 2009). Furthermore, Rtt103, 

containing the CTD-interacting domain (CID), carries out recruitment of Rat1/Rai1 

complex to Pol II(Kim et al., 2004).  

To determine the Pol II termination efficiency, it is helpful to understand the Pol II 

movement and transcription elongation event in vivo. During RNA synthesis, Pol II 

proofreads its products with elongation factors, because it could be mismatched once in a 

while. Maintenance of fidelity in transcription is important for precise gene regulation in 

cell. RNA polymerase has raised the RNA cleavage activity to edit the misincorporated 

RNA and it is stimulated with elongation factors: GreA and GreB for E. coli RNA 

polymerase and TFIIS for eukaryotic RNA polymerase II (Jeon and Agarwal, 1996; 

Thomas et al., 1998). Correlation between Pol II fidelity and RNA mismatches was 

previously studied (Sydow et al., 2009). In that way, I made some variant condition of in 
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vitro termination assay system, which generated NTP misincorporation. It could disrupt the 

Pol II active site and make Pol II pause in the middle of template strand. This study is 

necessary to understand relationship between the Pol II movement and termination induced 

by Rat1/Rai1. 

It has been suggested that torpedo model is not fully supported by Rat1 alone (Dengl 

and Cramer, 2009). However detail mechanism for Pol II termination has not been 

completely understood. The aim of present study is to examine whether Rat1/Rai1 complex 

can terminate Pol II under specific condition that I provided in vitro such as Pol II 

movement, transcript RNA length and mutations in Rat1. 

In this study, I purified various recombinant proteins that were used to in vitro 

termination assay. Termination efficiency was improved when Pol II active site was 

disrupted with NTP misincorporation and intactly stalled. Also Rat1/Rai1 complex 

expeditiously carries out Pol II termination when elongation complex (EC) harbors nascent 

RNA longer than 25 nt regardless of ATP treatment. These two results are related with 

processivity of Rat1/Rai1 complex that is a key component to determine Pol II termination. 

In previous study, Rat1 alone is insufficient to terminate Pol II (Dengl and Cramer, 2009) 

but I suggest that Rat1/Rai1 complex could terminate Pol II properly when it is in extra 

condition for example, present of NTP for misincorporation or with long nascent RNA. 

Rat1 might generate driving force to terminate Pol II along with accumulating the 

processivity. 

In addition I searched candidate the residues of Rat1, which is known for active site or 

interface with Rai1. Rat1 is mutated by PCR mutagenesis with each oligonucleotides and 

transformed into S. cerevisiae. I looked for cell viability and transcription defects through 

Growth assay and Chromatin Immunoprecipitation (ChIP) assay. Most rat1 mutants affect 

cell viability and show sick growth defects. Inactivated rat1 mutants should affect to cell 
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viability because Rat1 is essential and involved not only Pol II transcription termination 

but also rRNA processing (Axt et al., 2014; Kim et al., 2004; Luo et al., 2006). I also found 

that some rat1 mutants are lethal in S. cerevisiae. Using these sick and lethal mutants, I 

performed in vivo and in vitro test to figure out transcription termination mechanism. 

Precise termination is important for proper gene expression and protein formation, 

because termination defects lead to read-through RNA and unregulated downstream gene 

expression (Schaughency et al., 2014). This study would be meaningful to understand key 

reasons of Pol II termination. 
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Materials and Methods 

 

Yeast Cell Strains and Plasmids Construction 

The yeast strains used in this study are listed in Table 1. Yeast transformations were 

carried out with lithium acetate methods as described(Gietz et al., 1992). 

The plasmids used in this study are listed in Table 2. pRS41H contains a fusion of 

Hygromycine B phosphotransferase gene (HPH) that is URA3 marker of pRS416 was 

replaced with HPH. HPH fragment was amplified from pRS42H (SB YV 203) with 

oligonucleotides, and co-transformed with StuI-digested pRS416 into yeast (BY4741) cells. 

Putative pRS41H plasmids (generated by recombination in the yeast cell) were isolated 

from hygromycine-resistant clones by smash & grab method. Supplement media with 300 

mg/L hygromycine B for selection. 

Saccharomyces cerevisiaeRat1, Rai1 and rat1 mutants were cloned into pET21b 

(Novagen) for induction.Rat1 was tagged with hexahistidine (6X His) (gift from P. Cramer 

Ludwig-Maximilians Universitӓt, Munich, Germany). Catalytic mutants of rat1 (listed in 

Table 3) were prepared by site-directed mutagenesis and PCR mutagenesis and cloned into 

pRS41H or pET21b. The rat1 mutants were transformed into a yeast strain 

(rat1Δ::KanMX/pAJ202-Rat1) to confirm whether each mutant rat1 can affect to cell 

viability when wild-type Rat1 (pAJ202) was shuffled out by FOA selection. 

Saccharomyces cerevisiae RNA Polymerase II core complex strain is gift from P. 

Cramer 
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Protein Purification 

Recombinant proteins were purified as described (Dengl and Cramer, 2009). The 6X 

His tagged Rat1, rat1 mutants and no tagged Rai1 were overexpressed in BL21 Codon Plus 

(DE3) RIL (Stratagene) strain by IPTG induction. 0.25~0.3 mM IPTG were used at 25℃

for 6 hr. E. coli Cells containing Rat1/Rai1 or Rat1 were thawing and lysed by sonication 

in freezing buffer(50 mM Tris-HCl, pH 7.91 at 24ºC, 150 mM NaCl, 10% glycerol, 10 mM 

β-ME, 1.8 µM leupeptin, 5.46 µM pepstatin A, 6.33 mM benzamidine, 37.5 µg bestatin, 2 

mM PMSF). After cell lysis by sonication (Amp 20%, net time 25min), cell extracts were 

cleared by centrifugation two times for 20min at 15000rpm. For purification the lysates 

were applied to Ni-NTA affinity agarose column (Qiagen) equilibrated with elution buffer 

(50 mM Tris/HCl pH 7.91 at 24℃, 150 mM NaCl, 10 mM β-ME, 1.8 µM leupeptin, 5.46 

µM pepstatin A, 6.33 mM benzamidine, 37.5 µg bestatin, 2 mM PMSF, 

imidazole).Sequentially the eluted proteins were applied to HiTrap Heparin HP affinity 

chromatography (5 ml, GE Healthcare), equilibrated with 50 mM Tris/HCl pH 7.91 at 24℃, 

150 mM NaCl, 5 mM DTT (salt gradient from 150-2000 mM NaCl), Anion exchange 

chromatography (MonoQ 10/100 GL, GE Healthcare), equilibrated with 50 mM Tris/HCl 

pH 8.26 at 24℃, 150 mM NaCl, 5 mM DTT (salt gradient from 150-2000 mM NaCl), and 

size exclusion chromatography (Superose6 10/300 GL, GE Healthcare). Last, the purified 

proteins were eluted in final buffer (25 mM Tris-HCl, pH 7.91 at 24ºC, 100 mM NaCl, 1 

mM MgCl2, 1 mM DTT, 10% (v/v) glycerol), flash-frozen in liquid nitrogen and stored at 

-80ºC. 

Saccharomyces cerevisiae RNA Polymerase II was fermented and purified as 

described (Kireeva et al., 2003). BJ5464 Rpb3 His-Bio strain was a gift from P. 

Cramer.Rpb4/7 were purified as described (Sakurai et al., 1999). Briefly to say, Rpb4 and 
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Rpb7 plasmid was transformed into BL21 CodonPlus (DE3)-RIL cells and incubated for 

2.5hr at 37℃. And it is overexpressed by IPTG induction for 6hr at 25℃, shaking. These 

proteins were purified through three chromatographies: Ni-NTA affinity chromatography, 

anion exchange chromatography and size exclusion chromatography as described above. 

 

Growth Assay (Spotting Assay) 

Mutant rat1 strains were cultured overnight in SC-Trp media, then resuspened to 

OD600=0.3. Cell cultures were diluted to 100, 10-1, 10-2, 10-3, 10-4 series and dropped 5ul to 

appropriate plates (YPD, FOA, and HPH plate: 300mg/L Hygromycine B selection media), 

creating a grid of descending cell concentrations. Diluted cells were incubated at 30℃ for 

1~2 days, and then photographs were taken. 

 

In vitro Transcription Termination Assay 

Transcription elongation complexes (EC), containing transcription bubble, were 

assembled as described (Dengl and Cramer, 2009). Template/non-template DNAs and 

RNAs used to assemble an elongation complex (EC) were listed in Table 4. Equimolar 

amounts of template DNA and RNA were mixed in RNase free TE buffer. The 

oligonucleotides were annealed by heating to 95℃ for 5min and slowly cooling to 4℃ 

(total final concentration is 20 uM). Briefly, 3 pmol of RNA Pol II was incubated with 2-

fold molar excess of DNA/RNA hybrid for 15min at 20℃ while shaking. A 4-fold molar 

excess of 5’-biotinylated non-template DNA and 5-fold molar excess of Rbp4/7 to form 

EC for 20minat 25℃ while shaking. Streptavidin-coated magnetic beads (Dynabeads®  

MyOneTMstreptavidin T1, Dynal Biotech, distributed by Invitrogen) were pre-blocked O/N 
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at with blocking buffer (50 mM Tris-HCl, pH 8.0 at 25ºC, 150 mM NaCl, 2 mM EDTA, 

0.1% (w/v) Triton X-100, 5% (w/v) glycerol, 0.5% (w/v) BSA, 0.2 mg/ml insulin, 0.1 

mg/ml heparin, 0.5 mM DTT) to prevent nonspecific binding of ECs and were washed 

twice with breaking buffer (50 mM Tris/HCl, pH 8.0 at 25℃, 150 mM NaCl, 0.1% (w/v) 

Triton X-100, 5% (w/v) glycerol, 0.5 mM DTT). Unbound ECs were removed by washing 

with beads breaking buffer, washing buffer (20 mM Tris/HCl pH 8.0 at 24℃, 500 mM 

NaCl , 2 mM MgCl2, 1 mM DTT) and reaction buffer (20 mM Tris/HCl pH 8.0 at 24℃, 

150 mM NaCl , 2 mM MgCl2, 1 mM DTT). After ECs were bound to beads, 3’-end of RNA 

was labeled with [α-32P] UTP by RNAPol II for 20min at 28℃. 

For RNA digestion, beads were resuspended in reaction buffer, and 6 pmol of Rat1/Rai1 

was added to EC and incubated for 1 hr at 30ºC in the presence or absence of each single 

NTP. After the reaction is completed, the nuclease and NTP were removed with washing 

buffer, and EC bound beads were resuspended in reaction buffer. Mixture of four NTPs was 

added to EC and incubated for 30 min at 28ºC to allow RNAPol II elongation. The reactions 

were stopped by sample buffer and heating at 95℃ for 10min and RNA samples were 

analyzed by 7 M Urea-PAGE. The radioactively labeled RNA was detected by phosphor 

imager (BAS-5000, Fujifilm) after O/N exposition to storage phosphor screen (GE 

Healthcare). 

   To measure what fraction of the EC is still attached to the beads after treatment with 

the Rat1/Rai1, I measured the RNA signal from untreated ECs that we set to 100% (Figure 

3A, lane1) and then quantified RNA from Rat1/Rai1 treated samples (Figure 3A, lane5) 

NTP treated samples were quantified as same ways (Figure 3A, lane7). 
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Chromatin Immunoprecipitation (ChIP) 

For standard ChIP experiments, yeast cultures were grown in 200ml of SC medium at 

30°C to mid-log phase (OD600 of 0.8) and treated with 1% formaldehyde for 20 min at RT, 

and cross-linking was quenched with 30ml of 3M glycine/20mM Tris(nor pH-ed mix) for 

5min. Cells were collected by centrifugation, washed twice with 1×Tris-buffered saline 

(TBS; 20mM Tris-HCl, pH 7.5, 150mM NaCl) and once with ice cold 1×FA lysis buffer 

(50mM HEPES-KOH, pH 7.5, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate)/ 0.1% SDS. Cell pellets were flash frozen in liquid nitrogen and stored at 

80°C. Pellets were thawed, resuspended in 1ml of ice cold 1×FA lysis buffer/ 0.5% SDS, 

and disrupted by bead beating in the presence of 1.6ml of glass beads for 30min(30” vortex 

and 30” on ice cycle) at ice.  

Chromatin was solubilized and fragmented via ultra-sonication. For RNA Polymerase 

II immunoprecipitation, monoclonal antibody (α-Rpb3) was preincubated with protein G-

sepharose for 1hr at RT and wished with TE buffer (10mM Tris-HCl, pH 7.4, 1 mM EDTA). 

A total chromatin 800ul (300ug) was immunoprecipitated with 3ul of α-Rpb3 overnight at 

4°C. Immunoprecipitated chromatin was washed with ice cold 1×FA lysis buffer with 

275mM NaCl, once with 1×ice cold 1×FA lysis buffer containing 500mM NaCl, once with 

ChIP wash buffer (10mMTris-HCl, pH8.0, 0.25M LiCl, 1mM EDTA, 0.5% NP-40, 0.5% 

Na deoxycholate), and once with TE buffer. Immunoprecipitated chromatin was eluted for 

20 min at 65°C with ChIP elution buffer (50mM Tris-HCl, pH 7.5, 10mM EDTA, 1% SDS). 

Eluted chromatin was digested with pronase (Boehringer) at 42°C for 1hr, and the reversal 

of cross-links was performed at 65°C for 4~5hr. Precipitated and input DNA was analyzed 

by qPCR using a Bio-Rad CFX96 optic module. SYBR Green mixture was used as qPCR 

mixture.  
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Table1.Yeast Cell strains Used in This Study 

 

1. Winzeler et al.  (1999)  Science 285:  901-906. 

2. Nevan Krogan via Michael Keogh 

3. Mikhail Kashlev via Patrick Cramer 

  

Strain Genotype 
Source or 

reference 

BY4741 MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 1 

YF1558 

MATα ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 

can1Δ::STE2pr-apHIS5 lyp1ΔSTE3pr-LEU2 LYS2+ 

cyh2 

2 

YMK236 
MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 

rat1Δ::KanMXpAJ202(RAT1) 

This 

study 

BJ5464 his6-

Bio-Rpb3 

MATa ura3-52 leu2Δ1 trp1 his3Δ200 pep 4Δ::HIS3 

prb1Δ1.6R can1 GAL His-Bio-RPB3 

3 
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Table2. Plasmid strains Used in This Study 

 

1. Stephan Dengl & Patrick Cramer 

2. Phil Hieter via Fink Lab 

3. Taxis and Knop (2006) BioTechniques 41(1): 73-78 

4. Johnson, A. (1997) MCB 17: 6122-6130 

 

  

Plasmid Relevant markers 
Source or 

reference 

pET21b AmpR 1 

pET21b_Rat1 AmpRRAT1 This study 

RIL AmpR CamR 1 

RIL_Rat1 AmpR CamRRAT1 This study 

pRS416 CEN URA3 AmpR 2 

pRS41H CEN hphNT1 AmpR 3 

pRS41H_Rat1 CEN hphNT1 AmpR RAT1 This study 

pRS42H CEN hphNT1 3 

pAJ202 CEN URA3 RAT1(WT) 4 
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Table3.Mutants strains Used in This Study 

strain 

no. 

Mating 

type 

relevant 

markers 
mutation 

Derived 

from 
position 

growth 

rate 
TS type 

YMK369 MAT a 
KanMX 

HPH rat1Δ 
wild type Rat1 YMK236  moderate no 

YMK370 MAT a 
KanMX 

HPH rat1Δ 
rat1 D30G YMK236 

first conserved with Xrn region 

Exo domain 1 
sick slow growth 

YMK371 MAT a 
KanMX 

HPH rat1Δ 
rat1 G31D YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK372 MAT a 
KanMX 

HPH rat1Δ 
rat1 D37AS39A YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK373 MAT a 
KanMX 

HPH rat1Δ 
rat1 N42A N44A YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK374 MAT a 
KanMX 

HPH rat1Δ 
rat1 P60G YMK236 

first conserved with Xrn region 

Exo domain 1 
sick slow growth 

YMK375 MAT a 
KanMX 

HPH rat1Δ 
rat1 P68G P70G YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK376 MAT a 
KanMX 

HPH rat1Δ 
rat1 Δ122-128aa YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK377 MAT a 
KanMX 

HPH rat1Δ 
rat1 Δ150-153aa YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

YMK378 MAT a 
KanMX 

HPH rat1Δ 
rat1 K152G K153G YMK236 

first conserved with Xrn region 

Exo domain 1 
slow slow growth 

NO MAT a 
KanMX 

HPH rat1Δ 

rat1 

E203AD233AD235A 
YMK236 

first conserved with Xrn region 

Exo domain 1 
lethal lethal 

YMK379 MAT a 
KanMX 

HPH rat1Δ 
rat1 E275A YMK236 first conserved with Xrn region slow slow growth 

YMK380 MAT a 
KanMX 

HPH rat1Δ 
rat1 V296A YMK236 first conserved with Xrn region slow slow growth 

YMK381 MAT a 
KanMX 

HPH rat1Δ 
rat1 R344A YMK236 first conserved with Xrn region slow slow growth 

YMK382 MAT a 
KanMX 

HPH rat1Δ 
rat1 E345A YMK236 first conserved with Xrn region slow slow growth 

YMK383 MAT a 
KanMX 

HPH rat1Δ 
rat1 D349A YMK236 first conserved with Xrn region slow slow growth 

YMK384 MAT a 
KanMX 

HPH rat1Δ 
rat1 K361A YMK236 first conserved with Xrn region slow slow growth 

YMK385 MAT a 
KanMX 

HPH rat1Δ 
rat1 K393A YMK236 linker segment slow slow growth 

YMK386 MAT a 
KanMX 

HPH rat1Δ 
rat1 E399A YMK236 linker segment slow slow growth 

YMK387 MAT a 
KanMX 

HPH rat1Δ 
rat1 R401A YMK236 linker segment slow slow growth 

YMK388 MAT a 
KanMX 

HPH rat1Δ 
rat1 D420A YMK236 linker segment slow slow growth 

YMK389 MAT a 
KanMX 

HPH rat1Δ 
rat1 S443A YMK236 linker segment slow slow growth 

YMK390 MAT a 
KanMX 

HPH rat1Δ 
rat1 S449A YMK236 linker segment slow slow growth 

YMK391 MAT a 
KanMX 

HPH rat1Δ 
rat1 K512A YMK236 

linker segment                          

Exo domain 2 
slow slow growth 

YMK392 MAT a 
KanMX 

HPH rat1Δ 
rat1 R519A YMK236 

linker segment                          

Exo domain 2 
slow slow growth 

YMK393 MAT a 
KanMX 

HPH rat1Δ 
rat1 Y657C YMK236 

second conserved with Xrn 

region 
sick lethal/TS 
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YMK394 MAT a 
KanMX 

HPH rat1Δ 
rat1 R783G YMK236 interaction with Rai1 slow slow growth 

YMK395 MAT a 
KanMX 

HPH rat1Δ 
rat1 Δ885-1006aa YMK236 C-terminal loop sick sick 

YMK396 MAT a 
KanMX 

HPH rat1Δ 
rat1 K537E YMK236 

linker segment                          

Exo domain 2 
slow slow growth 

YMK397 MAT a 
KanMX 

HPH rat1Δ 
rat1 Q685L YMK236 

second conserved with Xrn 

region 
slow slow growth 

YMK398 MAT a 
KanMX 

HPH rat1Δ 
rat1 K858E YMK236 interaction with Rai1 slow slow growth 

YMK399 MAT a 
KanMX 

HPH rat1Δ 
rat1 G864Y YMK236 C-terminal loop slow slow growth 

NO MAT a 
KanMX 

HPH rat2Δ 
rat1 S694A YMK236 

second conserved with Xrn 

region 
lethal lethal 
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Table4. DNA/RNA Template Sequence 

Oligonucleotide Sequences 

Template DNA 

5’-

CCAGTCATCGTCGACTGACTCCAAGCTCAAGTACTTGAGC

CTGGTCATTACTAGTACTGCCTTGACCTAGCGTCGG-3’ 

Non template 

DNA 

5’BIOTIN-

GGCTACCGACGCTAGGTCAAGGCAGTACTAGTAATGACCA

GGCTCAAGTACTTGAGCTTGGAGTCAGTCGACGATGACTG

G-3’ 

RNA 19 nt 5’P-AUAUGCAUAAAGACCAGGC -3’ 

RNA 22 nt 5’P-UAUAUAUGCAUAAAGACCAGGC -3’ 

RNA 24 nt 5’P-CAUAUAUAUGCAUAAAGACCAGGC -3’ 

RNA 30 nt 5’P-UAAUCCCAUAUAUAUGCAUAAAGACCAGGC -3’ 

RNA 40 nt 

5’P-

UACAUAAUCAUAAUCCCAUAUAUAUGCAUAAAGACCAG

GC -3’ 
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RESULTS 

 

1. Rat1/Rai1 complex terminates RNA Pol II efficiently in presence 

of ATP 

 

To elucidate ‘torpedo’ model by using biochemical system in vitro, I assembled ECs 

containing RNA polymerase II (Pol II) 12 subunits complex, DNA with complementary 

template and 30nt RNA with a 5’ monophosphate as described previously (Figure 1) (Dengl 

and Cramer, 2009). The complementary transcription bubble is important for these assay 

because this is the difference with prokaryotes transcription that requires rewinding of the 

upstream bubble (Park and Roberts, 2006). The 3’-end of RNA was labeled with [α-32P] 

UTP by Pol II-catalyzed incorporation. Unincorporated [α-32P] UTP was washed out and 

Rat1/Rai1 complex was added with or without ATP (or other NTPs). The Rat1/Rai1 

complex degrade nascent RNA up to Pol II surface (17-18nt RNAs remain), and terminate 

Pol II or not. If Rat1/Rai1 terminates Pol II, the RNAs must be degraded by Rat1/Rai1, and 

cannot detect any radio labeling. The enzymes were washed out after 1hr incubation with 

ECs at 30℃and then four NTPs are added to able to elongate the labeled RNA for Pol II. 

The other run-off RNA product (54/55 nt) was produced after Rat1/Rai1 addition. RNA 

transcripts were generated in various lengths up to the 68nt, the run-off RNA product. The 

Pol II and Rat1/Rai1 complex were expressed and purified from Saccharomyces cerevisiae 

and Escherichia coli respectively (Figure 2). 

To examine whether the ECs remained in active state after Rat1/Rai1 (RR) addition, I 

quantified the amount of remaining RNA in digestion lane (Figure 3A lane1, 3, 5 and 7). 



- 16 - 

 

Signals from Rat1/Rai1 treated ECs amounted around 62% of the input signal (Figure 3A 

lane 5 and Figure 3B). This result indicates that Rat1/Rai1 terminates Pol II in some ways 

about 40%, but still insufficiently work on Pol II as previously studied (Dengl and Cramer, 

2009). But I found interesting results that Rat1/Rai1-mediated Pol II termination efficiency 

would increase in presence of 2mM ATP (Figure 3A lane7 and Figure 3B). The ATP 

concentration inside the cell is typically 1~10mM (Beris and Newsholme, 1975). I treated 

ATP in normal range and even in 1 mM ATP showed the effect like Figure 3A (data is not 

shown). When ECs were treated with Rat1/Rai1 and without ATP, there were still 61.9% 

ECs bound to beads that are able to elongate. However in presence of ATP, ECs were 

remained 26.5%, and almost 75% ECs were terminated and wandered away from template 

DNA (Figure 3B). It means that ATP can stimulate Rat1 activation or affect interaction 

between Pol II and Rat1. There are no effect in RNaseIf group by ATP addition (data is not 

shown).  

I hypothesized two things: firstly, ATP is used as energy source by hydrolysis and 

secondly, ATP might induce the misincorporation, which is inhibiting the elongated ECs 

(Figure 3B lane3 asterisk). The former is proved by ATPase activity assay. Highly purified 

Rat1/Rai1 does not show ATPase activity (data is not shown), and still yet ATPase domain 

is not found in Rat1 structure. Therefore I focused on the latter, the misincorporation effect.  
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Figure 1 

 

 

 

 

Figure 1. In vitro transcription termination assay scheme 

The elongation complex (EC) was assembled with double-stranded DNA, 5’ 

phosphorylated RNA and purified RNAPol II 12 subunits, and subsequently coupled to 

magnetic beads. The 3’-end of RNA is radioactively labeled by Pol II. Rat1/Rai1 degrades 

RNA from 5’ to 3’ direction up to the surface of Pol II. If Rat1/Rai1 fails to terminate Pol 

II, the Pol II would elongate further using NTPs mixture. But if Rat1/Rai1 terminates Pol 

II, the remaining RNA protected by Pol II would be completely degraded by Rat1/Rai1. 

The remained RNA would be detected by phosphor imager. 
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Figure 2 

 

 

Figure 2. Recombinant proteins to be purified 

Purified Pol II complex and Rat1/Rai1 on gels stained with Coomassie blue and silver. 

Rat1 TAP purification is carried out by Minkyu Kim. There are several transcription factors 

bonded to Rat1. One of them, Grc3 which is required for efficient transcription termination 

by RNA polymerase I and functions with Las1 (Lethal in the Absence of SSD1-v) in a 

conserved mechanism to modulate rRNA processing and ribosome biogenesis are purified 

for in vitro termination assay as same as Rat1/Rai1 is. Pol II, Rpb4/7 and Rat1/Rai1 were 

purified as described in “Materials and Methods”.  
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Figure 3 

 

A 
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Figure 3. Rat1/Rai1 terminates Pol II In vitro system in presence of ATP 

(A) The gel image of in vitro termination assay with Rat1/Rai1 treatment. RNA run-

off size is 68 nt, which is detected in no treated lane (lane2 and 4). Second run-off 

RNA 55/54 nt is detected in Rat1/Rai1 treatment samples which is remained after 

Rat1/Rai1 digestion and Pol II elongation (lane6 and 8). In presence of ATP, 

misalignment RNA 34 nt is generated via NTP misincorporation (asterisk in lane3). 

It is 2/3 nt longer than start RNA size (31 nt). And digested RNA 17/18 nt is 

detected in Rat1/Rai1 treatment lane not as in ATP treatment lane (compared land 

5 and 7) 

(B) Quantification values of bands on autoradiographs in A (see “Materials and 

Methods”). The bars represent ECs that are still bound to beads and able to 

elongate. Sky blue bars mean amounts of remained ECs when there are absent of 

ATP. Gray bars represent relative amount of ECs that remain attached to beads 

after addition of ATP. The values are shown in graph. After setting up background 

as blank, I quantified the remaining RNA level by the control group (No Nuclease, 

No ATP) level. Therefore the value of lane 1 is 100%. NN means “No Nuclease” 

and RR means “Rat1/Rai1”. 
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2. NTPs misincorporation inducesRat1/Rai1 to terminate paused 

Pol II effectively 

 

There are additional RNA band, misaligned RNA 34 nt, due to ATP misincorporation 

(Figure 3A lane3) and these RNAs are not elongated and still appear in elongation lane 

(Figure 3A lane4). This results suggest that there are some inhibitions from Pol II active 

pocket which are capable to move forward the Pol II itself. Actually, pausing, backtracking 

and transcriptional arrest would happen when Pol II elongate RNA along the DNA template 

in vivo (Galburt et al., 2007; Svejstrup, 2007). Through this movements, Pol II moves 

rapidly but discontinuously to reduce the error rate and precisely control gene expression. 

The fidelity of Pol II transcription might be improved by proofreading mechanisms that is 

carried out by means of an intrinsic cleavage activity and as a results of cleavage stimulated 

by TFIIS (GreA and GreB in E. coli) (Jeon and Agarwal, 1996; Koyama et al., 2007). But 

in this in vitro system, Pol II could pause by NTP misincorporation not cleavage 

mismatched RNA continuously because TFIIS was not added. Therefore paused Pol II 

induced by NTP misincorporation, is disrupted its active pocket and cannot move forward 

to the end of template. NTP misincorporation would occur when non-cognate NTP is bound 

complementary to next template strand due to template misalignment, resulting in an 

extension of the RNA by two nucleotides (Kashkina et al., 2006). 

Because ATP misincorporation increases termination efficiency, I examined four 

different NTP misincorporations, treated before Rat1/Rai1 addition and then control NTP’s 

other effect on Rat1/Rai1 (Figure 4A). When ATP is pre-treated before Rat1/Rai1 addition, 

the remaining RNA level is increased about 18% (In figure 3B, 26.5% of remaining RNA 

exists and in figure 4B 44.1% of remaining RNA exists when ATP treated). It indicate that 

ATP addition to in vitro system would be almost used in NTP misincorporation, and have 
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unknown function to increase termination efficiency about 20% instead of energy source.  

Next, when non-cognate GTP was treated, I observed mismatched long RNA transcripts 

(34-35 nt) and it caused Pol II termination efficiently remaining 30.8% of RNA (Figure 4A 

lane6 and lane15 and figure 4B). In recent study (Sydow et al., 2009) (Figure 4C) show 

that GTP-GTP incorporation ratio is very low but extension ratio is pretty high enough to 

incorporate next to nucleotide. In template DNA, the next nucleotide is thymidine and TTP-

GTP incorporation ratio is also low. In this way, when GTP treated to EC, the Pol II 

incorporate in low chance, but mismatched GTP is misincorporated to ATP though the CTP 

(template sequence : -GTTCA-, shown in Figure 4B). ATP-GTP incorporation ratio is also 

low but extension ratio is low enough to pause Pol II itself. And that paused Pol II is 

attacked by Rat1/Rai1 to terminate.  

In contrast, CTP is cognate with GTP and then incorporation with thymidine. TTP-CTP 

incorporation ratio is around 30% but its extension ratio is low about 10%. The continuous 

TTP could inhibit the Pol II with only CTP and it might disrupt Pol II active site. Therefore 

Pol II cannot elongate anymore similar with No Nuclease group level and stalled shown in 

figure 4A lane8. Termination efficiency also low. 

In UTP case, the addition of UTP introduce a pause sequence with UU RNA 3’-end at 

Pol II active center (Figure 4A lane 9 and 10 and figure 4B). In this situation, ECs, 

containing UU pause sequence, the RNA 3’-nucleotide adopts a frayed position in the pore 

below the Pol II active site (Toulokhonov et al., 2007). These pause signal is insufficient to 

terminate Pol II by Rat1/Rai1 (Dengl and Cramer, 2009).  
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Figure 4 

 

A
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C 

 

(Sydow et al., 2009) 
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Figure 4. Relation between NTP misincorporation and Pol II termination 

(A) The gel image of in vitro termination assay with NTPs misincorporation compared 

with No Nuclease group and Rat1/Rai1 group. In a No Nuclease group, addition 

of non-cognate ATP or GTP generates misincorporated RNA bands via template 

misalignment (34/35nt lane 4 and 6) whereas cognate CTP does not (lane8). 

Notably, Rat1/Rai1 more efficiently terminates Pol II when non-cognate ATP or 

GTP rather than cognate CTP was added (lane 13, 15 and 17). Addition of UTP to 

EC results in pause sequence (-UU- sequence) at Pol II active center (Toulokhonov 

et al., 2007)that does not support further elongation (lane 10), which results in 

slight inhibition of termination by Rat1/Rai1. 

(B) DNA sequence is shown on top of the quantification graph. “Squared U” means 

radiolabeled uridine, NN means “No Nuclease” and RR means “Rat1/Rai1”. 

Rat1/Rai1 terminates Pol II efficiently when it is treated with non-cognate ATP or 

GTP. Also the misincorporated RNA is detected in NN group. 

(C) The graph represents that correlation between fidelity reactions efficiencies. 

Correlations between misincorporation and mismatch extension efficiencies, 

between efficiencies of mismatch extension and RNA cleavage and between 

efficiencies of RNA cleavage and run-off product formation. Detailed experiments 

are shown in (Sydow et al., 2009). 
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3. Termination Efficiency can be affected by nascent RNA Length: 

Rat1/Rai1 driving force 

 

Next, I asked how long RNA does Rat1 need to terminate Pol II in vitro system. I 

prepared a five different RNAs (19, 22, 24, 30 and 40 nt) (Figure 5A, 5B and 5C) that 

are common in part of elongation bubble. The 19nt, summated 1nt with [α-32P] UTP, 

was surely docked and degraded by Rat1/Rai1, indicating that extra 2-3 nt would be 

sufficient to work for Rat1/Rai1 (Figure 5A lane5). Because almost 17~18 nt RNAs are 

covered by Pol II complex. And figure 5B and 5D indicate that if RNA is long up to 25 

nt, Rat1/Rai1 could terminate Pol II effectively (Figure 5D, 34% of RNA remaining in 

presence of ATP). I suggest that the limitation of RNA length to terminate Pol II is 25 

nt for Rat1/Rai1 complex. Interestingly, the termination efficiency is increased as 

nascent RNA gets longer (Figure 5D). Even with long RNA, 41 nt, the half of Pol II is 

dislodged form DNA template without ATP (Figure 5D, 48.4% of RNA remaining). 

Without Pol II active site disruption, that is a significant achievement for Rat1/Rai1. In 

vivo situation, Pol II would produce longer RNA transcript than in vitro system, and 

Rat1 could degrade RNA with more accumulated processivity. This processivity which 

is produced by progressive nuclease, acts as “driving force”. With its focus and drive, 

Rat1 terminates Pol II in proper condition.  

In presence of ATP, Rat1/Rai1 could extremely terminate Pol II from 70% of RNA 

remaining in 20 nt to 16.4% of RNA remaining in 41 nt. It is clearly distinguished that 

non addition of nuclease group (No nuclease, also called NN) does not changed after 

ATP addition, but addition of Rat1/Rai1 complex group in five length RNAs decreases 

the remaining RNA level as long as RNA length (Figure 5E). This results means that 

the remaining RNAs are degraded more in presence of ATP by Rat1/Rai1 and decreased 

their level. Thereby, I suggest that Rat1/Rai1 processivity, driving force, is accumulated 
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as it degrades RNA and this controls the termination efficiency regardless of NTP 

misincorporation. This driving force would be affected nascent RNA, which is docking 

for Rat1, and related Rat1 activity. In Pol II transcription termination, the transcripts 

RNA and its length also contribute to Rat1 activity. 
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Figure 5 
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Figure 5. The longer RNA length, the better Rat1/Rai1 can terminate Pol II 

(A) EC19and EC22 mean that EC complex contains RNA 19 nt and RNA 22 nt. The 

start RNA size is different (20 nt and 23 nt) but digested RNA length is same 17/18 

nt.  

(B) EC24 and EC30 mean that EC complex contains RNA 24 nt and RNA 30 nt.  

(C) EC40 means that EC complex contains RNA 40 nt. EC30 is showed for 

cooperation with B, because EC40 gel image level is too light. The contrast level 

is controlled equally by repeated assay. 

(D) The graph shows RNA remaining percent (%) compared among the five size 

RNAs after Rat1/Rai1 digestion. The value is calculated digested RNA 17/18 nt 

quantification percent when No Nuclease lane is 100% (for example, without ATP: 

lane5/lane1 and lane13/lane9 and with ATP: lane7/lane3 and lane15/lane11). RNA 

remaining percent is decreased when it is treated ATP and even if contained long 

nascent RNA. 

(E) The graph represents that RNA remaining percent (%) after addition of ATP. No 

nuclease group and Rat1/Rai1 treatment group is calculated separately. The ATP 

present group is quantified compared with the ATP nonexistent group. The value 

of No Nuclease group is similar among five RNAs but, Rat1/Rai1 treatment group 

is affected its RNA length. At least 24 nt RNA (25 nt could be made uridine 

labeling) would be useful to terminate Pol II with Rat1/Rai1 complex and ATP. 

NN means “No Nuclease”. 
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4. Preparation of Recombinant rat1 Mutants 

 

To investigate the function of Rat1, I constructed rat1 mutant plasmids by PCR 

mutagenesis (Figure 6A, 6B and see under “Materials and Methods, Table 3”). I checked 

into Rat1’s active domain as I compared homologues between Rat1 and Xrn family, highly 

conserved with Rat1 (Nagarajan et al., 2013). There are 2 exonuclease domains, which is 

essential function of Rat1 and Rai1 interfacing residues (Figure 4A) (Xiang et al., 2009). 

In previous study, rat1 D235A, which is malfunctioned with exonuclease activity, does not 

be covered by temperature sensitive mutant, rat1-1 (rat1 Y657C) (Kim et al., 2004). This 

results suggest that exonuclease activity is necessary function to survive even with Rtt103, 

containing CID for binding to Pol II CTD. And Rai1 stabilizes the Rat1 as structural and 

functional (Xiang et al., 2009; Xue et al., 2000). Therefore I considered that exonuclease 

activity domain and Rai1 interfacing domain would be important for maintaining Rat1 

activity and termination. Also in recent study, rat1 deletion mutant, lacking 204 residues 

and therefore losing the C-terminal loop is nonfunctional and abolish interaction with 

Rai1in Schizosaccharomyces pombe (Shobuike et al., 2001; Xiang et al., 2009). 

Furthermore this rat1 mutant, lacking the C-terminal segment, show temperature-

sensitivity like rat1-1 mutant(Shobuike et al., 2001). So I examined that which rat1 mutants 

show specific phenotypes, and termination defects. In total, 33 single point mutants and 

deletion mutants were identified that exhibit at least viability defects phenotypes (Figure 

6B) First of all, I transformed pRS416-Rat1 plasmid into yeast before knockout intrinsic 

Rat1 gene because Rat1 is essential gene. And then rat1 mutant plasmid, containing 

selection marker, HPH (Hygromycine B), was transformed after intrinsic Rat1 gene was 

knockout by G418 resistance gene (KanMX). FOA selection proceeded before growth 

assay (Figure 7). Various mutants are growth slowly and sickly.  
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Figure 6 

 

 

A 

 

 (1) Cyan : conserved region of XRNs 

 (2) Grey : the liker 

 (3) Magenta : conserved region 2 

 (4) Light green : interaction with Rai1 

 (5) White : not included in the construct 

(Xiang et al., 2009) 
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Figure 6. Rat1 catalytic domains and point mutation site 

(A) Domain organization of S. pombe Rat1, S. cerevisiae Rat1, human XRN2 and 

human XRN1. The first conserved region is colored in cyan, the second conserved 

region in magenta and the linker segment between them in grey. A poorly 

conserved segment in the C terminus that is also shown in yellow. Detailed 

Rat1/Rai1 structure is shown in (Xiang et al., 2009) 

(B) Point mutation position in every domain. Total 33 mutants are scattered around 

each domain. The rat1 mutants which are shown growth defects or termination 

defects, are squared in rectangle. rat1 E203A/D233A/D235A (EDD) and rat1 

S694A mutants are lethal in yeast. These point mutants are generated by PCR 

mutagenesis, shown in “Materials and Methods”. 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Mutant rat1 plasmid shuffled to yeast cell strains 

Mutant rat1 is recombinant to pRS41H containing Hygromycine marker. Each mutant 

rat1 is transformed into rat1 knock-out yeast cell which is embedding Rat1 wild-type 

plasmid, containing URA3 marker (pRS416-Rat1). Wild-type Rat1 plasmid is shuffled out 

by FOA selection (1.5g/L) to test mutant rat1 effect. The selected cell is plating in 

HPH+YPD media for ~2days. Detailed experiment is shown in “Materials and Methods” 
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5. Comparison of Growth rate and cell viability profiles Derived from 

the rat1 point mutants 

 

Next, I focused on the cell viability profiles of a total rat1 mutants. There are 33 rat1 

mutants whose growth rate was weaker than Rat1 WT (Figure 8A and Table 3) and showed 

termination defects in vivo and in vitro. As mutant plasmids were conducted with selection 

marker, HPH, growth assay (spotting assay) was carried out in 3 different media: YPD, 

YPD + HPH, and FOA. It was identification test, which is growth assay in FOA after FOA 

selection. Almost mutant strains are growth slowly but not affect cell viability. Only two 

mutants, rat1 E203A/D233A/D235A and rat1 S694A are lethal in S. cerevisiae (Figure 8A). 

In previous study, it is verified that rat1 D235A is lethal and not be covered by rat1-1, which 

is temperature sensitivity mutant (Kim et al., 2004). And I constructed rat1 

E203A/D233A/D235A whose exonuclease activity is completely disrupted by triple 

mutation. This mutant is lethal in S. cerevisiae. But interestingly, S694 residue, which is 

highly conserved among the Rat1 and Xrn family, is unrevealed its role but important to 

survive in yeast. From this result I guess that serine (S694) and tyrosine (Y657) have 

hydroxyl functional group and its hydrophilic character affect profoundly to Rat1 activity 

and also cell viability. The difference between two residues is temperature sensitivity or 

not. This lethal mutant is valuable to further study Rat1 activity and termination.  

rat1 D30G, rat1 P60G, rat1 R344A, rat1 D420A, rat1 Y657C, and rat1 Δ885-1006 

mutants are used for Chromatin Immunoprecipitation (ChIP) and rat1 P60N, rat1 

E203A/D233A/D235A, rat1 V296A/R344A/K393A, rat1 S694A, rat1 Y657C, and rat1 

Δ885-1006 mutant are purified in recombinant protein after overexpression from E. coli 

(Figure 8B). rat1 Δ885-1006 mutant, truncated its C-terminal domain, is truly not 

interacting with Rai1 and purified Rat1 alone without Rai1 at column chromatography.  
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Figure 8 

 

A 

 

  



- 37 - 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



- 38 - 

 

Figure 8. Selection and purification of rat1 point mutants 

(A) Spotting tests on relevant media were carried out to identify each rat1 mutant 

phenotype. Three different media, YPD, YPD+HPH and FOA are tested to select 

typical sick mutant. The sick growth mutants are indicated with asterisk, referred 

Table 3. The rai1 knockout mutant (rai1Δ::KanMX) was plated to YPD and 

YPD+G418. It shows significant growth defects. 

(B) rat1 mutants, superpose 6 fraction, on gel images stained with coomassie blue. 

Each mutant is recombinant into pET21b for induction and purified with its 

cofactor, Rai1. Rat1 size is around 116kDa and Rai1 is 45kDa. A deletion mutant 

lacking 121 residues of Rat1 is 104.2kDa and abolished interaction with Rai1. 

Purified proteins are stored at -80℃.  

  



- 39 - 

 

6. Functional Differences between rat1 Various Mutants in Pol II 

Termination In vivo and In vitro 

 

To demonstrate and compare the differences between rat1 mutants, showed critical 

cellular growth defects, in vitro termination assay was carried out using EC and 30nt RNA. 

The methods are same as figure 1, adding different rat1 mutants, which is compared with 

Rat1/Rat1 complex and No nuclease groups (Figure 9A and 9B). Rat1 is a highly 

progressive exonuclease that degrades its substrates without releasing partially hydrolyzed 

intermediates and similar in sequence and activity to the cytoplasmic nuclease Xrn1 (Jinek 

et al., 2011). Therefore the catalytic mechanism of Rat1 should include a degradation step. 

rat1 E203A/D233A/D235A (EDD) mutant and rat1 V296A/R344A/K393A (VRK) mutant 

are disrupted in exonuclease activity domain in table 3. Thereby, digested RNA forms are 

not generated and start RNAs remain in digested lane (Figure 9A lane9 and lane13). 

Although it is not affected after adding ATP, produced misaligned RNA products (lane11 

and lane15). The difference between rat1 EDD and rat1 VRK is in elongation lane (lane12 

and lane16) that in rat1 EDD lane, there are remaining RNAs, not elongated but stopped. 

On the other hand in rat1 VRK lane, there are not. I think that rat1 VRK mutant is not 

totally malfunctioned its activity and effect on Pol II, so pol II does not stalled by NTP 

misincorporation (lane16). On the other hand, rat1 Δ885-1006 mutant is purified alone, not 

co-purified with Rai1, and truncated C-terminal domain, 122 amino acids. This C-terminal 

segment is located on the opposite site of Rat1 active site (Xiang et al., 2009) and dose not 

contribute to its activity at all. But this mutant protein dose not digest and RNAs and start 

RNAs remain entirely in presence of ATP in elongation lane (lane17 and lane 19). I could 

not fully understand these mutant variation effect, but I suggest that it may be important 

for stabilizing the conformation of Rat1 for catalysis and termination of Pol II. 
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Three other mutants are used to determine what effects work on Pol II and Rat1 activity 

as same way of figure 9A (Figure 9B). I chose the Rat1 P60 residue for compare with Xrn1, 

cytoplasmic 5’ to 3’ exoribonuclease. In previous study, it was demonstrated that Xrn1 H41 

residue is involved in its processivity directly, since Xrn1 H41A mutant produces stalled 

intermediates in vitro(Jinek et al., 2011). And the next residue of Xrn1 is Glutamine (Q) 

that is hydrophilic residue, but other exonuclease like Rat1 and Xrn2 have Proline (P) next 

to the very Histidine (H). So I think that the gap of processivity between Xrn1 and Rat1 

might come from the next residue of Histidine, and if I construct mutant, changed proline 

to other amino acids, what effect would be produced to Pol II termination? In that question, 

I made two mutants, rat1 P60G and P60N to use in vivo test, ChIP, and in vitro termination 

assay. These two mutants do not show any defects in vivo (Figure 10) and in vitro assay 

(Figure 9B, lane 9 to 12). In vitro system, rat1 P60N mutant terminate Pol II almost similar 

efficiency so dose Rat1/Rai1 wild type (WT) (The percentage of efficiency data is not 

shown). I could not fully understand these results, but I think that one single residue could 

not control enzyme’s whole activity and processivity. 

However in figure 9B lane13 and 15, the rat1 S694A, lethal mutant, shows that it 

degrades the RNA to 17-18nt, but not terminates Pol II. This is proved when it is calculated 

it’s all remaining RNA level percentage (almost 80~88% RNAs are remaining in 17-18nt 

forms, data is not shown). So I suggest that the other activity which is contributed by S694, 

should exist in Rat1 except exonuclease activity to terminate Pol II completely. And the 

unknown residue, Rat1 S694, may have important role to do any contribution for 

transcription termination. And lastly, rat1 Y657C, the temperature sensitivity mutant (rat1-

1), show unusual defects on in vitro termination assay. It could not digest RNAs entirely, 

as there are remaining 31nt RNAs. This mutant was studied that rat1 Y657C shows RNA 

processing defects when it grow in 37℃(Amberg et al., 1992). So I think that rat1 Y657C 
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what I purified from E. coil, is not affected by temperature(37℃) but disrupted its 

processing activity and show termination defects in vitro also, in vivo (Figure 10). It is 

interesting that rat1-1 mutant is studied for a long time, but not in vitro system. I suggest 

that Tyrosine (Y) and Cysteine (C) are different its electro negativity by different functional 

group (phenolic hydroxyl group in tyrosine and sulfhydryl group, that is also called thiol 

group in cysteine) and something interactions with nucleotides are affected by these 

difference. I think that the characteristic of rat1-1 is due to these reasons. 

And in ChIP results, any other mutants are not affected Pol II termination in PMA1 

gene, except rat1-1 and rat1 Δ885-1006 mutants. rat1-1 and rat1 Δ885-1006 mutant are 

really defective in Pol II termination (Figure 10). Pol II occupancy should decrease when 

it passed through poly (A) site. In wild type Rat, Pol II occupancy dropped after passing 

poly (A) site, but rat1-1 and rat1 Δ885-1006 mutants did not show this phenomenon that 

decline at point 7. This means that these two mutants are occurred Pol II occupancy changes 

in PMA1 gene.  

  



- 42 - 

 

Figure 9 
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Figure 9. Different termination tendency among the rat1 mutants 

(A) In vitro termination assay gel image that used exonuclease activity defects mutants. 

rat1 EDD means “rat1 E203A/D233A/D235A” and rat1 VRK means “rat1 

V296A/R344A/K393A”. In vitro termination assay is carried out in presence of 

ATP and in absent of ATP. The RNA is not degraded by mutant rat1/Rai1 and 

remains in start size (31 nt, lane9, 13 and 17) 

(B) In vitro termination assay gel image that used growth defects mutants. rat1 S694A 

mutant shows lethal phenotype in yeast (Table 3 and Figure 8A), but it has 

exonuclease activity, not has termination activity. rat1 Y657C mutant is 

temperature sensitive phenotype and results in lethal phenotype in 30~37℃ these 

three mutants have exonuclease activity but cannot terminate Pol II with functional 

defects.  
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Figure 10 
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Figure 10. Pol II termination defects in rat1 mutant cell in vivo 

Recruitment of RNA Polymerase II was monitored by chromatin immunoprecipitation 

(ChIP) assay in indicated stains using α-Rpb3 antibody on PMA1 gene (see “Materials and 

Methods”). The Pol II occupancy is normalized to IN PUT value. Every primer, I used, is 

shown in PMA1 gene map with block bar and numbered. The arrows represent each 

promoter and polyadenylation sites is indicated “2823” and “3277” before primer 7.  

If Pol II occupancy would not decrease after primer 7, it can be considered termination 

defect by generation of read-through. The termination defects are shown with asterisk. 
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DISCUSSION 

 

Pol II termination can be completed within the Rat1-Rai1 complex in vivo(Kim et al., 

2004). Here I show that how Rat1-Rai1 complex works on transcription termination in 

simplified in vitro system (Figure 1). It can be arranged that termination molecular 

mechanism in four ways. I explained three different reasons in this works and last reason 

data is not shown (Figure 11).  

First, NTP misincorporation introduces Pol II pausing that affects to Rat1/Rai1 

termination efficiently. Template misalignment is a universal mechanism by which 

substitution errors are generated during transcription. In vitro situation, NTP 

misincorporation means the forced extension, inducing Pol II pausing and disrupting Pol II 

active site. This conformation change causes exposing the unstable RNA exit channel and 

being accessed easily by Rat1/Rai1 complex. Because of differences between incorporation 

ratio and extension ratio, non-cognate NTPs are show different effect in termination 

efficiency. And NTPs are not only used to incorporated but also used to work on 

termination with unknown role. This results came from different RNA remaining level 

between ATP co-treated with Rat1/Rai1 and ATP pre-treated before Rat1/Rai1 addition. 

Using slow mutant of Pol II or elongation inhibitor, the effects of NTP misincorporation on 

paused Pol II would be compared.  

Secondly I found that Pol II termination efficiency is enhanced as transcripts RNA 

length increases, applying no matter presence of ATP. I used five various RNA length to 

detect the termination limit length. Rat1 requires at least 2-3 nt for docking on RNA, and 

30% of Pol II would be dislodged in presence of ATP. I suggest that, there are two 
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processivity from exoribonuclease, one is accumulated processivity, which changes 

substrate dependent manner and acts as driving force. The other might be intrinsic 

processivity that is related with recognition of 5’ phosphate group and substrate 

independent manner. Xrn family enzymes recognize the 5’ phosphate with exclusive large 

5’ phosphate-binding pocket. The specific recognition of the 5’ phosphate likely makes a 

significant contribution to substrate binding affinity, since RNAs with a free 5’-hydroxyl 

group make poor Xrn1 substrates under multiple-turnover conditions (Pellegrini et al., 2008; 

Stevens and Poole, 1995). In Xrn1, H41 residue acts as first step of nucleotide stacking. 

And Xrn1 H41A mutant produces stalled intermediates in earlier time points and occurs 

independently of substrate length (Jinek et al., 2011). The intrinsic processivity would be 

induced when the enzyme is docking on substrate using binding pocket in first step. In this 

way, Rat1 might have these two processivity for termination and RNA processing. This 

could be demonstrated using various rat1 mutants. 

There are various mutants showing cell growth defects in vivo and termination defects 

in vitro. One of them, rat1 P60G and rat1 P60N might be related with Rat1 intrinsic 

processivity, substrate independent manner. P60 residue is conserved with Rat1 in S. 

cerevisiae, S. pombe and Xrn2 in human but except Xrn1, cytosolic exonuclease. So I 

hypothesis that P60 residue mutants might show different processivity, affecting to its next 

residue, Histidine. rat1 P60G and rat1 P60N strains grow slowly than wild type strain. 

However they did not show termination defects in vivo (ChIP) and in vitro assay. I think 

the Rat1’s intrinsic processivity will be important in RNA processing function rather than 

Pol II termination function. These mutants might be used to rRNA processing assay to 

confirm Rat1’s intrinsic processivity. And exonuclease activity malfunctioned mutants 

cannot degrade substrate RNA in vitro system and especially rat1E203A/D233A/D235A is 

lethal in yeast. These strain could not cover with overexpressed Rtt103, which has CID 
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binding Pol II CTD (data is not shown). Just binding with Pol II closely is not sufficient to 

terminate Pol II and exonuclease activity is important to survive. There is lethal mutant 

with unknown function residue, rat1 S694A. It has exonuclease activity and degrades 

substrate RNA, but could not terminate Pol II. I think that this is related with interface 

between Rat1 and Pol II. Rat1 might have some activity instead of attacking Pol II simply. 

It is true that Rat1 carries out to terminate RNA Polymerase II not to affect for E.coli RNA 

Polymerase (data is not shown). Interaction between Pol II and Rat1 makes synergy to 

terminate efficiently.  

I suggest that Rat1-mediated termination molecular mechanism in four ways. The 

molecules that attend to transcription termination process could be reasons to terminate 

efficiently. One is Pol II, the macromolecule. Its movement and elongation rate would 

affect to Rat1 activity. And nascent RNA transcripts, elongated by Pol II after cleavage, 

affect by its length to Rat1 processivity. Also NTP has some activation without using in 

incorporation. Rat1, the key factor of termination, is important its own exonuclease activity, 

interacting with Rai1, processivity. Lastly, these key reasons should combine timely exact 

place and proper condition. And I think surely there are unknown mechanism for 

termination. I hope these result would be helpful to study Rat1-mediated termination 

molecular mechanism. 
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Figure 11 

 

 

 

 

 

 

Figure 11. What is the Pol II termination main reason? 

Rat1/Rai1 complex terminates RNA Pol II efficiently in presence of ATP. But it is not 

working as an energy source for Rat1/Rai1 complex. NTP misincorporation enhances RNA 

Pol II termination efficiency. The longer RNA length, the better Rat1/Rai1 can terminate 

RNA pol II. There might be driving force accumulated via RNA degradation. And various 

Rat1 mutants show slow or lethal growth phenotypes and termination defects in vivo and 

in vitro. Some important residues are exist to survive itself and digest RNA. Lastly, 

transcription termination would be completed by Pol II and Rat1. The important interaction 

between Pol II and Rat1 could be reason of termination. 
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ABSTRACT IN KOREAN 

국문초록 

 

RNA Polymerase II (Pol II)의 Carboxyl-terminal domain (CTD)에 결합하

는 DNA전사 종결 인자들에 의해 CTD의 인산화 순서에 따라서 그 종결 방향

성이 결정된다. 다양한 효소(kinase)들이 유전자의 길이에 의해 결정되는 CTD 

인산화 패턴에 참여한다. DNA전사 종결의 방향에는 두 가지가 있다. 간략하

게, 하나는 “Nrd1에 의해 결정되는 종결”인데 주로 짧은 유전자 특히, 

sn/sno RNA나 cryptic unstable transcripts (CUTs)같은 유전자의 종결에 관여한

다. 반면 단백질을 코딩하고 있는 긴 유전자 같은 경우에는 5’에서 3’으로 

RNA를 분해해나가는 Rat1이 그것의 보조단백질인 Rai1과 CTD에 결합하는 

Rtt103와 함께 Pol II의 전사 종결을 한다.  

“Rat1에 의해 결정되는 종결”에 대해 실험하기 위해 특별히 Pol II의 

전사 종결에 필요한 조건들을 가정했다. 첫 째, 멈춰져 있는 Pol II가 좀 더 쉽

게 exoribonuclease에 의해 종결될 것이다. 둘 째, Rat1이 Pol II를 종결시킬 때 

필요한 최소한의 RNA의 길이가 있을 것이다. 마지막으로 Rat1은 exonuclease 

기능 이외에 다른 기능이 있을 것이다. 이 세가지 가정을 확인하기 위하여 나

는 Pol II가 다양한 RNA 상에서 멈춰 설 수 있는 조건들과 PCR mutagenesis를 

통하여 돌연변이 Rat1을 만들었다. 또한 In vitro 실험을 수행하기 위하여 다

양한 단백질들을 E. coli에서 4단계의 chromatography를 거쳐서 정제해 냈고, 

Pol II의 12개 소단위 단백질들을 S. cerevisiae에서 발효 정제 하였다. 이 모든 

단백질들을 이용하여 Pol II의 전사 종결에 대한 분자생물학적인 기작을 연구

하였다. 

RNA의 NTP misincorporation은 Rat1/Rai1 복합체가 Pol II를 종결시키는

데 진작시켜준다. 왜냐하면 NTP misincorporation에 의한 Pol II의 정지상태는 
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전진하고 있는 Rat1/Rai1 복합체에 취약한 형태가 되기 때문이다. 그리고 전사

로 인해 생긴 RNA의 길이가 길수록 Rat1/Rai1이 Pol II의 전사를 더 잘 종결시

키게 한다. Rat1/Rai1의 활성화 되는 힘이 긴 RNA를 따라 가면서 축적되어 나

타나는 것이라 생각한다.  

또한 In vivo와 In vitro실험에서 Pol II 전사의 종결에 결함이 보이는 다

양한 rat1의 돌연 변이형을 찾았다. 그 중에 rat1 S694A와 rat1 

E203A/D233A/D235A 돌연변이가 S. cerevisiae에서 살지 못하는 치명적인 돌연

변이인 것을 밝혀 냈다. Rat1에 지배적인 exonuclease 기능이 있는 영역 이외

에 또 다른 기능이 있는 영역 범위를 밝혀 내는 것은 중요하다. 왜냐하면 몇

몇 돌연변이들 예를 들면, Rai1과 결합하는 부위 등은 살아 있는 상태 에서는 

생존력에 영향을 미치고, In vitro 상태에서는 Pol II 전사의 종결에 결함을 보

였다.  

이러한 결과들은 Rat1/Rai1 복합 단백질이 Pol II진행의 멈춤, 긴 RNA 

그리고 중요한 기능을 포함하고 있는 잔기 등과 같은 적절하고 맞는 조건에서 

Pol II전사의 종결에 충분한 기능을 갖고 있다고 보여주고 있다. 나는 이런 다

양한 요인들이 생물의 생존력과 Pol II 전사의 종결에 중요할 것이라고 생각한

다. 
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