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Mitochondrion is an organelle found in the eukaryotic cell.  It is responsible for 

essential metabolic processes as well as ATP production via oxidative phosphorylation 

(OXPHOS).  The mitochondrion contains DNA that encodes for several subunits in the 

OXPHOS system as well as rRNA and tRNA for translation.  It also has its own 

replication, transcription and translation machinery.  Proper maintenance of the 

mitochondrial DNA is critical for the cell’s health.   

 Saccharomyces cerevisiae mitochondrial transcription system has been a great 

model system for its ease of genetic manipulation as well as having conserved RNA 

polymerases across species.  The polymerases are homologues to T7 RNA polymerase, 

but have longer N-terminal domain and require transcription factor(s).  The reason for the 

extra domain as well as the need for an accessory factor is still unclear.  This study 

reveals the role of Rpo41 N-terminal domain (NTD) as well as clarifies the role of Mtf1, 

the transcription factor, in transcription initiation.  

 Rpo41 is the 153 kDa catalytic subunit, and Mtf1 is 40 kDa, the transcription 
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factor of the yeast mitochondria.  We have shown that Mtf1 is required for correct 

promoter sequence recognition as well as inhibition of incorrect initiation.  Although it 

was thought that Rpo41 has intrinsic promoter recognition capability, we have shown that 

Rpo41 can initiate transcription on a pre-melted DNA, even if it is not the consensus 

promoter sequence.  N-terminal truncation mutant studies showed that the NTD of Rpo41 

is also required for correct transcription initiation.  On linear duplex DNA, N-terminal 

truncation of 321 amino acids has little effect when Mtf1 is present.  On pre-melted 

DNA, it shows opposite trend from the wild-type.  160 N-terminal amino acid residue 

truncation shows little activity, whereas Mtf1 increases activity, even on non-promoter 

initiation sites.   

We further investigated properties of Rpo41 in replication.  A link between 

mitochondrial transcription and replication has been suggested before, where Rpo41 

functions as the leading strand primase.  Our studies show that Rpo41 can indeed 

function as the leading and lagging strand primase, and explains why Rpo41 is able to 

initiate transcription on non-promoter sites.  N-terminal truncation resulted in loss of 

primase activity, which shows that NTD is required for replication. 
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Chapter 1: Introduction 

The mitochondrion is a very important organelle in the eukaryotic cell.  It is 

involved in various metabolic pathways as well as the production of ATP and apoptosis.  

Its maintenance is critical for the cell to survive, which is related to the health of the 

entire organism.  The mitochondrion is also unique in that it has its own DNA.  The 

mtDNA encodes for the tRNA and rRNA required for translation, as well as several 

mRNA’s that code for proteins involved in the oxidative phosphorylation pathway [1, 2].  

Most of the proteins required for replication, transcription and initiation are transcribed in 

the nucleus and transported to the mitochondria [3].  Several human diseases are linked to 

mitochondrial dysfunction [4-6], many of them due to defects in mitochondrial DNA 

(mtDNA) [7].  Because the mitochondria is inherited solely from the mother, any 

permanent changes in the mtDNA or mutations are directly passed on to the next 

generation.  It is therefore essential to understand how mtDNA is maintained.  This study 

focuses on transcription initiation in the mitochondria.   

 

YEAST AS THE MODEL SYSTEM FOR MITOCHONDRIAL TRANSCRIPTION STUDIES 

The mitochondrial transcription and replication systems have been studied 

extensively in yeast.  Although there are significant discoveries in the past few decades, 

there are still many aspects of transcription initiation that are not well understood.  In 

particular, the specific function of the transcription factor has been unclear.  Another 

aspect that is not well understood is the function of the N-terminal domain (NTD) of the 

mitochondrial RNA polymerase.  The mitochondrial transcription system is well 

conserved across species [8-11].  Mitochondrial RNA polymerases of several mammalian 

species as well as yeast are homologues of T7 RNA polymerase [9, 12].  Although they 
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share similarity in the catalytic C-terminal domain, they each have extended N-terminal 

domain of about 350-400 amino acid residues, which are not as similar [4].  The T7 

RNAP is capable of recognizing the promoter sequence, melting the promoter and 

initiating transcription without the aid of a factor.  It is peculiar how the mitochondrial 

RNA polymerase evolved to have an extended N-terminal domain and require additional 

factor(s).  We are interested in these two aspects: first, how are the functions distributed 

between the catalytic subunit and the transcription factor during transcription initiation, 

and second, what function does the N-terminal domain of Rpo41 have.  Mutations that 

affect the oxidative phosphorylation (OXPHOS) result in a petite phenotype in 

Saccharomyces cerevisiae.  This property enabled researchers to study mitochondrial 

transcription as well as other functions on a cellular level.  We used transcription assays 

on specially designed DNA template to study the detailed mechanism of transcription 

initiation on a molecular level.  We also did a mutation study of Rpo41 to study the role 

of Rpo41 NTD in more detail.  The effects of N-terminal deletion of Rpo41 has been 

studied on a cellular level by observing petite phenotypes, but we have conducted in vitro 

studies to connect Rpo41 with replication in its role as a primase.  Through this, we show 

that these “excess” features are indeed essential for mtDNA maintenance. 

 

YEAST MITOCHONDRIAL DNA 

Yeast mtDNA is about 80,000 bp circular DNA, and is AT rich with only about 

18% GC content [1, 2, 13].  There are about 17-20 promoters and several consensus 

sequences that do not function as promoters, which are located in the AT-rich region of 

the mtDNA [1, 14, 15].  Yeast mtDNA contains genes for two rRNA’s, about 25 tRNA’s, 
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and at least eight proteins that are subunits of the electron transport chain and oxidative 

phosphorylation system [16].   

Genes in mtDNA of other organisms have a similar genetic makeup, where 

mRNA involved in the respiratory system as well as rRNA and tRNA required for 

translation are contained [17].  Some of these sequences are found near the ori location 

[15, 18].  Human mtDNA is much shorter, about 16,600 bp, and contains only 3 

promoters, HSP1, HSP2 and LSP [9, 19].  The strand has a different buoyant density in 

alkaline CsCl gradients, called H strand for heavy strand, and L strand for the light strand 

[9].  HSP2 and LSP are responsible for almost all the genes transcribed in the mtDNA, 

and result in a polycistronic transcript.   

The yeast mtDNA consensus promoter is a nonanucleotide sequence, 5’-

ATATAAGTAA-3’, spanning from -7 to +2 position [14, 20-25].  There are variations of 

this promoter with different strength.  An extensive promoter analysis was done to 

observe which nucleotides are critical in transcription initiation as well as promoter 

strength [14, 24].  It has been shown that the first two initiating nucleotides may be a 

transcription control mechanism [26, 27].  Most +1 and +2 nucleotides are AA, 

transcription level may be controlled by the abundance of ATP, thereby coupling RNA 

synthesis to respiration [28, 29].  It has been speculated that the difference in promoter 

strength may be involved in regulation [3].   

Unlike the human mitochondrial genes which are polycistronic, the yeast 

mitochondrial genes are part polycistronic and part singly transcribed [16].  For some 

polycistronic genes, the transcription level of the later-transcribed gene is less than the 

initial, which is thought to be a method of controlling transcript level [16, 26, 27].  One 

RNA polymerase is responsible for transcribing all the genes in the yeast mitochondria, 



 4 

and only one transcription factor is required [30-32] [33].  The RNA polymerase complex 

is able to initiate transcription on all the promoters on the yeast mtDNA [33]. 
 

RPO41 IS THE YEAST MITOCHONDRIAL RNA POLYMERASE 

Rpo41 is the Saccharomyces cerevisiae mitochondrial RNA polymerase and was 

discovered before the human mtRNAP [34-37].  It consists of 1351 amino acid residues, 

153 kDa, and is the product of a nuclear transcribed gene, located on chromosome VI, 

which is transported into the mitochondria [35].  It is homologous to the T7 RNA 

polymerase, and to the human and mouse mitochondrial RNA polymerases [12, 16, 38-

41].  T7 RNA polymerase does not require any transcription factor, by itself, it 

recognizes the promoter sequence, melts the DNA and initiates transcription.  However, 

Rpo41 has a longer N-terminal region, and does require a transcription factor for 

transcription initiation [12, 42].  This distinguishes Rpo41 from T7 RNAP because both 

polymerases are able to recognize several promoter sequences, but T7 RNAP does this by 

itself and Rpo41 requires a transcription factor.   

The detailed mechanism of how these two polymerases differ is yet to be 

elucidated.  Rpo41 and T7 RNAP share sequence homology in the catalytic C-terminus 

domain, and it has been speculated that the N-terminal region that is involved in 

transcription factor interaction.  Deletion of 373 N-terminal amino acid residues results in 

a Rpo41-null phenotype.  In the case of the human mitochondrial RNA polymerase, a 

shorter version, called spRNAPIV, has been found in the nucleus, and functions as a 

RNA polymerase [43].  This shows that the N-terminal region of Rpo41 is not involved 

in catalyzing RNA extension, but in other functions of mtDNA maintenance and 

transcription.  It has been shown that a mutant Rpo41 that has its 185 amino-terminal 
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residues deleted results in the petite phenotype, and although it still retains transcription 

functions, the mtDNA content was significantly reduced [44].  Because of these reasons, 

it has been considered that Rpo41 may be the mitochondrial primase for replication [3, 

36].  When Rpo41 was first discovered and characterized, its mutation resulted in loss of 

mtDNA [35].    

 

MTF1 IS THE SPECIFICITY FACTOR 

Mtf1 is the transcription factor, that together with Rpo41, is able to initiate 

transcription on the yeast mtDNA [30, 45-47].  Like Rpo41, the Mtf1 gene is transcribed 

in the nucleus and transported into the mitochondria.  It is about 40kDa (341 amino acid 

residues).  A petite phenotype yeast with Rpo41 mutation was used to discover this 

factor, when the mutant phenotype was suppressed by over-expression of Mtf1 [46].  

Disruption of its gene resulted in the loss of mtDNA [30].  Mtf1 was initially considered 

to be like the bacterial σ-factor [48, 49].  Its structure revealed its homology to a bacterial 

methyltransferase, especially ErmC’ in Bacillus subtilis and KsgA in E. coli [50-52].  

There is no evidence that Mtf1’s shows methyltransferase activity, and it has been shown 

that the conserved methylation sequence in the rRNA is in fact, not methylated in the 

yeast mitochondria [53].  Whether or not Mtf1 has methyltransferase activity is unclear, 

but it leaves the possibility of nucleic acid binding.  The human homologs of Mtf1 are 

TFB1M and TFB2M [38, 54-60], but recent studies show that TFB1M may not be a bona 

fide transcription factor [61].  TFB1M and TFB2M do have methyltransferase activity 

[62-65].  Although TFB2M has methyltransferase activity, it is independent from its role 

as a transcription factor, which is its main function [63-65].  For TFB1M, its contribution 

to transcription is less than that of its ortholog, TFB2M, but its methyltransferase activity 
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on 12S rRNA is essential for translation in the mitochondria [65] [6, 66, 67].  Although 

Mtf1 is essential for transcription initiation, it is still unclear exactly how it aids Rpo41 in 

transcription initiation.  It is certain that it is required for promoter melting [68], but its 

role in promoter recognition has been debated.  In bacteria such as E. coli, σ-factor is the 

RNA polymerase subunit that is responsible for promoter recognition.  It was initially 

thought that Mtf1 would have a similar functional role as the bacterial σ-factor, but its 

structure suggests something different [48, 49, 51].  Mtf1 is required for Rpo41 to 

recognize the promoter sequence and initiate transcription on linear DNA [68].  Similar 

to σ-factor, it is released once the transcription initiation complex synthesizes a 

nucleotide that is 13 nt in length [69].  It has been shown that Rpo41 may have intrinsic 

promoter recognition ability, which seems to reduce the possibility of the involvement of 

Mtf1 in this process [68].  The human mitochondrial transcription system requires one 

more factor, TFAM [70], which binds to the promoter region and recruits TFB2M and 

mtRNAP.  Abf2p is the yeast homolog of TFAM, but is not required for transcription 

initiation in yeast [71, 72].   

 

SIGNIFICANCE OF THIS RESEARCH 

There has been much research done on mitochondrial transcription, but there is 

still much to be understood.  It is essential for mitochondrial maintenance, as well as its 

value in further understanding the details in transcription mechanism.  T7 RNAP is a 

single-subunit RNA polymerase, which is able to recognize the promoter sequence, melt 

the promoter and initiate transcription [73, 74].  A more complex transcription system 

requires multiple factors to be involved in each step.  Study of yeast mitochondrial 

transcription is unique, because there are only two components.  The human mtRNAP, 
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which is also a homolog of T7 RNAP, requires three components for transcription 

initiation [55, 61, 75].  The yeast mitochondrial transcription system can bring light to the 

detailed mechanism of transcription and provide further understanding on how single-

subunit transcription machinery differs from a multi-subunit system.  Because Rpo41 is 

homologous to the T7 RNAP, the comparison will be even more interesting in how the 

differences result in the separation of its function.  Our research focused on clarifying the 

Mtf1’s role in transcription initiation, and to study the N-terminal domain (NTD) of 

Rpo41 that is not found in the T7 RNA polymerase.  The NTD may be a key component 

in the divergence of the two polymerases, and make Rpo41 unique.   
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Chapter 2:  Purification of Rpo41 and determine complex formation of 
the yeast mitochondrial transcription initiation complex 

 

INTRODUCTION 

 Rpo41 is a homolog of the T7 RNA polymerase, but has a longer N-terminal 

domain [12, 16, 39, 40, 42].  Despite its longer length, Rpo41 requires a transcription 

factor, Mtf1, for transcription initiation [48].  The detailed mechanism of how Mtf1 aids 

Rpo41 in transcription initiation is still unclear.  Mtf1 was initially thought to function 

like the bacterial σ-factor [48, 49], but structural studies show more similarity to the 

bacterial rRNA methyltransferase [51].  Matsunaga et al. showed in 2004 that Rpo41 

may have intrinsic promoter recognition capability, which further brings up the question 

of Mtf1’s role [68].  Its structure reveals the possibilities that it may bind to RNA, single-

stranded DNA, or even substrate DNA.  There has been different reports regarding Mtf1 

and DNA interaction [33, 46].  It is important to investigate this property in order to 

further understand transcription initiation.   

In order to study the yeast mitochondrial transcription initiation complex, we used 

analytical ultracentrifugation (AUC).  AUC is a powerful tool to measure sample purity, 

complex formation, and analyze the content of the complex [76, 77].  Sedimentation 

velocity (SV) and sedimentation equilibrium (SE) experiments enable us to calculate and 

determine various properties of biological macromolecules such as molecular weight, 

protein-protein interactions as well as binding constants [76, 78].  Macromolecules are 

centrifuged at a high speed, which then sediment according to their molecular weight and 

shape, where heavier and more spherical molecules sediment faster.  The sedimentation 
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rate can be used to calculate the sedimentation coefficient as well as other properties.  

Sedimentation of molecules can be detected in many ways such as absorbance, refractive 

detection and fluorescence [76, 79], but for our study, we have chosen UV absorbance, 

since protein and DNA absorbance is commonly used.     

For proper analysis of complex formation, protein purity is essential.  Matsunaga 

et al. successfully cloned the yeast Rpo41 into bacterial cells, which enabled greater yield 

in protein purification, as well as convenience [80].  We received the recombinant Rpo41 

in E. coli strain BL21-RIL, pProEXHTb-RPO41, PJJ1399 [80], but the protein yield 

using the purification protocol was lower than what we hoped for.  The recombinant 

protein contained an N-terminal His-tag, but the protein did not bind to the Ni-NTA 

column well.  When cation exchange column was used instead of Ni-NTA column, the 

yield was higher, but a smaller band that is about 110 kDa was always present, 

decreasing the purity.  The recombinant Rpo41 should be 153 kDa. 

Here, an improved purification method for Rpo41 is discussed, which increased 

the yield as well as purity. Also, we used analytical ultracentrifugation method to study 

the yeast mitochondrial transcription initiation complex formation. 

 

EXPERIMENTAL DESIGN AND RESULTS 

Rpo41 purification modification 

 The final yield and purity is very important in purifying proteins, especially for 

characterization by analytical ultracentrifugation or X-ray crystallography.  Cloning 

recombinant Rpo41 into E. coli had been very difficult until its success [80], which 

resulted in 5 fold increase (0.13 mg/1 g of cells) in yield compared to previous 

purification from yeast cells.  We wanted to increase the yield for our experimental 
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purposes.  Also, the full length Rpo41 is expected to be about 153 kDa, but a 110 kDa 

protein would always co-purify.  In the case of crystallography, this could cause 

problems themselves, because the impurities may interfere with crystallization or could 

crystallize itself.  In the case of AUC, the truncated Rpo41 may aggregate or hinder 

interaction with other component.  Rpo41 is prone to aggregation and denaturation when 

the buffer condition changes too abruptly, even from pH 7.0 to 7.5.  Also, more steps 

require more time, and it is essential that the purification is done as quickly as possible.  

Different methods were tested and altered to find the protocol that has the highest yield 

and purity. 

 RPO41 gene was inserted into pProEx-HTb vector, which contains His-tag for 

protein purification [80].  Initially, after cell lysis, the lysate was incubated with Ni-NTA 

agarose resin for binding.  After the column was washed and sample eluted, most of the 

Rpo41 was in the flow through or washed, and very little eluted out.  Instead of using the 

Ni-NTA column, SourceS column (GE Healthcare), a cation exchange column, was used 

as the first step of purification, then a gel filtration column.  This increased the yield, but 

a shorter band of 110 kDa in size was co-purified (Figure 2.1A and B).  Because the size 

is similar to Rpo41 (153 kDa), gel filtration was not a suitable method of choice.  

Although the reason for His-Rpo41 not binding to the Ni column is still unclear, the 

fractions containing Rpo41 from the SourceS column were dialyzed against Ni-

equilibration buffer and incubated with Ni resin.  After washing the column with wash 

buffer and protein eluted, Rpo41 was eluted to high purity.  The 110 kDa band was 

completely purified away after the Ni-column (Figure 2.1C).  Although the gel filtration 

step was not necessary, it is beneficial for exchanging buffer and eliminating imidazole 

from the buffer.  The final purified protein was >95% pure, whereas the purity was about 
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70% without running the Ni column.  Cells grown from 4.5 L (about 12 gm) would yield 

about 3 mg of purified Rpo41.  This is about 2 fold increase in yield, and greater purity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Rpo41 purification protocol starts with the SourceS column (cation 
exchange column).   

The peak fraction was concentrated to 5 mL and loaded onto the gel 
filtration column.  A)  The SourceS column peak fraction of Rpo41.  B)  
Gel filtration column fraction of Rpo41.  A shorter peptide of about 110 
kDa always co-purified with Rpo41.  When the SourceS column fractions 
were loaded onto the Ni-NTA column, the smaller peptide is no longer 
present.  C)  Fractions from Ni-NTA column after SourceS column.  The 
110 kDa peptide is completely gone.  The peak fraction was analyzed on 
8% SDS-PAGE and visualized by coomassie blue staining. 

 

A. B. 

C. 
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Complex formation of the initiation complex 

 In order to study the yeast mitochondrial transcription initiation complex, we 

asked several questions.  First, can Rpo41 and Mtf1 form a complex without substrate 

DNA being present, second, can Mtf1 bind to dsDNA without the presence of Rpo41, 

and third, is there a difference in binding between Rpo41 with or without promoter?  It 

has been suggested that Rpo41 is capable of promoter recognition, and if this is the case, 

we may see some difference in binding in substrate DNA with or without promoter 

sequence present.  Analytical ultracentrifugation (AUC) was used to observe complex 

formation.  AUC is a powerful tool for determining purity of a sample, molecular weight 

and shape as well as complex formation [76, 77].  During centrifugation, molecules will 

sediment according to their size and shape.  Sedimentation velocity experiments were 

chosen to follow complex formation of Rpo41, Mtf1 and substrate DNA.  UV absorbance 

at 260 nm and 280 nm was the method of detection.  For absorbance at 260 nm, a clear 

shift of sedimentation coefficient distribution should be observed between free DNA and 

DNA bound to protein.  In the past, older experimental design enabled only one sample 

per cell, because a reference was required.  In a modern AUC, samples can be loaded on 

both sectors, and only one reference is required for the whole experiment.  This means 7 

samples can be analyzed simultaneously, with 1 reference.  This is important because 

there is minimal variation in centrifugation speed, temperature and other factors.   

 Rpo41, Mtf1 samples were purified in lab and prepared to the required 

concentrations.  AUC was performed at the Center for Analytical Ultracentrifugation of 

Macromolecular Assemblies (CAUMA) at the University of Texas Health Science Center 

at San Antonio.  Beckman-Coulter XL-A/XL-I analytical ultracentrifuges were used.  
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Experiments were setup as shown in Table 2.1.  Purified recombinant Rpo41 and Mtf1 

were used and 25 bp DNA was used as substrate.  Because AUC uses UV absorbance for 

data collection, buffer component with high UV absorbance were substituted for ones 

with low absorbance (Materials and Methods).  HEPES buffer was replaced with MOPS 

and TCEP was excluded.  Glycerol concentration was reduced from 15% to 2% to reduce 

glycerol sedimentation and viscosity, which could complicate the interpretation of the 

data.  Buffer was switched after each protein was purified to ensure high yield and 

prevent aggregation.  Final concentration of each sample was OD280nm ≈ 0.4 so that the 

UV absorbance would be read at optimum conditions.  DNA: Protein ratio was measured 

at 1:1 and 1:5 to ensure that all DNA is bound to protein for clear absorbance shift at 260 

nm.  From the AUC data, we can determine the sedimentation coefficient.  The more 

vertical and uniform the sedimentation coefficient distribution is, the more homogenous 

the composition is in the mixture.  If the distribution shows a slanted line, it is most likely 

that the sample is aggregated or various forms of complex are present.  If two or more 

distinct vertical lines are present, then clearly distinguishable species of complex are 

present in the solution.  Because Rpo41 is very sensitive to changes and the sample easily 

aggregated, pH, salt concentration as well as glycerol concentration need to be carefully 

controlled.  It was difficult to obtain a complete data set, but we were able to obtain 

enough information to draw conclusions about complex formation. 
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	   Reaction	   Concentration	  (1:1)	   Concentration	  (1:5)	  

Cell	  1	   Rpo41	   2.65	  µM	   -‐	  

Cell	  2	   Mtf1	   5.44	  µM	   -‐	  

Cell	  3	   Rpo41	  +	  Mtf1	   1.72	  µM	   -‐	  

Cell	  4	   DNA	  +	  Mtf1	   1.09	  µM	   0.58	  µM,	  3	  µM	  

Cell	  5	   DNA	  +	  Rpo41	   0.86	  µM	   0.38	  µM,	  1.92	  µM	  

Cell	  6	   DNA	  +R+M	   0.82	  µM	   0.272	  µM,	  1.36	  µM,	  1.36	  µM	  

Cell	  7	   DNA	   1.7	  µM	   -‐	  

Table 2.1 Analytical ultracentrifugation experiment setup.   

Concentration was determined so that the final total concentration is OD280 
≈ 0.4.  Absorbance was measured at 260 nm and 280 nm, and centrifuged 
at 35,000 rpm and 40,000 rpm respectively.  DNA was 25 bp Linear DNA 
with or without promoter and 25-mer bubble DNA.  1:1 complex were 
loaded on channel 1 and 1:5 on channel 2.  This way, 2 sets of 
experiments can be done simultaneously. 

 

 
 

Mtf1 alone does not interact with DNA 

 To test whether Mtf1 interacts with DNA, DNA and Mtf1 were mixed at a 1:1 

ratio (1.09 µM each) or at 1:5 (0.58 µM for DNA, 3 µM for Mtf1).  Using a 1:5 ratio 

ensures that there is excess protein, so that when DNA and protein interact, it is expected 
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that most of the DNA would be protein bound, and a clear shift in sedimentation 

coefficient would be observed at 260 nm.  Due to lowering the glycerol concentration and 

other buffer conditions, the protein was less stable and easily aggregated during the AUC 

experiment.  Although the experiment was repeated and there were several conditions for 

the variation of mixtures, we were only able to obtain one full dataset for each substrate 

DNA.  Our results show that Mtf1 alone does not interact with DNA (Figure 2.2).  This 

implies that Mtf1 alone cannot recognize the promoter sequence.  If it is involved in 

promoter recognition, it can only interact with DNA directly when bound to Rpo41, or 

function indirectly by altering the structure of Rpo41.  It still leaves the possibility that 

Mtf1 is not involved in promoter recognition, and that Rpo41’s intrinsic ability to 

recognize the promoter sequence is sufficient.   

 

Rpo41 indistinguishably interacts with substrate DNA with or without promoter  

Because it had been shown that Rpo41 recognizes the promoter sequence, we 

wanted to see if Rpo41 would bind tighter to DNA with the promoter sequence compared 

to DNA without the promoter.  The concentration of DNA and protein were 0.86 µM for 

each component at 1:1 and 0.38 µM DNA and 1.92 µM Rpo41 for 1:5.  Aggregation of 

Rpo41 was a problem.  From our observations, Rpo41 is not very stable in that it 

aggregates rapidly when pH or salt concentrations change too rapidly.  Slow mixing or 

dialysis is recommended.  As expected, Rpo41 and DNA readily interact (Figure 2.3).  

We could not distinguish any difference in complex formation of Rpo41 to DNA with or 

without promoter sequence (Figure 2.3C).  The sedimentation coefficient distribution 

between two substrates were almost identical.   
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Mtf1 stabilizes the Rpo41-DNA complex 

As previously mentioned, Rpo41 and Mtf1 interact in the absence of DNA [48].  

Concentration of the reaction was 0.82 µM each for DNA, Rpo41 and Mtf1 for 1:1 ratio, 

0.272 µM for DNA and 1.36 µM each for Rpo41and Mtf1 for 1:5.  Our AUC results 

show that Rpo41 and Mtf1 form complex at 1.72 µM concentration each (Figure 2.4).  

When Mtf1 was added to Rpo41 and DNA, the sedimentation coefficient distribution is 

more uniformly horizontal than the Rpo41-DNA mixture (Figure 2.3 A and B).  This 

indicates that the complex with Mtf1 is more stable than without (Figure 2.5).  When 

comparing the Rpo41-Mtf1-DNA complex, the complex with promoter containing DNA 

as the substrate appears to be more homogenous than the complex with random DNA.  

This suggests that the Rpo41-Mtf1 holoenzyme is very stable when bound to the 

promoter sequence.  
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Figure 2.2 Analytical ultracentrifugation result observing Mtf1 and DNA interaction. 

 A) Absorbance measured at 260 nm.  From this result, no interaction 
between Mtf1 and DNA is observed.  B) Calculated molecular weight 
distribution of A.  The highest percentage of calculated molecular weight 
is boxed.  When Mtf1 (40 kDa) and DNA (15.5 kDa) is mixed, the 
molecular weight calculation only show Mtf1 and DNA individually.   

A. 

B. 
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Figure 2.3A Analytical ultracentrifugation showing that Rpo41 interacts with DNA 
containing promoter.   

Absorbance was measured at 260 nm.  Rpo41 interacts with DNA, and in 
the presence of Mtf1, forms a more homogenous complex. 

A.
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Figure 2.3B Rpo41 interacts with DNA without promoter sequence.   

Similar to the DNA with the promoter sequence, a more homogenous 
complex is formed when Mtf1 is added.  There is no significant difference 
in interaction whether the substrate DNA has a promoter or not. 

 

 

 

 

 

B.
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Figure 2.3C Comparison of Rpo41 bound to DNA with and without promoter.   

Rpo41 binds to both DNA with and without promoter indiscriminately.  It 
is difficult to conclude from the AUC results alone whether Rpo41 has a 
tighter affinity towards the promoter sequence or not, but it is clear that 
Rpo41 binds to DNA, with or without the promoter sequence. 

 

C.
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Figure 2.4 Analytical ultracentrifugation showing Rpo41 and Mtf1 complex formation.  

Absorbance was measured at 280 nm.  Rpo41-WT and Mtf1 form 
complex at 1.72 µM. 
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Figure 2.5 Comparison of the holoenzyme complexed with substrate DNA.   

The holoenzyme + DNA complex is more homogenous than the Rpo41 + 
DNA complex.  This can be observed by comparing the more vertical 
distribution of the sedimentation coefficient with Figure 4C. 
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DISCUSSION 

 Yield and purity is an important issue when it comes to protein work.  This 

project was started with the possibility of determining the structures of Rpo41 and Mtf1  

by X-ray crystallography.  Crystallography as well as analytical ultracentrifugation both 

require high purity of sample for accurate analysis.  Rpo41 was successfully cloned into 

E. coli by Matsunaga et al. and purified using N-terminal His-tag [80].  A His-tag was 

inserted on the C-terminal end, but seemed to hinder the catalytic activity of the 

polymerase [80].  This opened the possibility of studying Rpo41 in a more versatile way.  

When Rpo41 was purified from yeast, it was always contaminated with Mtf1.  Now, it is 

possible to separately purify Rpo41 without contaminants.  The yield resulting from this 

published procedure was more than enough for doing biochemical assays, but not for our 

purposes.  

Our initial protocol of omitting the Ni-NTA step and using ion exchange column 

increased the yield, but the purity issue still needed to be resolved.  The reason for why 

His-Rpo41 does not efficiently bind to the Ni-NTA resin as the first step is still unknown.  

Perhaps the His-tag was lost in part of the protein molecules, or interaction with other 

protein may hide the N-terminus His-tag.  It is unlikely that the His-tag is hidden due to 

protein folding, because it readily binds to the Ni-NTA resin with the modified protocol.  

In any case, utilizing an ion exchange column step first followed by the Ni-NTA step, has 

significantly increased the purity.  The co-purified 110 kDa protein was determined by 

mass spec to be an N-terminal truncated form of Rpo41 (data not shown).  This truncated 

fragment was efficiently removed when Ni-NTA column was used as the second 

purification step.  The yield was increased minimum two fold compared to what was 
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reported by Matsunaga et al. (2004), and the purity was much improved.  The new 

protocol enabled us to conduct AUC experiments as well as crystallography. 

 Protein binding study by AUC showed several key results.  Mtf1’s role during 

transcription initiation has not been well understood, and the prediction that it functions 

as a σ-factor was challenged when its structure was determined [51].  Mtf1’s structure 

was revealed to be similar to bacterial methyltransferase and not of a σ-factor.  On the 

other hand, this opened the possibility that Mtf1 may interact with RNA or DNA.  The 

AUC result shows that Mtf1 does not independently bind to dsDNA, indicating that it 

cannot recruit Rpo41 to the promoter site.  This is consistent with the result from 

Schinkel et al. where Mtf1 had little interaction with plasmid DNA [33].  It was shown 

that Rpo41 might have intrinsic promoter recognition ability, which narrows down 

Mtf1’s role to melting of the duplex DNA.  From the AUC data, Rpo41 does not seem to 

have a preference of substrate DNA with the promoter sequence or without, but we 

cannot conclude whether Rpo41 works alone in promoter recognition.  Although Mtf1 

does not seem to interact with dsDNA, this does not exclude the possibility of its 

interaction with RNA. 

 

MATERIALS AND METHODS 

Rpo41 purification 

 Recombinant Rpo41(PJJ1399) was graciously given by the Jaehning group.  

Rpo41 was inserted into pProExHtb vector (Stratagene) and transformed into BL21-RIL.  

Cell stock was made with 50% glycerol and frozen.  pProExHtb-H6-rpo41p cells were 

inoculated in 5 mL LB media with Ampicillin (100 µg/ml) and Chloramphenicol (34 

µg/ml) as final concentration, and grown overnight at 37°C.  1 mL cells were then 
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inoculated into 500 mL M9 minimal media supplemented with final concentration of 1x 

casamino acid, 0.4% glucose, 2 mM MgSO4, 0.2 mM CaCl2, Ampicillin and 

Chloramphenicol and grown at 25 °C until OD660 ≈ 0.7.  Cells were induced with 0.6 mM 

IPTG for 4 hours, then harvested by centrifuging at 4000 rpm for 10 min at 4 °C.  Cell 

pellet was frozen at -80 °C until used. 

 Frozen cells were lysed in lysis buffer (50 mM HEPES pH 7.0, 100 mM KCl, 1 

mM EDTA, 1 mM DTT, 15% glycerol, 0.1% Tween 20, 1 mg/mL lysozyme and protease 

inhibitor cocktail (1 tablet/50 ml, Roche).  Cells were lysed at 4 °C for 1 hr, then 

sonicated for 3 minutes, 30 second intervals under ice.  The lysate was centrifuged at 4 

°C, 16,000 rpm for 30 minutes.  The supernatant was then placed in a beaker, and 

(NH4)2SO4 was added to a final concentration of 100 mM, and 0.1% of PolyminP was 

added drop by drop and stirred at 4 °C, then centrifuged at 4 °C, 16,000 rpm for 30 

minutes.  The supernatant was then dialyzed against S1 buffer (50 mM HEPES pH 7.0, 

100 mM KCl, 1 mM EDTA, 1 mM DTT, 15% glycerol and 0.1% Tween 20) for 6 hours.  

The sample was loaded onto AKTA FPLC (GE Healthcare) SourceS column (cation 

exchange column).  The column was equilibrated with S1 buffer, and protein was eluted 

with a gradient of S2 buffer (S1 buffer with 1 M KCl).  Fraction was collected at 3 mL 

volume and protein was observed by running on 8% SDS-PAGE.    Fractions that contain 

Rpo41 were then dialyzed against Ni-Equilibration buffer (50 mM HEPES pH 7.0, 100 

mM KCl, 15% glycerol, 0.1% Tween 20, 5 mM Imidazole) for 8 hours.  Sample was then 

incubated in pre-equilibrated Ni-NTA resin (QIAGEN) for 1hour at 4 °C.  Flow through 

was collected, then the resin was washed with 10 column volumes (CV) Wash buffer 

(Equilibration buffer with 20 mM imidazole), then eluted with Elution buffer 

(Equilibration buffer with 250 mM imidazole).  Fractions were concentrated to about 

5mL and loaded onto the gel filtration column (AKTA FPLC), equilibrated with GF 
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buffer (S1 buffer with 200 mM KCl).  Fraction was collected at 1.5 mL volume, and the 

correct size was visualized by running on 8% SDS-PAGE.  Fractions containing Rpo41 

was collected and concentrated using Vivaspin 50K MWCO.   

 

Mtf1 growth and purification 

 Recombinant Mtf1 (pTrcHisC-Mtf1p) was made by Dr. Michio Matsunaga.  

Rosetta cells containing pTrcHisC vector with Mtf1 insert was inoculated into 5 mL LB 

Media with 100 µg/mL Ampicillin and was grown overnight at 37 °C.  1 mL of cell were 

inoculated to 500 mL LB media with 100 µg/mL Amp and was grown at 25 °C until 

OD600 ≈ 0.7.  The cells were induced with 0.6 mM IPTG for 4 hours.  The cells were 

harvested by centrifuging at 4000 rpm for 10 minutes at 4 °C.  The cell pellets were 

frozen and stored at -80 °C. 

 Cells were lysed by adding 5 mL/g of lysis buffer (50 mM HEPES pH 7.0, 200 

mM KCl, 10% glycerol, 5 mM Imidazole, lysozyme 1 mg/mL) for 1 hour at 4 °C.  Lysate 

was then sonicated for 3 minutes, 30 seconds interval, under ice.  Lysate was centrifuged 

at 16,000 rpm for 30 minutes at 4 °C.  The supernatant was incubated with Ni-NTA resin 

(QIAGEN) pre-equilibrated with Equilibration buffer (50 mM HEPES pH, 200 mM KCl, 

10% glycerol, 5mM Imidazole).  After incubation, flow through was collected, and resin 

was washed with 10 column volume (CV) of wash buffer (Equilibration buffer with 40 

mM Imidazole), then eluted with 3 CV of Elution buffer (Equilibration buffer with 250 

mM Imidazole).  Peak fraction was collected and concentrated to 5 mL and loaded onto 

GF column, pre-equilibrated with gel filtration (GF) buffer (50 mM HEPES pH 7.0, 200 

mM KCl, 10% glycerol, 1 mM DTT).  Samples of the fractions were visualized by 10% 
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SDS-PAGE.  Fractions containing Mtf1 were collected and concentrated using Vivaspin 

10K MWCO. 

 

Analytical Ultracentrifugation 

 The 25-mer substrate DNA used for the AUC experiments are: Linear DNA with 

promoter NT: 5’-GCTAATATTAATATAAGTAAGCCAG-3’ and T: 5’-CTGGCTT 

ACTTATATTAATATTAGC-3’; Linear DNA without promoter NT: 5’-AGCCTTCGG 

ACCTTTGAACAGCCAT-3’ and T: 5’-ATGGCTGTTCAAAGGTCCGAAGGCT-3’; 

and bubble DNA with promoter:  NT: 5’- GCTAATATTAATATGCAGCTGCCAG-3’ 

and T: 5’-CTGGCTTACTTATATTAATATTAGC-3’.  After purification of the proteins 

according to the protocol mentioned, buffer was exchanged to 50 mM MOPS pH 7.0, 100 

mM KCl and 2% glycerol.  Velocity sedimentation experiment was done absorbance 

measured at 260 nm and 280 nm, and centrifuged at 35,000 rpm and 40,000 rpm 

respectively.  The total OD280nm was 0.4 for each sample.  Beckman analytical 

ultracentrifuge was used and data analyzed using Ultrascan1,2 software from UTHSCSA 

with the help from Dr. Borries Demeler [81, 82].  Data were analyzed by van Holde-

Weischet analysis to determine the sedimentation coefficient [78, 83].  Calculations were 

performed on the UltraScan LIMS cluster at the Bioinformatics Core Facility at the 

University of Texas Health Science Center at San Antonio and TeraGrid resources 

supported by NSF Teragrid Grant #MCB070038 (to Borries Demeler). 

 

                                                 
1 http://www.ultrascan.uthscsa.edu/ 
2 http://www.cauma.uthscsa.edu/ 
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Chapter 3: Identifying the role of the N-terminal domain of Rpo41 and 
Mtf1 during transcription initiation 

 

Introduction 

Yeast mitochondrial RNA polymerase was first discovered in yeast, and the 

system has been studied in more detail than in humans [11].  Yeast mtDNA is a circular 

DNA that is about 80,000 bp in length [15], much larger than the human mtDNA, which 

is about 16,600 bp in length [19].  Human mtDNA has 3 promoters, HSP1, HSP2 and 

LSP [9, 19], whereas yeast has over 19 promoters throughout the mtDNA [15].  The 

conserved promoter sequence is a nonanucleotide, (-7)ATATAAGTA(+1), including the 

+1 nucleotide, which is often an AA (+1, +2) for a strong promoter [14].  There are 

several variant promoters, all varying in promoter strength.  Single, double and triple 

nucleotide mutation study of the conserved promoter revealed that certain positions are 

more critical, and when dinucleotide of +1 and +2 position is added, certain changes can 

be rescued [14].  Mutation on Mtf1 decreases transcription on promoters of different 

strength.  L53H and C192F cannot transcribe on COX2 variant promoter, and Y54F and 

C192F cannot transcribe on tRNAcys weak promoter [84].   

Rpo41 requires Mtf1 for transcription initiation on a linear duplex DNA substrate 

in vitro [68].  One of the two human homologues of Mtf1, TFB1M, has rRNA 

methyltransferase activity, which is independent of its involvement in transcription [6, 

63, 65, 66].  Recent study shows that TFB1M is not a transcription factor, and only 

TFB2M is the bona fide transcription factor [61].  There has been no report that Mtf1 has 

methyltransferase activity, but structural study reveals its similarity with bacterial 

methyltransferase ErmC’ [51].  The conserved methylation site of the 16S rRNA is in 
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fact not methylated in the yeast mtDNA [53].  The specific role of Mtf1 during 

transcription initiation is not completely clear, especially because there is evidence that 

Rpo41 has the intrinsic ability to recognize the promoter sequence.  This was shown by 

synthesizing a substrate DNA with 6 nt mis-match to mimic the promoter bubble [68].  

Rpo41 is able to initiate transcription on a pre-melted DNA substrate containing promoter 

sequence and is inhibited when Mtf1 is added [68].  When the transcription initiation 

complex transitions into elongation, Mtf1 falls off after about 13 nt transcript is 

synthesized [69].   

It is clear that Mtf1 is responsible for promoter melting, because it is required for 

transcription initiation on a linear DNA, but not on pre-melted DNA [68].  The fact that 

Rpo41 has the intrinsic ability to recognize promoter sequence does not eliminate the 

possibility that Mtf1 is involved in promoter recognition.  On the pre-melted substrate 

DNA, Mtf1 seemed to have an inhibitory effect, but why a transcription factor would 

inhibit transcription on a pre-melted bubble is not well understood [68].  Cross-linking 

experiments show that Mtf1 directly interacts with the substrate DNA when it is 

complexed with Rpo41 [85, 86].  And as previously mentioned, certain mutations on 

Mtf1 result in decreased transcription activity on variant and weak promoters [84].  All 

these facts lead to further question about Mtf1’s role in transcription initiation.  If Rpo41 

has intrinsic ability to recognize promoter sequence, then Mtf1’s involvement may be 

minimal.  But if Mtf1 is not involved in promoter recognition, then more questions arise 

as to why certain mutations decrease transcription ability.  Our goal was to clarity the role 

Mtf1 has in transcription and elucidate its proper function.   

In order to investigate the yeast mitochondrial transcription initiation, we 

carefully re-evaluated the experimental conditions where Rpo41 was shown to recognize 

the promoter sequence.  The negative control substrate DNA (substrate DNA without the 
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promoter sequence) contained a 9 nt open bubble that did not contain the consensus 

promoter (Figure 3.1).  Two other substrate DNA, one with 6 nt open bubble DNA and 

one linear duplex DNA, both containing the promoter sequence, were also used [68].  

When adding nucleotide for the transcription assay, CTP was omitted to control the 

length of the transcript synthesized.  This experiment was repeated in our lab by Xu 

Yang, and when all four nucleotides were added, Rpo41 did initiate transcription on the 

non-promoter bubble DNA template with a G positioned at the end of the bubble (data 

not shown).  It has been shown that the holoenzyme (Rpo41 and Mtf1) can initiate 

transcription from the consensus promoter even when the +1 nucleotide is changed from 

A to G (in respect to the synthesized RNA) [14].  On the consensus promoter sequence, A 

is the +1 nucleotide.  The open bubble used as the negative control had a potential G start 

on both strands and C is the second nucleotide (+2) to be incorporated.  Since CTP was 

omitted to control the transcript length, Rpo41 is unable to extend the RNA at all.  It is by 

the nature of the experiment that Rpo41 cannot initiate transcription.  We have repeated 

transcription assays on open bubble duplex DNA substrates and have enough evidence 

that Rpo41 is able to initiate transcription on any open bubble if there is a purine (A or G) 

at the 5’ end of the template strand.  The question of why Mtf1 would inhibit 

transcription on the open bubble DNA is still unclear, but it may be that Rpo41 has a 

higher transcription efficiency on open bubble DNA.  In fact, studies show that on 

varying length of open bubble region, Rpo41 is able to transcribe twice as much on -2 to 

+2 open bubble  (4 nt bubble) compared to the holoenzyme with linear promoter DNA 

[86].   

To further study the transcription initiation process, we focused on the N-terminus 

domain (NTD) of Rpo41.  N-terminal truncation mutation studies showed that deletion of 

185 amino acids resulted in petite phenotype and significant decrease of mtDNA in the 
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yeast, but did not affect the transcirption in vivo [44].  This leads to the idea that the NTD 

may not be directly involved in transcription.  Serial N-terminal deletion mutants were 

made by Dr. Michio Matsunaga, and their activities were tested.  The deletion mutants 

were designated as Δ96, Δ160, Δ321 and Δ393 after the number of the amino acid 

residue it started with.  A 70 bp linear DNA containing promoter sequence and 70bp 

duplex DNA with 6nt mis-match open bubble DNA were used as substrate DNA.  The 

template strand contains the consensus promoter sequence with A as the +1 and +2 

nucleotide to be incorporated (Figure 3.2).  The non-template strand has a C at the second 

to the last nucleotide of the bubble, so that Rpo41 can efficiently initiate with a G as the 

first nucleotide.  On the linear DNA, Rpo41-WT was unable to initiate transcription 

without Mtf1 (Figure 3.2A).  Upon adding Mtf1, we saw run-off transcription.  The N-

terminal deletion mutants display similar activity as the WT.  They require all Mtf1 for 

transcription, except Δ393, which has very little activity even in the presence of Mtf1.  

WT shows increased activity on the open bubble DNA, and upon addition of Mtf1, its 

activity was inhibited.  95 amino acid deletion mutant, Rpo41-Δ96, showed similar 

pattern as the WT, but Rpo41-Δ160 showed somewhat of a different pattern.  On linear 

DNA, Rpo41-Δ160 and Δ321 show the same pattern as WT, synthesizing RNA only 

when Mtf1 is added.  On the open bubble DNA, the two mutants showed significantly 

decreased activity compared to the WT, but when Mtf1 was added, their activity 

increased (Figure 3.2B).  This is opposite of what we have observed on the WT.  Rpo41-

Δ393 showed very little activity, which indicates that the catalytic region starts between 

amino acids 322 to 393 (Figure 3.3).  Our AUC data shows that Rpo41 WT and Mtf1 

form a complex and Rpo41 can bind DNA, but it may be that the N-terminal deletion 

affects the interaction of Rpo41-Δ393 with the substrate DNA.  It is also possible that the 

NTD may be involved in promoter recognition. 
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Figure 3.1 Negative control bubble template 

A)  Negative control open bubble used in Matsunaga and Jaehning [68] .  
CTP was not added to the reaction mixture so that transcript would be 30 
nt in length.  The black arrows on both strands indicate the +1 site where 
Rpo41 can initiation transcription.   The red arrows indicate where CTP is 
incorporated, which is the +2 position.  Without CTP, Rpo41 cannot 
extend RNA.  B)  Sequence of the negative control bubble template.  The 
green region indicates the 9 nt mismatch. 

 
 

A. 

B. 
5'-CCGGAATTCATTAATAATTTATTTATTATTGCAGTTGTGATAAATAATAGTTTTATATAATAAGAATTCC-3'
  3'-CCTTAAGTAATTATTAAATAAATAATAATCGAGTTCGTATTTATTATCAAAATATATTATTCTTAAGGCC-5’



 33 

 

 

Figure 3.2 Transcription activity of N-terminal deletion mutant, done by Xu Yang.   

A) Transcription activity of Rpo41 WT and N-terminal deletion mutants 
on linear DNA with the promoter sequence.  The promoter sequence is 
shown in red, and the transcription initiation site is marked with +1.  The 
length of the transcript is 34 nt.  In the absence of Mtf1, Rpo41 is unable 
to transcribe the template DNA.  When Mtf1 is added, RNA is 
synthesized.  Rpo41-Δ393 has very little activity compared to the other 
mutants.  B) The result on the pre-melted promoter containing DNA.  
Rpo41 is able to initiate transcription on the open bubble without Mtf1.  
Adding Mtf1 results in decreased activity for WT and Δ96.  Δ160 and 
Δ321 are less active without Mtf1, and show increased activity when Mtf1 
is added.  Rpo41, Mtf1 and DNA were mixed at 0.5µM, 2.5µM and 1µM 
concentrations, respectively.  RNA transcripts were labeled with [α-32P]-
ATP, and samples were analyzed on 20% polyacrylamide 7 M Urea gel. 

A. B.

      WT      Δ96        Δ160     Δ321    Δ393 
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Figure 3.3 Schematic of sequence comparison between T7 RNA polymerase and 
Rpo41 as shown in Masters et al. [12].   

The catalytic domain of Rpo41 is at the C-terminal domain.  The 
homologous regions are numbered and are marked by black boxes.  The 
magenta region is the N-terminal domain of Rpo41 that affects catalytic 
activity according to the N-terminal truncation mutation studies. 

 
 

To understand the mitochondrial transcription initiation, I focused two main 

questions:  first, what is the role of Mtf1 during initiation, and second, what role does the 

NTD of Rpo41 have?  It is also important to re-evaluate Rpo41’s ability to recognize the 

promoter sequence.  I designed substrate DNAs that contain two potential transcription 

initiation sites (Figure 3.7).  One contains a 6 nt open bubble either with or without the 

consensus promoter and down stream of the open bubble also contains the promoter, but 

in linear form.  The template was designed to see if Rpo41 prefers the open bubble 

structure or the promoter.  I also showed that Rpo41-Δ160 cannot form complex with 

Mtf1 in the absence of DNA.  The results we obtain from these experiments elucidate the 

specific functions of each component of the mitochondrial transcription initiation 

complex. 
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V
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Experimental design and results 

Rpo41-Δ160 is unable to form complex with Mtf1 without DNA 

Rpo41-Δ160 was chosen for further study because it was the first mutant that 

showed a different transcription pattern from the WT.  Recombinant Rpo41-Δ160 was 

purified as described in Materials and Methods.  Mtf1 was purified as described in 

chapter 2.  Gel filtration (GF) (Superdex200, GE Healthcare) was used to observe 

complex formation.  Rpo41-Δ160 and Mtf1 were each diluted to 1 µM, and each were 

loaded to the GF column separately to observe the elution profile.  Then Rpo41 and Mtf1 

were complexed at 1 µM (Rpo41-Δ160) and 2 µM (Mtf1).  Lastly, Rpo41, Mtf1 and 24-

mer bubble dsDNA were mixed at 1 µM, 2 µM and 3 µM concentrations and loaded onto 

the GF column to observe complex formation.  All samples were loaded onto a 10% 

polyacrylamide gel for SDS-PAGE analysis.  Figure 3.3 shows Rpo41-Δ160 and Mtf1 

bands on the gel and the relative intensity of the two proteins when they are mixed 1:1. 

 

 

 

 

                     

 

Figure 3.4 Rpo41-Δ160  and Mtf1 on 10% SDS-PAGE, visualized by coomassie stain.   

A)  10% SDS-PAGE of Rpo41-Δ160 and Mtf1. 1: Rpo41 (1 µM), 2: Mtf1 
(1 µM), 3: Rpo41 (0.5 µM) and Mtf1 (0.5 µM) and 4: Rpo41 (1 µM) and 
Mtf1 (2 µM).  B)  Band intensity of Rpo41-Δ160 and Mtf1.  The ratio of 
the band intensity when Rpo41-Δ160 : Mtf1 at 1:1 is about 1.5. 

A. 
B. 
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The UV chromatograph for Rpo41-Δ160 and Mtf1 reveals that the two proteins 

are not complexed at concentration 1µM (Rpo41) and 2µM (Mtf1) (Figure 3.5).  The 

void volume is at 9 mL, and there are two distinct peaks.  The first peak matches the 

profile of Rpo41-Δ160 by itself, and the second peak is at the same position as Mtf1 by 

itself.  SDS-PAGE results of column fractions support the fact that the two proteins do 

not form a complex.  If they complex, we should see bands in fractions #23-25.  This 

shows that the deleted 159 amino acid residues on Rpo41 are involved in Rpo41-Mtf1 

complex formation.  When 3 µM of DNA was added to Rpo41-Δ160 (1 µM) and Mtf1 (2 

µM), it is clear that complex is formed (Figure 3.6).  We know that Rpo41-Δ160 and 

Mtf1 bind at 1:1 ratio.  About 60% of Rpo41-Δ160 is found in the peak fractions #25-27 

and 18% of Mtf1.  Because twice the molar concentration of Mtf1 was added, we would 

expect about 30% of Mtf1 in the peak fraction.  Since Rpo41-Δ160 peak is so close to the 

peak of the fraction, it is possible that the percentage of Rpo41-Δ160 in the complex peak 

is over-estimated.  The chromatograph shows a peak at fraction #23-29, whereas the peak 

for Rpo41 is at #30.  Excess Mtf1 is observed at around fraction #37, and the 

chromatograph clearly shows the unbound DNA.  Rpo41-WT (2.8µM) and Mtf1 (5.6µM) 

are able to form complex in the absence of DNA (Figure 3.7).  Deletion of 159 amino 

acid residues on Rpo41 shows that its ability to bind to Mtf1 is significantly decreased, 

but it is still able to form a complex with DNA and Mtf1.  The results of the transcription 

assay for each mutant show that Δ160 and Δ321 have decreased activity on the open 

bubble DNA, and the present of Mtf1 enhances the activity.  One possible reason may be 

that N-terminal deletions beyond 159 amino acid residues not only affect their affinity for 

Mtf1 but also DNA.  It seems like its catalytic activity is not hindered because their 

ability to synthesize RNA in the presence of Mtf1 is comparable to the WT.   
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Figure 3.5 Rpo41-Δ160 and Mtf1 do not form complex   

A) The chromatograph of Rpo41-Δ160 mixed with Mtf1 is compared to 
the peak of each protein separately.  Two peak fractions are observed 
when Rpo41-Δ160 and Mtf1 are mixed.  Each peak perfectly fits the 
elution volume of Rpo41-Δ160 and Mtf1 by itself.  B) 10% SDS-PAGE of 
fractions #16-42.  No complex is observed near fraction #23-25. 

A. 

Rpo41- 160 + Mtf1 (280nm)
Rpo41- 160 + Mtf1 (260nm)
Rpo41- 160 (280nm)
Rpo41- 160 (260nm)
Mtf1 (280nm)
Mtf1 (260nm)

Rpo41- 160 Mtf1

B. 
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Figure 3.6 Rpo41-Δ160, Mtf1 and 24-mer bubble DNA complex.   

A) The chromatograph of Rpo41-Δ160, Mtf1 and substrate DNA.  The 
Rpo41-Δ160 peak has shifted to the left, indicating that a complex has 
formed.  On the right, the peak for non-complexed Mtf1 is masked by the 
DNA peak, which has a strong absorbance at 260nm.  B)  The complex 
can be observed on 10% SDS-PAGE.  Both Rpo-Δ160 and Mtf1 are 
present starting at fraction #23-24, which is earlier than Rpo41-Δ160 by 
itself.  In the presence of substrate DNA, Rpo41-Δ160 and Mtf1 are able 
to form complex.   

A. 

B. 
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Figure 3.6C (Continued) Quantification of Rpo41-Δ160 and Mtf1  

C) Quantification of Rpo41-Δ160 and Mtf1 with DNA.  About 50% of 
Rpo41-Δ160 and 18% of Mtf1 are found in the peak fractions, #25-31.  
Fractions #29-31 may actually contain monomeric Rpo41-Δ160, since the 
peaks are very close.   

C. 
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Figure 3.7 Complex formation of Rpo41-WT, Mtf1 and DNA on GF column 

A) Chromatograph of Rpo41-WT (2.8µM) complexed with Mtf1 (5.6µM), 
and Rpo41-WT (1µM), Mtf1 (2µM) with DNA (3µM) on GF column.  B) 
10% SDS-PAGE of fractions from WT and Mtf1 complex GF fractions.  
Rpo41-WT and Mtf1 are complexed, and both protein are visible on 
fraction #10.  C) 10% SDS-PAGE of Rpo41-WT, Mtf1 and DNA complex 
GF fractions.  The complex is eluted at fraction #9, indicating a larger 
complex is formed.  Excess DNA is visible on fraction #13, although this 
peak is masked by the excess DNA peak on the chromatograph (blue line).  
This experiment was done by Xu Yang. 

 

A. 

B. C. 
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Dual-start transcription assay 

The on-going question of the yeast mitochondrial transcription initiation is the 

specific function of Rpo41 and Mtf1.  Whether the intrinsic promoter recognition ability 

of Rpo41 is sufficient for transcription initiation is debatable because we have seen that 

Rpo41 can initiate on a non-promoter bubble.  Also, it is still unclear why Mtf1 inhibits 

Rpo41 activity on the open bubble DNA substrate.  DNA templates were designed to 

determine if Rpo41 prefers the promoter sequence, or the open bubble structure (Figure 

3.8).  Template I contains an upstream open bubble without the promoter sequence and a 

downstream linear promoter.  Template II contains a linear promoter upstream of the 

downstream open bubble.  Template III contains an upstream linear promoter and a 

downstream open bubble promoter, while Template IV is the reverse of template III.  

Two potential transcription initiation sites were present in a 70-mer DNA.  6 nt mis-

match open bubble with or without the consensus promoter sequence was placed either 

upstream or downstream of the linear promoter sequence.  The non-promoter open 

bubble had a GG start, whereas the promoter-containing bubble had an AA start.  

Because of the unique design of the DNA template, we can distinguish the RNA product 

by its length as well as its initiating nucleotide.  [α-32P]-ATP was used to detect overall 

RNA synthesis and [γ-32P]-ATP and [γ-32P]-GTP were used to distinguish different RNA 

strands.    

Overall transcription activity was observed by labeling the synthesized transcript 

with [α-32P]-ATP.  Results from template I show that 45-mer is synthesized the most 

(Figure 3.9A).  The 45-mer is most likely initiated from the open bubble region.  Smaller  
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Figure 3.8 70-mer substrate DNA for the dual-start transcription assay.   

Red indicates the consensus promoter sequence and the circular sequence 
is the pre-melted region.  Bold letter indicates the potential transcription 
initiation site.  All four substrate DNA are 70-mer in length, and it is 
designed so that each initiation site would yield transcript of different 
length and distinguishable by either A or G start. 

 

bands of various lengths are also visible.  When Mtf1 is added, we see a significant 

decrease of almost all products including that from the linear promoter.  On template II, a 

35-mer and a slightly shorter band is visible as well as a faint 25-mer.  The 35-mer and 

the 25-mer are most likely transcripts initiated from the open bubble down stream from 

the promoter sequence.  Upon addition of Mtf1, the intensity of these bands decreased.  It 

is interesting to note that although the longer transcript synthesis was inhibited, the 
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shorter “abortive transcripts” increased when Mtf1 was added.  Transcription inhibition 

by Mtf1 is seen on all templates, but to a different degree.  On template III, 35-mer band 

and 25-mer bands are visible, the latter being predominant.  When Mtf1 is added, most 

bands are no longer visible, except the 25-mer which is only slightly inhibited.  On 

template IV, we see a 45-mer and a 15-mer band, where the shorter band is much more 

intense.   When Mtf1 is added, both are inhibited, but the 15-mer is inhibited more than 

the 45-mer.  Increase of abortive transcript is also visible here.   

By labeling the RNA with [α-32P]-ATP, all transcripts synthesized by Rpo41 are 

detectable (Figure 3.9A).  Although it is informative to observe all transcripts being 

synthesized, we wanted to monitor where the initiation site is located.  [γ-32P]-ATP and 

[γ-32P]-GTP were used to monitor specifically where the transcript was initiated.  [γ-32P]-

GTP labeled transcripts all initiate from the non-promoter containing bubble.  On 

template I, we can see that there is abundance of 45-mer and 15-mer, which are designed 

to initiate at the open bubble (Figure 3.9C).  When Mtf1 is added, it inhibits transcription 

overall.  On template II, 35-mer and 25-mer are the major products, which are both 

initiated at the bubble.  Both direction initiates with a GTP, which is why 35-mer and 25-

mer are observed.  When enzyme to DNA ratio was 1:1, we see that transcription is 

inhibited (Figure 3.9D).  When enzyme to DNA ration was 1:10, the 35-mer was more 

abundant than the 25-mer, and a band that is about 31-mer is present.  Mtf1 does not 

significantly inhibit transcription here, although the 25-mer seems to be inhibited.  This is 

the only case where inhibition was not observed.  On template III, 35-mer is the major 

band, and Mtf1 also inhibits the production of most bands.  On template IV, 15-mer is the 

major band, which is initiated from the open bubble on the NT strand.  Inhibition occurs 

when Mtf1 is added.  It seems like Rpo41 readily initiates transcription on the open 

bubble, and prefers G-start over A, as all G-start bands have a higher intensity.   
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Figure 3.9 Dual-start Transcription assay results.   

A) Shows total transcription products on templates I - IV labeled with [α-
32P]-ATP.  B) A [γ-32P]-ATP labeled reaction.  C) The [γ-32P]-GTP labeled 
reaction.  D) The [γ-32P]-GTP labeled reaction, but the DNA concentration 
is 0.5 µM, the same concentration as Rpo41.  For all reactions (except D), 
Rpo41 (0.5 µM), Mtf1 (1 µM) and DNA (5 µM) were added to each 
reaction.  Products were loaded onto 20% polyacrylamide 7 M Urea gel 
and visualized by exposing it to a phosphorscreen, which was scanned 
using the Typhoon Trio (GE Healthcare). 

A. [α-32P]-ATP 

Mtf1 -    +
II

D.  DNA (0.5µM)
C. [γ-32P]-GTP 

B. [γ-32P]-ATP 
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 When Mtf1 is added, most transcripts initiated with G are inhibited.  

[γ-32P]-ATP was used to label all transcripts with an A-start, which includes the 

transcripts initiated at the consensus promoter.  The promoter containing open bubble 

were designed so that the transcripts synthesized on the template strand would have an A-

start and the transcripts synthesized using the non-template strand would have a G-start.  

Hardly any transcript is observed on template I, which implies that most of the transcripts 

produced on template I are G-start (Figure 3.9B).  When Mtf1 is added, a very faint 25-

mer band is visible.  Unlike the G-start transcript which is inhibited by Mtf1, the A-start 

transcripts require Mtf1, which implies that the linear promoter is utilized to initiate 

transcription.  On template II, no long transcript is visible unless Mtf1 is added.  Like 

template II, adding Mtf1 produces 45-mer A-start transcript, which is most likely initiated 

from the linear promoter.  On template III, 35-mer is synthesized in abundance.  

Interestingly, it is not affected when Mtf1 is added.  It seems like Mtf1 does not inhibit 

transcripts initiated at the correct promoter sequence.  Finally on template IV, 45-mer is 

visible, indicating that Rpo41 is initiating transcription from the open bubble.  When 

Mtf1 is added, like other A-start transcription, no inhibition is observable.  Although the 

amount is little and varied, 25-mer was visible, which implies that transcription occurred 

at the linear promoter.  [γ-32P]-ATP labeled experiment shows that Mtf1 does not inhibit 

consensus promoter initiated transcription and enhance linear promoter utilization.  Also, 

short transcripts increased when Mtf1 was present.  This is most likely due to promoter 

arrest of the Rpo41 and Mtf1 complex, which results in synthesis of abortive transcripts. 

From the three different labeled experiments, we can see that Rpo41 readily initiates 

transcription from the open bubble.  It seems that Rpo41 prefers the open bubble 

structure rather than the consensus promoter sequence.  If Rpo41 indeed has the innate 

ability to recognize the promoter sequence and that Mtf1’s role is only in melting the 
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promoter sequence, then we would expect Rpo41 to bind to the promoter sequence.  If 

Mtf1 is not present, we would see little to no transcription, and when Mtf1 is added, we 

would only see transcript that are [γ-32P]-ATP labeled.  But instead, we see G-start 

transcripts in abundance, which are all initiated from the open bubble, and A-start 

transcripts, which would only initiate at the open bubble that contain the promoter.  From 

this, we can conclude that Rpo41 prefers the open bubble structure over the promoter 

sequence.  Mtf1 seems to have an important function in inhibiting non-promoter initiated 

transcription.  All [γ-32P]-GTP labeled transcripts were inhibited when Mtf1 was added, 

but [γ-32P]-ATP labeled transcripts initiated at the open bubble were not.  The linear 

promoter initiated transcripts were only synthesized when Mtf1 was present.   
 

Dual-start transcription assay with N-terminal deletion mutant of Rpo41 

It has been previously shown that this mutant did not show much difference in 

transcription activity on a linear DNA substrate, but showed opposite activity on a 

promoter containing open bubble DNA.  N-terminal deletion mutant Rpo41-Δ160 was 

selected for transcription assay on templates I and IV.  The reaction conditions were 

identical to the previous experiments, and [α-32P]-ATP, [γ-32P]-ATP and [γ-32P]-GTP 

were used to observe the RNA product.   

The overall pattern was similar to our previous result.  Rpo41-Δ160 had much 

lower activity on both templates in the absence of Mtf1 (Figure 3.10).  When Mtf1 was 

added, it showed increased activity with little inhibition on the non-promoter initiation 

site.  Rpo41-Δ160 still preferred the open bubble structure as the transcription initiation 

site and showed partially increased activity when Mtf1 was added compared to the WT.  

Unlike the WT, adding Mtf1 did not result in inhibition of the “incorrect” initiation site, 
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but we see products from other initiate sites.  This suggests that the NTD, especially the 

first 159 amino acid residues of Rpo41, is involved in the correct promoter recognition 

during transcription initiation. 
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Figure 3.10 Comparison of Rpo41-WT and Δ160 transcription on template I and IV.   

Each panel is labeled with the radioactive nucleotide as noted.  Without 
Mtf1, Δ160 has a decreased activity.  As shown before, Δ160 has 
increased activity when Mtf1 is present, but fidelity decreases.  This can 
be seen especially in C, where a 45-mer is produced on template I, and the 
15-mer on template IV. Protein concentrations were Rpo41 WT/ Δ160 
(0.5 µM), Mtf1 (1 µM) and DNA (5 µM) were added to each reaction.  
Products were loaded onto 20% polyacrylamide 7 M Urea gel and 
visualized by exposing it to a phosphorscreen and scanned using the 
Typhoon Trio (GE Healthcare). 
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Discussion 

The role of Mtf1 during the yeast mitochondrial transcription initiation has been a 

long debate.  Through in vitro studies, it is clear that Mtf1 is required for melting the 

promoter region, but its involvement in promoter recognition was unclear.  In the past 

decade, our understanding in Mtf1’s function has changed as new discoveries were made.  

Savkina et al. showed that Mtf1 interacts with the promoter near -3 and -4 region and 

may be involved in upstream promoter recognition, but also showed results that Mtf1 led 

to a false start [86].  The results were somewhat confusing, because the results claimed 

that Mtf1 interacts with the promoter sequence and inhibit certain initiation.  It is 

mentioned that the interaction at the -3 to -4 region may be involved in promoter melting 

[86].  The dual-start transcription assay results reveal an important function of Mtf1 and 

clarify some of the contradictory results.  This assay shows strong evidence that Mtf1 

plays a significant role in correct promoter sequence recognition, and inhibits incorrect 

initiation.  As mentioned in the introduction of this chapter, it has been reported that Mtf1 

inhibits Rpo41’s transcription activity on the bubble promoter with promoter [68], but 

observing the [γ-32P] labeled transcription result, [γ-32P]-ATP labeled products are not 

inhibited, showing that the correct initiation is not inhibited.  Also, the previously used 

70-mer substrate DNA had the open bubble in a location where 35-mer transcript would 

be synthesized in both directions.  Inhibition by Mtf1 would be exaggerated in this case, 

because both the correct transcript and the incorrect transcript are indistinguishable.  

Increased amount of shorter transcript is also observed when Mtf1 is added, revealing the 

typical abortive transcript.   

Rpo41 readily initiates transcription on an open bubble as long as it has a purine  

(preferably two purines) at the end of the bubble.  Because of this, Mtf1 plays a critical 
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role in transcription fidelity.  The dual-start transcription assay strongly supports this 

idea, as well as confirm that Mtf1 is required for promoter recognition.  N-terminal 

deletion of Rpo41 shows that this region plays an important role in promoter recognition, 

because Δ160 and Δ321 have increased transcription activity in the presence of Mtf1 on 

non-promoter bubble DNA.  Mtf1 bound to Rpo41-WT can inhibit incorrect transcription 

initiation, but the results in this chapter show that the lack of Rpo41 NTD fails to do so.  

It is possible that the N-terminal deletion of 159 amino acid residues decreased the 

enzyme’s affinity to the substrate DNA, as it decreased its affinity with Mtf1.  This may 

be the reason why less products are observed.  Rpo41-Δ160 is able to form complex with 

Mtf1 when substrate DNA is added, which may be why we see increased activity when 

Mtf1 is added.  Deletion of 159 amino acid residues still retains the ability to recognize 

the promoter sequence on linear DNA.  On the other hand, its ability to inhibit the 

incorrect initiation on open bubble DNA has decreased.  It is possible that on the open 

bubble DNA, the complex skips the need for promoter melting, and may enter into 

elongation phase without the need for promoter recognition.     

It is likely that the Mtf1 works in conjunction with the N-terminal region of 

Rpo41 for correct promoter recognition.  It is possible that Mtf1 alters the structure of 

Rpo41, especially in the NTD, to bind to the promoter.  Sequence homology of  Rpo41 

and T7 RNAP as well as structural information of T7 RNAP and human POLRMT show 

two specific regions that are involved in promoter recognition and melting.  The AT-rich 

recognition loop and intercalating hairpin are all located at the N-terminal region of these 

RNA polymerases.  Recent study of human POLRMT structure shows that this region is 

different from the T7 RNAP, explaining the need for a transcription factor [87].  Overall, 

the transcription assay result explains why transcription was unaffected in the in vivo N-

terminal deletion study [44].  We can safely conclude that both Mtf1 and the N-terminal 
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domain of Rpo41 are both necessary for proper promoter recognition, and that these two 

components work together to increase the fidelity of the enzyme. 
 

Materials and Methods 

Rpo41-Δ160 purification 

 Rpo41-Δ160/Rosetta were grown in 5 mL of LB media overnight.  1 mL of this 

seed culture was inoculated into 500 mL of LB media with Ampicillin and 

Chloramphenicol.  9 flasks were grown until OD600 ≈ 0.7 and induced with 0.6 mM 

IPTG.  Cells were induced for 4 hours, then harvested by centrifuging at 4000 rpm for 10 

minutes in 4 °C.  The harvested cells were stored in -80 °C until used.  The cells were 

lysed with lysis buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 1mM EDTA, 15% 

glycerol, 0.1% Tween 20 and 2 mM β-ME) with lysozyme of 1 mg/mL concentration and 

1 protease inhibitor cocktail (Roche, 1 tablet/50 mL).  Cells were lysed in 4 °C for 1 hour, 

then sonicated for 3 minutes, 30 second interval and kept in ice for 30 seconds in between 

sonications.  The lysate was centrifuged at 16,000 rpm for 30 mintues in 4 °C.  

Ammonium sulfate was added to the supernatant with a final concentration of 100 mM, 

and 0.1% of PolyminP.  It was then stirred for 30 minutes in 4 °C then centrifuge at 

16,000 rpm for 30 minutes.  Then, 50% w/v ammonium sulfate was added to the 

supernatant little at a time and stirred.  After centrifuging at 16,000 rpm for 30 minutes, 

the supernatant was discarded and the pellet was dissolved with Ni-NTA equilibration 

buffer (50 mM NaH2PO4 pH 8.0, 150 mM NaCl, 5 mM Imidazole, 15% glycerol and 

0.1% Tween 20), then incubated with Ni-NTA agarose resin (QIAGEN) for 1hour.  The 

flow through sample was collected and washed with 10 column volume (CV) wash buffer 
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(same as equilibration buffer but 20 mM Imidazole).  Protein was eluted with 3 CV 

elution buffer (same as equilibration buffer but 150 mM Imidazole) and fractions were 

collected with 2 mL fraction volume.  Fractions 5 and 6 were loaded onto the gel 

filtration (GF) column (Superdex200, GE Healthcare) with GF buffer (50 mM HEPES 

pH 7.0, 200 mM KCl, 1 mM EDTA, 15% glycerol and 1 mM DTT).  Fractions 2-11 were 

collected and concentrated using Vivaspin 50k MWCO to 5 mL and loaded onto the GF 

column.  Fractions were loaded onto 8% polyacrylamide for SDS-PAGE.  Peak fractions 

with high purity were taken and concentrated. 

 

Rpo41-WT and Mtf1 purification 

Rpo41 and Mtf1 were purified as described in the previous chapter. 

Dual-start transcription assay 

Two templates were designed for this assay.  Both templates have 6 nt open 

bubble upstream and a consensus promoter sequence on the linear downstream portion.  

The sequences of each template are shown on Table 3.1.  Each template was annealed by 

boiling at 95 °C for 5minutes and slowly cooling to room temperature.  The final 

concentration of Rpo41 was 0.5 µM, 1 µM for Mtf1 and 5 µM for DNA substrate. (40 

mM Tris-HCl, pH 8.0, 20 mM MgCl2, 1 mM DTT, 250 µM of NTP each)  Reaction 

mixture was incubated in room temperature for 10minutes, then terminated by adding 

stop buffer (100 mM EDTA, 90% formamide, 0.02% bromophenol blue, and 0.02% 

xylene cyanol) and boiled for 10minutes.  Samples were loaded onto 20% 

polyacrylamide 7 M Urea gel for analysis. 
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Chapter 4: Primase activity of Rpo41 and the significance of the N-
terminal domain 

 

Introduction 

Rpo41 and human mtRNAP are similar to T7 RNA polymerase, but both have 

longer N-terminal domains (NTD) of approximately 350 – 400 amino terminal residues, 

and both require accessory factors for transcription [11].  The transcription factor TFB2M 

is the human homolog of Mtf1 [11, 56].  It has been shown that the first 185 amino acid 

residues of the NTD are not required for transcription in vivo in yeast mitochondria, but 

their deletion results in depletion of mtDNA [44].  This implies that the NTD may be 

involved in mtDNA maintenance.  In the previous chapter, we have shown that the NTD 

is required for Mtf1 binding and promoter sequence recognition.  It is still unclear why 

the NTD has evolved, as well as the requirement of the transcription factor, when the T7 

RNA polymerase does not have any of these extra components.  It is clear now that the 

Rpo41 NTD and Mtf1 are crucial for transcription regulation.  We wanted to investigate 

whether the NTD of Rpo41 serves any other function in the mitochondria. 

It has been suggested that Rpo41 may be the primase for mitochondrial 

replication, because of its implications in in vivo studies [3].  There is evidence that 

Rpo41 is involved in replication as the leading strand primase [72, 88].  The consensus 

promoter sequence is found throughout the mtDNA as well as the AT rich region that 

usually surrounds it [18] [14].  There are several tentative origins of replication, and 

about 19 transcription initiation sites.  In our transcription assay, we have shown that 

Rpo41 efficiently initiates transcription on an open bubble, which is a single-stranded 
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region of DNA.  This brings up the possibility that Rpo41 may synthesize RNA on 

ssDNA.  Although Rpo41 is most likely the leading strand primase, the lagging strand 

primase is yet to be revealed [89].  It has been shown in the past couple of years that the 

human mtRNAP can be a primase for replication in vitro [90, 91].  Although the 

mtDNAs of human and yeast are very different, the enzymes involved in transcription are 

very similar.  It is thus worth investigating whether or not Rpo41 can function as the 

lagging strand primase.  As mentioned before, a 185 amino acid N-terminal deletion of 

Rpo41 results in drastic reduction of mtDNA in vivo [44], and Rpo41’s role as a primase 

may be the link to its role in transcription and mtDNA maintenance.  This may also 

suggest a possible function for the extra domain of Rpo41 compared to T7 RNAP.   

Mip1 is the yeast mitochondrial DNA polymerase [72, 92-94].  Unlike the human 

Polγ, it does not have a known accessory factor, but has an elongated C-terminal domain 

of about 300 amino acid residues [72].  It has been shown that Mip1 can efficiently 

strand-displace on a mini-circle DNA of about 80 nt [94].  Recombinant Mip1 in E. coli 

has been made with reasonable yield, which we have obtained for the primase study [94].  

Minimal replisome activity requires the DNA polymerase, primase, template DNA, SSB 

and a helicase to unwind the duplex DNA.  Because Mip1 can strand-displace on a mini-

circle DNA, we can construct simple replication machinery without a helicase.  We have 

also taken advantage of rolling-circle replication to mimic the single-stranded lagging 

strand in replication [95, 96].  Here we show that Rpo41 is indeed able to synthesize 

RNA on ssDNA, and that its length is suitable for a replication primer.  Rpo41 is able to 

utilize the rolling-circle replication tail as the template for synthesizing RNA, which is 

used by Mip1 for replication [90, 96, 97].  Yeast mtDNA has about 20 promoters and 

several promoter-like sequences distributed throughout [14].  This suggests that Rpo41 

may indeed be the lagging strand primase. 
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Experimental design and results 

Rpo41 can initiate transcription on 70-mer single-stranded DNA 

To see if Rpo41 has primase function, it is essential that it can synthesize RNA on 

single-strand DNA.  To test this, 70-mer ssDNA template (T) strand including the 14S 

rRNA promoter sequence, and non-template (NT) strand was used as the ssDNA 

substrate and  [α-32P]-ATP was used to label the RNA product.  Rpo41 is able to 

transcribe RNA products on the T-strand as well as the NT-strand (Figure 4.1A).  

Addition of Mtf1 inhibits Rpo41 transcription activity on ssDNA.  This seems consistent 

with Mtf1’s role in inhibiting incorrect initiation of transcription.   

To see if the transcripts made by Rpo41 can be used as a primer for replication, 

we added human mitochondrial DNA polymerase, Polγ, to see if it can use the RNA 

synthesized by Rpo41 as a primer for replication.  For labeling the DNA product, [α-32P]-

dATP was used.  Polγ is indeed able to replicate DNA with the RNA made from Rpo41 

(Figure 4.1B).  When Mtf1 is present, there is a significant decrease in the DNA product 

for both the T strand and the NT strand.  From this result, Mtf1 may play an inhibitory 

role in the primase activity of Rpo41, considering it as an improper initiation of 

transcription.  The results show that consistent with the transcription results, Rpo41 is 

able to initiate transcription from a non-promoter site, and that Mtf1 plays a role in 

inhibiting this initiation.  The exact initiation site on the ssDNA is unclear.  The ssDNA 

sequence may allow for annealing of two strands to result in longer RNA to be 

synthesized.  It is therefore hard to determine the exact initiation site, although distinct 

bands are present.  Nevertheless, we can see that Rpo41 is capable of synthesizing RNA 

with a ssDNA substrate, and that Mtf1 inhibits this activity.  Because the linear 70-mer 

substrate DNA is limited in length, we cannot determine if the RNA synthesized by 
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Rpo41 is suitable as a primer.  We used M13 DNA, which is a 6400 nt ssDNA to see if 

Rpo41 can transcribe short RNA or if it will make long products (Figure 4.4).  [γ-32P]-

ATP and [γ-32P]-GTP were used to label the RNA product.   Results show that Rpo41 

synthesizes product, which are mostly under 100 nt long.  Also, [γ-32P]-ATP labeled 

products have a more intense band, indicating that A-start transcripts are more abundant.  

This is because there are about 2200 T’s on the M13 DNA, whereas there are about 1300 

C’s.  The difference in the abundance may be a reflection of the frequency of the 

nucleotide present on the DNA. 
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Figure 4.1 Rpo41 transcription on single-stranded 70-mer DNA.   

A) [α-32P]-ATP labeled product to detect RNA transcripts.  B) [α-32P]-
dATP product to detect the DNA product synthesized by Polγ. The 
products were visualized on a 20% polyacrylamide urea gel.  Rpo41 (1 
µM), Mtf1 (2 µM), Polγ (50 nM) and DNA (5 µM) was the final 
concentration.  70-mer ssDNA, T-strand and NT-strand were used.  T-
strand contains the 14S rRNA promoter. 

 

 

A.   RNA label B. DNA label 
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Rpo41 enables replication of leading and lagging strand DNA 

We have shown that Rpo41 is capable of synthesizing short RNA from ssDNA, 

but to show that it can function as a primase, we need to show that the DNA polymerase 

can utilize this transcript as a primer for replication.  Multiple components such as the 

primase, DNA polymerase, RNA polymerase, helicase and single-stranded DNA binding 

protein (SSB) are required for replication.  Mip1 is the yeast mitochondrial DNA 

polymerase, which is capable of strand displacement on a rolling circle replication on a 

mini-circle DNA and less efficiently on M13 ssDNA [94].  Utilizing this function of 

Mip1, a minimum replication complex can be constructed to test the primase function of 

Rpo41 without a helicase.  A 70-mer mini-circle was made which only included 

nucleotides dA, dT and dG (Figure 4.2).  This would result in the initial DNA strand, the 

leading strand, which is G-, and the lagging strand, which is C-.  [α-32P]-dCTP or [α-32P]-

dGTP were used to distinguish each strands and a 20-mer DNA was added to function as 

a primer for replication [90, 95-97].  Samples were taken several time points to observe 

the leading or lagging strand synthesis.   On the [α-32P]-dCTP-labeled leading strand, a 

gradual increase of product is observed in terms of length and quantity (Figure 4.3A and 

B).  Lagging strand synthesis can only start when Rpo41 synthesizes a short RNA primer, 

using the leading strand as a template.  The DNA then produced utilizing the RNA primer 

is considered the lagging strand, and will incorporate [α-32P]-dGTP.  Lagging strand 

synthesis can be observed after at 5 minutes of reaction.  An increase in lagging strand 

synthesis is observed at 20 minutes, which corresponds to the time where a increase of 

leading strand is observed (Figure 4.3A and B).  This result suggests that Rpo41 is able to 

utilize the replicating leading strand as a template to synthesize RNA primer.  The two 

distinct products that are seen may be the lagging strand fragment by itself, and the 



 59 

lagging strand still bound to the leading strand (Figure 4.3B).  To idenfity the lengh of 

DNA synthesized from a single primer, the samples were boiled in alkaline denaturing 

buffer to separate the two strands of the DNA as well as remove the RNA, and resolved 

on a 1% agarose alkaline gel.  Both leading and lagging strand run faster on the gel 

compared to the non-boiled samples, indicating dissociation of dsDNA or DNA-RNA 

hybrid and/or RNA removal.  The faster running product suggest that the single stranded 

DNA fragment synthesized from one primer (Okazaki fragments) distribute at the 

medium length of 1000-2000 nt.   
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Figure 4.2 Schematic of the rolling-circle replication.   

A) 70-mer mini-circle with the 20-mer DNA primer.  The mini-circle 
contains only A,T and G.  B)  Leading strand is synthesized in a rolling 
circle fashion, and labeled with [α-32P]-dCTP.  Helicase was not necessary 
because Mip1 can strand-displace efficiently on a mini-circle.  Lagging 
strand synthesis will occur after the leading strand is synthesized.  The 
lagging strand was labeled with [α-32P]-dGTP. 

A. 

B. 
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Figure 4.3 Time point of Mip1 replication.   

70-mer mini-circle DNA (20 nM), 20-mer primer (20 nM), Mip1 (40 nM), 
Rpo41 (80 nM), SSB (4.23 µM, Epicentre) were added to the reaction.  
Samples were mixed with alkaline loading dye and loaded onto 1% 
agarose gel for electrophoresis.  A) [α-32P]-dCTP labeled reaction to label 
leading strand synthesis.  B) [α-32P]-dGTP labeled reaction to observe 
lagging strand synthesis.  C) and D) are A and B samples boiled for 10 
minutes then loaded onto 1% agarose gel. 

C.

. 

!
A. 

D. 

A. Leading strand 
(dCTP) 

B. Lagging strand (dGTP) 
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Figure 4.3E (Continuted)  Quantification of the leading and lagging strand 

E) Quantification of A and B.  Quantity One® software (Bio-rad) was 
used to quantify the bands. 

E. 
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To study the primase activity of Rpo41 in more detail, a replication assay was 

designed varying different components, such as primer and Mtf1, to the replication 

complex.  Replication conditions were designed with or without the 20-mer primer 

(Figure 4.2).  Mip1 can replicate the mini-circle if the 20-mer primer is added.  In the 

absence of the 20-mer, Rpo41 is required to make the RNA primer for Mip1 to replicate.  

Not only can Rpo41 synthesize leading strand primer, lagging strand synthesis is 

expected to occur.  Radiolabeled nucleotides [α-32P]-dCTP and [α-32P]-dGTP were used 

to distinguish leading strand and lagging strand (Figure 4.2).  In the absence of 20-mer 

and Rpo41, no DNA is synthesized as expected (Figure 4.5A).  When Rpo41 is added to 

the reaction with no primer, some leading strand synthesis is observed, which indicates 

that Mip1 is replicating on primers that Rpo41 synthesized.  When the 20mer primer is 

added to the reaction, a strong band is observed, showing increased level of leading 

strand synthesis.  Adding Rpo41 seems to increase the length of the product.  With the 

[α-32P]-dGTP labeled reactions, band is visible even without the 20-mer primer in the 

presence of Rpo41.  In this case, it can be said that Rpo41 is indeed transcribing RNA 

that can be used as the leading strand primer, then transcribing RNA on the leading strand 

to synthesize primers for the lagging strand.  Rpo41 was able to synthesize RNA for 

leading strand replication, but the amount of DNA produced was low (Figure 4.5A).  It 

may be that the Rpo41 is not efficient in transcribing from a small circular DNA, because 

it can synthesize RNA on the linear 70-mer of the same sequence (data not shown).  It is 

clear that Rpo41 can synthesize RNA on the leading strand, and Mip1 can utilize this 

RNA as primers for replication.  Mip1 seems to be mis-incorporating nucleoides (Figure 

4.5B), which is evident when the 20-mer is present with Mip1.  It may be argued that the 

[α-32P]-dGTP labeled products are not lagging strand, but leading strand with mis-
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incoporated [α-32P]-dGTP.  Although we cannot completely exclude this possibility, we 

also cannot ignore the aspects supporting lagging strand synthesis.  For example, on the 

replication time-point experiment, if the [α-32P]-dGTP-labeled product is only the leading 

strand with mis-incorporated dG, we should not see a difference between the two 

reactions ([α-32P]-dCTP and [α-32P]-dGTP-labeled reaction).  Also, [α-32P]-UTP-labeled 

experiment (Figure 4.6) and the leading strand synthesis ([α-32P]-dCTP-label) show that 

Mip1 can use the RNA synthesized by Rpo41 as the primer replication (Figure 4.5A, 

second lane).  Lastly, we see an increase in RNA labeled product when the 20-mer primer 

is added (Figure 4.6A).  It is unlikely that this is the leading strand, which would start on 

the 20-mer DNA primer.  For these reasons, [α-32P]-dGTP labeled product we see in 

Figure 4.5B support lagging strand synthesis. 
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Figure 4.4 Rpo41 transcription on M13 ssDNA.   

Rpo41 is able to synthesize short RNA which can be used as primers for 
replication.  80 nM Rpo41, 20 nM M13 and either [γ-32P]-ATP or [γ-32P]-
GTP to label the RNA.  Products were loaded onto 10% polyacrylamide 
urea gel for electrophoresis. 
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Figure 4.5 Mip1 rolling circle replication with Rpo41 as the primase.   

A)  DNA product was labeled with  [α-32P]-dCTP to observe leading 
strand synthesis.  Klenow fragment was used as a positive control.  B)  [α-
32P]-dGTP label lagging strand with Rpo41 and Rpo41-Δ160 as the 
primase.  Mip1 (40 nM), Rpo41 (40 nM), Mtf1 (80 nM), DNA (20 nM) 
and SSB (4.2 µM) were added.  Samples were mixed with alkaline loading 
dye and loaded onto a 1% agarose gel for electrophoresis. 

A. dCTP label B. dGTP label 
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Primase activity of N-terminus truncation mutant Rpo41 

We and others showed that N-terminus truncation of Rpo41 affects its function as 

an RNA polymerase [44, 98].  Deletion of the N-terminal 159 amino acid (Rpo41-Δ160) 

results in decreased intrinsic RNA synthesis compared to the wild type, as well as 

weakened Mtf1 interaction.   Contrary to Mtf1 decreasing the non-promoter initiated 

transcription activity of wildtype, Rpo41-Δ160 shows increased activity in the presence 

of Mtf1.  We wanted to see if the N-terminal truncation of Rpo41 would affect the 

primase activity.  Rpo41-Δ160 and Mip1 was added to the reaction mixture with or 

without the 20-mer DNA primer, as well as Mtf1.  [α-32P]-dGTP was used to detect 

lagging strand synthesis.  Unlike the WT enzyme, Rpo41-Δ160 is unable to synthesize 

RNA primer from the 70-mer mini-circle (Figure 4.5B lane 7).  When Mtf1 is added, we 

see [α-32P]-dGTP labeled product, which shows that Rpo41-Δ160 with Mtf1, is able to 

synthesize RNA primers to initiate replication.  This is consistent with what we have seen 

in transcription in Chapter 3.  [α-32P]-UTP was used to label the RNA primer that is 

synthesized by Rpo41.  For Rpo41 WT, [α-32P]-UTP labeled RNA primer is synthesized 

when Mtf1 is not present even when 20-mer DNA primer is not added to the reaction 

(Figure 4.6A).  When the 20-mer primer is added, a significant decrease in the RNA is 

observed when Mtf1 is added.  For Rpo41-Δ160, the opposite is observed where 

increased product is observed when Mtf1 is added, with or without the 20-mer (Figure 

4.6B).   
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Figure 4.6 [α-32P]-UTP labeled product to detect RNA synthesis for Rpo41 and Rpo41-
Δ160.   

A)  Rpo41 RNA synthesis with or without the 20-mer primer.  More RNA 
synthesis is observed when 20-mer primer is added, probably due to 
multiple lagging strand primer synthesis.  B)  RNA synthesis by Rpo41-
Δ160.  Mtf1 enhances the activity of Rpo41-Δ160. 

 

Mtf1 inhibits primase activity on Rpo41, but enhances Rpo41-Δ160 activity 

One of the important roles of Mtf1 is to inhibit improper initiation of 

transcription.  Recognition of the promoter is an essential step of transcription initiation, 

and Mtf1 plays a significant role in this process.  The role of Mtf1 during transcription 

initiation is clear, but it has therefore, the potential to inhibit the primase activity of 

Rpo41, since the primer is synthesized without the recognition of a promoter sequence.  

A. B. 



 69 

To test what role Mtf1 may have during replication, Mtf1 was added to the reaction to see 

if it would consider the primase activity of Rpo41 as an improper transcription initiation.  

Mtf1 clearly inhibits RNA synthesis on ssDNA, as well as DNA synthesis (Figure 4.1, 

4.5A).  [α-32P]-UTP-labeled assay also shows that Mtf1 is inhibiting primer synthesis by 

Rpo41-WT (Figure 4.6A).  Overall, Mtf1 decreases the amount of RNA synthesized by 

Rpo41-WT but increases the activity of Rpo41-Δ160 (Figure 4.5B and 4.6B). 

 

Discussion 

The function of the NTD on Rpo41 has been a question, and was considered to be 

mainly involved in Mtf1 interaction.  Results show that Rpo41 is able to initiate 

transcription on a pre-melted bubble DNA if the first nucleotide is a purine, even if it is 

not a promoter.  It is now clear that Mtf1 is required for melting the substrate DNA for 

transcription initiation and inhibition of improper initiation.  The fact that Rpo41 can 

initiate transcription on a pre-melted DNA and does not require a promoter sequence 

supports the idea that Rpo41 may function as the lagging strand primase.  It has been 

shown that Rpo41 is the leading strand primase [89], and its ability to readily synthesize 

RNA leads to a high possibility that it is a bona-fide lagging strand primase for 

replication. 

During lagging strand synthesis, an extended portion of the substrate DNA is 

separated.  Rpo41’s ability to synthesize RNA on M13 ssDNA, and the length of the 

transcript supports the possibility of lagging strand primase function.  Although from our 

experiment, it is difficult to determine what the preferred primase initiation sequence is, 

the promoters in the yeast mtDNA are AT-rich, and these regions are spread out 

throughout [18] [14].  It is highly likely that it can synthesize RNA throughout these 
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regions to synthesize primers.  The human mtRNAP has been shown to also have primase 

activity [90, 91].  In Wanrooij et al. (2008), T7 RNAP was used as control, and 

surprisingly, increased concentrations of SSB inhibited T7 RNAP and mtRNAP, but 

Polϒ was still able to synthesize DNA utilizing the RNA made by mtRNAP, but not with 

T7 RNAP.  Also, T7 RNAP synthesizes long RNA on the M13 ssDNA, whereas 

mtRNAP is able to synthesize RNA of about 20-100 nt [90].  Rpo41 also synthesize 

RNA of about 20-100 nt, which is similar to the human mtRNAP.  This strongly supports 

that Rpo41 can indeed function as the lagging strand primase. 

Rpo41-Δ160 activity shows a key role in primase function.  It has been shown 

that a 185 N-terminal amino acid residue truncation of Rpo41 in vivo results in significant 

decrease of mtDNA [44].  We observed that Rpo41-Δ160 is unable to synthesize RNA 

primers for replication in vitro (figure 4.5B and 4.6B).  Mtf1 inhibits primase activity on 

the WT polymerase, but whether it inhibits Mip1 directly is unknown.  The deletion of 

159 amino acid residues does not affect the catalytic activity of Rpo41, as we see its 

transcription ability restored when Mtf1 is present.   Instead, it may interfere with other 

function such as DNA binding.  We have shown thatMtf1 enhances Rpo41-Δ160 activity.  

The fact that Mtf1 can enhance Rpo41-Δ160 activity indicates that the inhibition is co-

dependent and not solely on Mtf1, and that the N-terminal domain takes part in it.  The 

detailed enzymatic mechanism of how this is accomplished is still unclear.  The N-

terminal region of Rpo41 is significant in complex formation with Mtf1, as we have 

shown in Chapter 3, but also in its primase activity.  This region, which seems extraneous 

when compared to the T7 RNA polymerase, is key for alternate functions it serves.  

Rpo41 differs from the T7 RNAP in that it serves as a primase for replication, thus 

requires an extra domain for this function.  Interaction with Mtf1 is also very significant 

because it inhibits improper transcription initiation.  An interesting fact is that it also 
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inhibits primase activity in vitro, and how this is communicated between transcription 

and replication is yet to be elucidated.   

 

Materials and Methods 

Protein purification 

Rpo41, Rpo41-Δ160 and Mtf1 were purified according to the protocol mentioned 

in the previous chapters.  Mip1 was given to us as a gift from the Sedman group at the 

University of Tartu, Estonia.  Each protein were purified and diluted to 1 µM (except 

Mtf1 was diluted to 2 µM) using the Rpo41 GF buffer with the final concentration of 

50% glycerol and stored in -20 °C. 

 

Mini-circle DNA synthesis 

70-mer ssDNA was ordered from IDT with the sequence of 5’- GGGTAGATTG 

GAAGGTGATGATAGGGAGGTAGAAGGTTGGAAGTGGGGATTGGGAGAGTG 

GATGAGAGTA -3’ and 20-mer primer 5’- CAATCTACCCTACTCTCATC -3’.  70-

mer ssDNA was circularized using CircLigaseTMII ssDNA Ligase from Epicentre.  40 

pmol of DNA was added to 1X reaction buffer, 2.5 mM MnCl2 , 1 M Betaine, 200U of 

CircLigaseII and water to adjust volume to 40 µl.  Reaction was incubated at 60 °C 

overnight and terminated by heating at 80 °C for 10 minutes.  After cooling the reaction 

to room temperature, 80U of Exonuclease I (Epicentre) was added to the reaction to 

digest any remaining ssDNA.  After incubating overnight at 37 °C, samples were loaded 

on to 20% polyacrylamide 7 M Urea gel to check for circularization.  QIAquick 

Nucleotide Removal Kit (QIAGEN) was used to remove all enzymes and nucleic acid 
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that has not circularized.  The circularized 70-mer and 20-mer primer were mixed 1:1, 

heated at 95 °C and slowly cooled to room temperature for annealing.  Sample was 

diluted to 500 nM concentration. 

 

Primase assay 

The reaction condition was as follows:  DNA was 20 nM, Mip1 and Rpo41 were 

added at 40 nM final concentration and Mtf1 was 80 nM.  The reaction buffer was Tris 

pH 8.0, 10 mM MgCl2, 1 mM DTT, 40 mM KCl, 0.1 mg/mL BSA, and nucleotides were 

added to 100 µM dNTP and 150 µM NTP, except the nucleotide with radioactive 

nucleotide was added were 10 µM for dCTP and dGTP, and 15 µM for UTP. 

 Radiolabeled nucleotides were added (2 µCi, 3000Ci/mmol, 10 mCi/mL) and the total 

reaction volume was 25 µl.  Reactions were incubated at 30 °C for 90 minutes (or 37 °C 

for Klenow and T7 RNA polymerase), then stopped by adding 25 µl of 2X stop buffer 

(0.5 mg/mL Proteinase K, 1% SDS and 20 mM EDTA).  The reaction was incubated in 

37 °C for 30 minutes, then boiled for 100 minutes.  The reaction was treated with phenol 

chloroform for extraction, then ethanol precipitated.  The pellet was dissolved in 10 µl 

water, and 2 µl 6X alkaline loading buffer was added.  2.5 µl of each sample was loaded 

onto 0.8% agarose gel, and ran for 2 hours at 80 V with 1X TBE buffer.  The gel was 

exposed to a phosphor screen and scanned using Typhoon Trio (GE Healthcare). 
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Chapter 5: Crystallography of Rpo41-Mtf1 complex and other 
miscellaneous experiments 

 

RPO41 CRYSTALLOGRAPHY 

Introduction 

This project initially began with the intention of using X-ray crystallography of 

Rp41 to gain structural information of the transcription initiation mechanism.  Many 

aspects of the mechanism can be studied through different assays, but structural 

information is key to understanding the detailed mechanism of how the transcription 

initiation works.  Cross-linking studies and other manipulations have been done to 

understand how promoter recognition occurs, and which domain and amino acids interact 

with the promoter sequence.  X-ray crystallography was the method of choice for 

structural studies [99].  Although we have not yet obtained the X-ray diffraction data of a 

reasonable resolution, we have been able to grow crystals of the Rpo41-Δ160 complex.  

Details of those crystallographic studies are described in this chapter. 

 

Rpo41 crystallization 

Initially, the WT Rpo41 was used for growing crystals.  The initial purification 

method excluded the Ni-NTA column, and only utilized ion exchange column and gel 

filtration column.  A truncated version of Rpo41 was always co-purified with this 

method.  Crystallization kits from Hampton Research were used, including Crystal 

Screen, Index and Natrix.  Rpo41 apoprotein as well as complex with Mtf1 were used.  
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29-mer Linear and bubble dsDNA were used as substrates to form a more stable 

complex.  The condition where Rpo41 apoprotein crystals grew was 100 mM Tris pH 

8.5, PEG 4000 16-20% and 10% glycerol.  The protein concentration was between 18 

mg/mL up to 24 mg/mL, and 1 µl of well solution was mixed with 1 µl of protein 

mixture.  Hanging drop method was used, and all equipment was purchased from 

Hampton Research.  Sodium acetate was added in 100 mM increments, but no crystals 

were obtained.  The crystals were very small, the longest dimension being 80 µm or less.  

Crystals often grew from heavy precipitate, and were difficult to obtain.  Some were 

sheets (Figure 5.1A and B), or multiple sheets overlapped, in which case were bigger.  

Other crystals looked like clusters of rods (Figure 5.1C).     

After the purification method was modified to include the Ni-NTA column after 

the ion exchange, crystals did not grow from the same conditions described above, even 

though the same screening kits were used.  Sample was also sent to the Hauptman 

Woodward Institute3 for high throughput crystal screening.  They screened about 1500 

conditions, but none came out positive.  This may be due to the low concentration of 

protein.  Because Rpo41 that yielded crystals contain two major proteins; mass-spec 

identification showed both are Rpo41 protein and their masses are consistent with wild-

type protein and N-terminal ~180 amino acid truncated fragment, we suspect that it is the 

N-terminal truncation fragment that gave those small crystals.  Therefore, mutant Rpo41-

Δ160 was selected for further crystallization studies.  Finally, 0-10 mM TCEP was added 

to the previous condition, which yielded needle-like crystals (Figure 5.3).  The needles 

were either clustered, or were slightly thicker and shorter.  The longest dimension was 

approximately 100 µm, but they were very thin.  The crystals grew at the edge of the 

                                                 
3 http://www.hwi.buffalo.edu/ 
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drop.  Usually, heavy precipitate formed in the center, and it seemed like the crystals 

grew at the boarder of the precipitate and clear region of the drop. 

The Rpo41-Δ160 crystals were too small to work with, so other growth 

conditions were necessary.  Mtf1 and substrate DNA were added and Hampton Research 

kits were used.  The substrate DNA used were either 16 or 24-mer bubble DNA or linear 

DNA, both containing the nonanucleotide promoter, ATATAAGTA.  The bubble DNA 

contained the promoter sequence on the template strand, but had 6 nt mismatch open 

bubble on the non-template side.  The sequence of the substrate DNA were as follows: 

24-mer bubble DNA NT:  5'- ATTATTATATGGAGAATGCGTAGC -3' ;  T: 5'- 

GCTACGCACCACTTATATAATAAT -3' ; 16-mer bubble DNA: NT: 5'- ATATGG 

AGCTTGCGCG -3' ; T: 5'- CGCGCATTACTTATAT -3'  and 24-mer linear: NT: 5'- 

ATTATTATATAAGTAATGCGTAGC -3' ; T: T: 5'- GCTACGCATTACTTATAT 

AATAAT -3'.  Later, only the bubble DNA were used for crystallization.  Rpo41-Δ96 

was crystallized under the conditions using 2 M ammonium sulfate, which was 

determined by our Post-doctoral fellow, Dr. Michio Matsunaga.  Rpo41-Δ96 readily 

crystallized by itself, which formed large irregular crystals in as early as one day (Figure 

5.2).  Although the crystals formed fast and their sizes are large (300-500 µm or bigger), 

their X-ray diffraction quality were very poor.  The same crystallization condition was 

tested with Rpo41-Δ160 since no crystals grew from the PEG condition.  100mM HEPES 

pH 7.5, 2-2.6 M ammonium sulfate, 0 - 10 mM TCEP was the crystallization condition 

(Tabel 5.1).  Δ160 was complexed with Mtf1 and bubble DNA was also added, but 

crystals did not form.  Finally, GTP was added in hopes to further stabilize the protein 

complex, since Rpo41 readily initiates transcription on the open bubble, and it has a GG 

start site.  Addition of GTP resulted in crystal growth.  Complex concentration was 110 

µM with the addition of 1 mM GTP.  Crystals grew at 100 mM HEPES pH 7.5, 2.3-2.5 
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M ammonium sulfate and 0-7 mM TCEP.  The crystals sometimes grew at 2 - 2.2 M, but 

only few.  Small crystals were visible in two days under 2.5 M ammonium sulfate 7 mM 

TCEP conditions, but did not grow too big.  These crystals have few distinct shapes 

(Figure 5.4 and 5.5).  Size also varied from 150 -500 µm.         
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Figure 5.1 Different Rpo41 crystals.   

They are all formed in 100mM Tris pH 8.5, PEG4000 and 10% glycerol.  
A) Display of a sheet-like morphology grown in heavy precipitate.  B)  
Crystals of similar morphology to A, but grown in the clear area of the 
crop.  C) The needle-cluster crystals. 

A.  B.

C.
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Figure 5.2 Rpo41-Δ96 crystal in 100 mM HEPES pH 7.5, 2.2 M ammonium sulfate 
and 5 mM TCEP. 

 

          

Figure 5.3 Rpo41-Δ160 crystals.   

Needle-like crystals grew under 50 mM Tris pH 8.5, PEG4000 16-20%, 
10% glycerol and with the addition of 10 mM TCEP.  The crystals usually 
grew away from the precipitate. 
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Once the crystals grew, several crystals were used for serial washes and analysis 

of its content.  Crystals were washed 3 times, and finally dissolved in GF buffer 

(Materials and Methods from Chapter 2).  Each sample was analyzed by running them on 

10% SDS-PAGE and visualized by coomassie stain.  The initial wash has Rpo41 and 

Mtf1 present as well as faint bands of different peptide fractions (Figure 5.6).  At the 

third wash, hardly any protein is visible.  Rpo41 and Mtf1 are clearly present in the 

dissolved crystal.  Although we cannot visualize the substrate DNA, it is most likely 

bound to the Rpo41-Mtf1 complex, as we have shown that Rpo41-Δ160 and Mtf1 cannot 

form complex unless DNA is present (Chapter 3). 

Cryoprotectant was made from conditions that were similar to the well solution 

the crystals grew out of [100].  10% glycerol was added as well as GTP to stabilize the 

crystal [101].  Other cryoprotectants were tested such as PEG, xylitol, sucrose and others 

[102, 103].  Frozen crystals were sent to Advanced Light Source at the Lawrence 

Berkeley National Laboratory.  X-ray diffraction was obtained remotely at beamline 8.2.1 

using BOS software.  The average diffraction resolution varied between 8-11 Å.  One 

crystal, which had a leaf-like oval shape, diffracted to about 4.3 Å (Figure 5.7), which 

was the best resolution obtained.  Flash-annealing was done, but damaged the crystals 

[104].  Crystals that were shot at room temperature without any cryoprotectant had an 

average of 6-8 Å resolution.  Because crystals were grown in high salt condition, 

desalting method was tested, but was not successful [105].  After multiple variations, 

cryoprotectant (50 mM HEPES pH 7.5, 1-1.2 M ammonium sulfate, 10 mM TCEP, 10% 

glycerol) that was most similar to the mother liquor was able to replicate the resolution of 

the crystal at room temperature.  Different cryo-conditions were tried, such as soaking the 

crystals in oil, using xylitol and other cryoprotectant as well as PEG, but many did not 

improve the resolution or even damaged the crystals.  Additive screening kit as well as 
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detergent screen kit were used under the best crystal growth condition, but many 

inhibited crystal growth or slowed it down.  Other nucleotides (ATP, CTP and UTP) were 

all used, which resulted in crystal growth.  Substrate DNA of different lengths were used 

as well as different position for the bubble, but not much difference was observed.  When 

1.5 µl of well solution was added to 1 µl of protein mixture, crystals formed at 2 - 2.1 M 

ammonium sulfate wells, which normally did not grow.  Normally, the drop does not 

decrease in size, but remains at about 2 µl, which decreases the concentration of all 

components by half.  It takes average 10days for the large crystals to form.  Adding more 

well solution probably increased the concentration of the well solution component, which 

enabled crystals to grow even at the lower ammonium sulfate concentration. 
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Figure 5.4 Rpo41-Δ160 complex crystals. 

A)  One of the first crystals formed after GTP was added.  The bi-
pyramidal shape is one of the most common morphology observed.  B) 
Another common morphology.  It is similar to the bi-pyramid, except the 
corners are more round.  These form in various sizes, ranging from 60 – 
500 µm.  C) Leaf-like crystal.  This morphology is also very common, and 
grow in various sizes.  This crystal had the best resolution. 

A. B. 

C. 
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0.1 M HEPES,   
pH7.5 
2.1 M AS 
5 mM TCEP 

0.1 M HEPES,  
pH 7.5 
2.1M AS 
5 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.2 M AS 
5 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.3 M AS 
5 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.4 M AS 
5 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.5 M AS 
5 mM TCEP 

0.1 M HEPES, 
pH7.5 
2.1 M AS 
7 mM TCEP 

0.1 M HEPES, 
pH7.5 
2.1 M AS 
7 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.2 M AS 
7 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.3 M AS 
7 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.4 M AS 
7 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.5 M AS 
7 mM TCEP 

0.1 M HEPES, 
pH7.5 
2.1 M AS 
10 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.1 M AS 
10 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.2 M AS 
10 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.3 M AS 
10 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.4 M AS 
10 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.5 M AS 
10 mM TCEP 

0.1 M HEPES, 
pH7.5 
2.6 M AS 
5 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.6 M AS 
7 mM TCEP 

0.1 M HEPES,  
pH7.5 
2.6 M AS 
10 mM TCEP 

 
 

 
  

 

Table 5.1 Well solution condition for the Rpo41-Δ160+Mtf1+DNA complex.   

Crystals grew from these conditions, and the buffer conditions were 
slightly modified for crystal growth optimization. 
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Figure 5.5 Crystallization conditions and the different morphology of crystals.   

Rpo41-Δ160, Mtf1 and 24-mer bubble DNA were mixed to 110 µM as 
complex, and GTP was added to 1 mM final concentration. 
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Figure 5.6 10% SDS-PAGE of the Rpo41-Δ160 complex crystal.   

Rpo41-Δ160 –Mtf1-DNA complex was crystallized and picked for 
analysis.  Crystals were washed 3 times in well solution, then dissolved in 
GF buffer.  Rpo41 and Mtf1 is still visible on lane 1, and is completely 
gone by the third wash, lane 3.  Rpo41 and Mtf1 is clearly visible in lane 
4.  Sample were loaded on 10% SDS-PAGE and stained with coomassie 
blue for visualization. 
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Figure 5.7 X-ray diffraction patter of Rpo41-Δ160+Mtf1+DNA complex crystal.   

The actual crystal is Figure 4C.  X-ray diffraction was obtained at the 
Advanced Light Source at the Lawrence Berkeley National Laboratory, 
beam 5.2.1.  Image was viewed using HKL2000.  
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RPO41 MUTANT CONSTRUCT 

Initially, only the WT Rpo41 was used for all experiments.  N-terminal deletion 

mutant would greatly benefit the study of Rpo41.  Although not used for further study, N-

terminus truncation mutant with185 amino acid deletion was constructed based on the 

NTD deletion study [44].  This N-terminal truncation mutant was constructed before the 

Rpo41 purification method was modified; therefore, the His-tag seemed unnecessary 

from WT prep at that time.  The primers were designed to remove the N-terminal His-tag 

as well as the first 185 amino acids.  The pProEXHTb-RPO41 construct was used to 

make the truncation mutant.  A whole plasmid PCR was done with primers containing 

AatII restriction site (Figure 5.8).  The PCR was successful, and the linear product was 

digested with AatII and ligated overnight.  The plasmid was inserted into DH5α for 

plasmid amplification.  Plasmid DNA was obtained by mini-prep kit (QIAGEN).  The 

purified plasmid DNA was cut using AatII to confirm correct length, then transformation 

was done using Rosetta competent cells.  Induction was successful, as shown in Figure 

5.9.  The dtRpo41-186 had activity, but the yield was very low (Figure 5.10 and 5.11).  

Because of this we wanted to re-insert the His-tag or make a new construct by only 

deleting the first 185 amino acids and keep the His-tag.  This project was discontinued 

because the serial N-terminal truncation was made, which would be more beneficial in 

studying the characteristics of Rpo41.  
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Figure 5.8 Schematic diagram of the PCR to clone the N-terminus truncated Rpo41. 

A) N-terminus truncation (dtRpo41-186) without His-tag.  Initially, it was 
designed to excise the N-terminal His-tag, but later decided to include it.  
B)  Schematic of the PCR reaction to include N-terminal His-tag 
(dt2Rpo41-186).   

 

A. 

B. 
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Figure 5.9 Induction of dtRpo41-186/Rosetta.   

Several different cells were grown and tested for induction after 4 hours.  
Samples were loaded onto 8% SDS-PAGE.  dtRpo41-186 is clearly 
induced in all 6 cells selected. 

 

  

Figure 5.10 Purification of dtRpo41-186.   

Same protocol was used as the Rpo41-WT purification prior to 
modification.  Cell lysis to SourceS column (cation exchange column) 
fractions were loaded onto 80% SDS-PAGE for analysis.  Two bands are 
visible at about 110-120 kDa.  Gel was stained with coomassie blue for 
visualization. 
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Figure 5.11 Activity of dtRpo41-186 was tested.   

After transcription assay, filter-binding assay was done to quantify the 
RNA products.  RNA was labeled with [α-32P]-UTP, and was quantified 
by scintillation counter [77].  Y-axis is the count per minute and the x-axis 
is the fraction number from the gel filtration column. 
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Summary 

 

The yeast mitochondrial transcription system is a very important system.  It is 

involved in maintaining the mtDNA, which is essential for a healthy cell.  It is also a very 

interesting model system, because it can provide insight as to how a single-subunit 

transcription system evolved to be a multi-subunit system.  The yeast mitochondrial 

transcription system only requires two subunits, Rpo41, the catalytic subunit, and Mtf1, 

specificity factor, whereas the human system requires three [61, 72].  With this system, 

we can learn how specific functions have been distributed between the two components, 

Rpo41 and Mtf1.  

 

Mtf1 is involved in promoter recognition and fidelity 

Active study of mitochondrial transcription started around the 80’s and the 

discoveries have been very dynamic.   In the human system, it was initially thought that 

TFB1M and TFB2M are both bona fide transcription factors [6, 56, 66].  TFB1M showed 

less impact in transcription but has methyltransferase activity.  It was not well understood 

how these two factors aid mtRNAP in transcription, but recent study shows that only 

TFB2M may be the true transcription factor [61].   

There has been much debate in the yeast mitochondrial transcription system also.  

On promoter containing linear duplex DNA, Mtf1 is required for promoter melting [68].  

Because Mtf1 was initially thought to be like the bacterial σ-factor, its involvement in 

promoter recognition seemed obvious.  Interestingly, the σ-factor-like region of Mtf1 was 
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found to be nonessential in transcription [48, 49, 51].  Intrinsic promoter recognition by 

Rpo1 was suggested, which further excluded Mtf1 from this role [68].  In a recent cross-

linking study of the Rpo41-Mtf1 holoenzyme to the substrate DNA, Savkina et al. 

discusses that Mtf1 may interact with the upstream region of the promoter, but also 

mentions that addition of Mtf1 to the open bubble promoter DNA shifted its initiation site 

[86].  The paper states that, Mtf1 is indeed involved in promoter recognition and 

contributes to the fidelity of the transcription system.  In careful observations of this 

result, and comparing it with our data, our conclusions are in agreement.  In this paper, 

several different templates with different length of mis-match bubble at different 

locations were used.  Only ATP and UTP were added in the transcription reaction to 

synthesize AAUAA 5-mer.  The transcript level was compared at -/+ Mtf1, and the linear 

DNA with promoter sequence with Mtf1 was normalized to transcript level of 1.  Overall, 

addition of Mtf1 increased the transcription level compared to –Mtf1, and the aberrant 

transcript level decreased.  The authors concluded that Mtf1 is involved in the fidelity of 

transcription initiation, which is in agreement with our observation.   

There is one result which seems to be an anomaly.  Upon addition of Mtf1, the 

transcript level of most substrates were similar to the linear dsDNA except one, which 

decreased to about 0.08 from 0.93.  The authors concluded that Mtf1 caused the initiation 

site to shift, and the omission of GTP and CTP prevented this product to be synthesized.  

This reaction was repeated, but with all four nucleotides, and the shift of 2 nt 

(synthesized RNA was 36 nt instead of 34 nt) was observed when Mtf1 was added.  

Presumably, omission of GTP was the cause of decreased RNA level in the case where 

only ATP and UTP were added (AAUAA).  The Rpo41-Mtf1 complex was able to 

initiation at a higher level when all four nucleotide was added, but two nucleotides 

upstream which is a G start.  After careful observation, this substrate has an alternate 
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initiation site on the NT strand.  From our observation, Rpo41 should be able to initiate at 

the end of the bubble, which allows a GG (+1, +2) start.  This would yield a 20-mer 

transcript, but the gel does not show bands of this length.  In the case where GTP is 

omitted, Rpo41 is forced to start at the promoter site (T strand), which we observed 

“normal” transcription level of about 0.93.  When GTP was added, Rpo41 can initiate at 

both T strand and NT strand.  In our dual-start transcription assay, Rpo41 had a stronger 

initiation at the G-start.   

It is difficult to understand why the holoenzyme would shift the initiation and not 

recognize the correct site, which contradicts the conclusion the authors present.  But the 

authors suggested that the upstream region is where Mtf1 comes in contact with the 

substrate DNA.  The protein to DNA ratio was 1:1 (50 nM) in this study, and we have 

observed slightly different initiation pattern when protein to DNA ratio was 1:1 as to 

1:10.  Also, [α-P32]-ATP was used to detect the transcript in the Savkina study.  When we 

used γ-P32 labeled nucleotides, we saw consistent level of transcripts with or without 

Mtf1 on the correct promoter initiated site.  Overall, our data is consistent with the results 

published by Savkina et al. in that Rpo41 can initiate transcription on G as +1, and that 

Mtf1 is involved in the fidelity of transcription initiation.   

Cross-linking results show that Mtf1 comes in contact with the promoter DNA at 

-3 and -4 position when complexed with Rpo41.  Another recent cross-linking study 

shows that Mtf1 has a high cross-linking efficiency at -4/-5 and +1/+2 position of the NT 

strand as well as -3/-4 and -2/-3 and +1/+2 up to +4/+5 of the T strand [85].  Both studies 

show that Mtf1 does come in contact with the promoter DNA when complexed with 

Rpo41.  This supports our data that Mtf1 plays a critical role in promoter recognition as 

well as inhibition of incorrect initiation.  We can safely conclude that Mtf1’s role in 
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transcription initiation is aiding Rpo41 recognize the correct promoter, stabilizing the 

initiation complex to the promoter sequence and promoter melting. 

 

N-terminus domain of Rpo41 is involved in mtDNA maintenance, and is essential 
for primase activity 

In our study, we have attempted clarify Mtf1’s role in transcription initiation.  

First, Rpo41 readily initiates transcription from a pre-melted region of the substrate 

DNA.  It has a strong preference of a purine site (our data) or the -2 to +2 region [86].  

Although this seems odd that an RNA polymerase would readily initiate transcription on 

a single-stranded region, this is critical for its primase activity as we have shown.  The 

previous experimental design unintentionally masked this function.  We have shown that 

Mtf1 is essential in inhibiting improper transcription initiation, thereby increasing the 

fidelity of the holoenzyme.  The NTD of Rpo41 is important in Mtf1 complex formation.  

Mutation studies revealed that the amino acids involved in Mtf1 interaction were mostly 

in the catalytic domain [106], but we have shown that deletion of 159 amino acids 

obliterates its interaction with Mtf1.   

Deletion of Rpo41 NTD not only decreases its binding to Mtf1, but seems to 

affect the fidelity of the transcription initiation complex and perhaps DNA binding.  We 

see little effect on the linear DNA with promoter sequence, since none of the polymerases 

(WT and NTD mutants) are able to initiate transcription without Mtf1 on this substrate.  

On the other hand, we see opposite results on the open bubble DNA.  Deletion of 159 

amino acid residues and onward have decreased polymerase activity, which is enhanced 

upon Mtf1 addition.  This implies that up to 320 amino acid residue deletion does not 

affect its catalytic activity, but is affecting some other function.  Mtf1 enhances the 

mutant’s polymerase activity, but the complex is not able to efficiently inhibit incorrect 
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initiation as the WT does.  This shows that the NTD is somehow involved in promoter 

sequence recognition together with Mtf1.  Again, this only seems to happen on the open 

bubble substrate, probably because Rpo41 readily initiates transcription at this site.  

Another reason could be related to what was suggested by Savkina et al. where Mtf1’s 

role may be involved in stabilizing the upstream promoter region (-6 position).  Pre-

melting this region may skip the necessity for Mtf1 to contribute to the fidelity.   

The opposite result observed in the open bubble transcription of NTD deletion 

mutant might be the result of weakening of DNA binding.  The AUC result showed that 

Mtf1 strengthens the Rpo41 to DNA binding.  Schinkel et al. also observed tighter 

binding with DNA when Rpo41 and Mtf1 were complexed [33].  The decreased activity 

on open bubble template may have been due to the decrease in binding affinity, which 

was increased when Mtf1 was added.  And if indeed Mtf1 and the NTD of Rpo41 are 

both required for the fidelity of transcription, it is understandable that we see increased 

activity but lower fidelity when Mtf1 is added.  The deletion of NTD may not be critical 

in transcription initiation, because promoter does not exist as a permanent open bubble 

and both Rpo41 and Mtf1 are present in vivo.   

The NTD deletion is critical in its role as the primase.  Our data supports previous 

studies by Wang et al. which shows that deletion of 185 N-terminal amino acid residues 

results in depletion of mtDNA, but minimal effect on transcription [44].  Our primase 

assay result is consistent with the transcription studies in that deletion of the NTD 

obliterates Rpo41’s ability to synthesize primers.  Mtf1 is able to rescue the primase 

activity of the NTD mutant.  Although this is the case in vitro, it is unclear whether or not 

Rpo41 is complexed with Mtf1 in vivo as the primase.  Rpo41-Mtf1 complex is readily 

formed, which was observed in the early studies of this transcription system [31, 32, 45] 

and also in our AUC result.  This does not mean that these two subunits always exist as a 
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complex, because Mtf1 dissociates from the transcription initiation complex when it 

transitions into elongation [69].  If we compare Wang and Shadel’s data (1999) to our in 

vitro study, we would expect to see little effect on mtDNA, since Mtf1 should be present 

in the cell.  And yet the result shows complete loss of mtDNA, which is the in vitro result 

from the NTD mutant without Mtf1.  The evidence suggests that Mtf1 is not bound to 

Rpo41 while functioning as the primase.  On the other hand, disruption of Mtf1 also 

results in loss of mtDNA [30, 46].  It is unclear if this is directly due to the lack of 

functional Mtf1, or if it is a downstream effect.   

There are no other functions of Mtf1 that has been reported, not even 

methyltransferase activity.  If mutations in either Rpo41 or Mtf1 result in loss of mtDNA 

and since it is the only RNA polymerase in the mitochondria, then no transcription occurs 

either [35].  It is interesting that NTD deletion has little effect on transcription [44].  

Mutation studies involving disruption of the mitochondrial RNA and mtDNA show that 

there are certain mutants that result in loss of mtRNA but not mtDNA, and some, both 

[3].  It is specifically mentioned that with mutants that lost both mtRNA and mtDNA,  

loss of mtRNA is observed first and that it is not the result of decrease in mtDNA.   

There is evidence that disruption of transcription may eventually affect mtDNA 

maintenance [44, 107].  Under this scenario, loss of mtDNA due to Mtf1 mutation could 

be the result of transcription malfunction.  This is also true of Rpo41 mutation, but NTD 

deletion does not seem to affect its transcription ability.   These evidence support the 

possibility that Mtf1 may not be involved in Rpo41’s primase activity.  The involvement 

of the human mtRNAP in replication has been tested and shown that it can synthesize 

lagging strand primer on a rolling circle replication but TFB2M, the Mtf1 homolog, was 

not used in the replisome [90, 91].  Although evidence suggests that Mtf1 is not 

necessary for Rpo41 to function as a primase, we cannot exclude that these two subunits 
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remain complexed.  The relationship between transcription and replication in the 

mitochondria is a topic that needs further elucidation.  While this issue needs clarity, the 

difference between Rpo41 and T7 RNAP polymerase is even clearer, since Rpo41 is 

involved in more than one function.  It also makes sense that it has a longer NTD and that 

it requires a specificity factor for fidelity and control. 

 

Comparison with human mtRNAP 

The structure of the human mtRNAP has been recently revealed by Ringel et al. 

[87].  The structure shows that the AT-rich recognition loop, also found in the T7 RNAP, 

is sequestered by the NTD, which implies the need for transcription factors [87].  The 

intercalating hairpin, responsible for promoter melting, is also repositioned, which is why 

TFB2M is required.  The paper suggests that the holoenzyme achieves promoter melting 

by either by TFB2M repositioning the intercalating hairpin, or by another mechanism that 

is not yet understood [87].  The promoter sequence utilized by the human mtRNAP and 

Rpo41 are different, so this mechanism may be slightly different between the two 

species.  Cross-linking study shows that Mtf1 interacts with the promoter at -3 to -4 

position of the promoter when bound to Rpo41 [86].   We have not yet obtained the 

structure of Rpo41-Mtf1 holoenzyme, but the structural information of the yeast 

transcription initiation complex will shed more light in the transcription initiation 

machinery, and give us more understanding of the detailed mechanism. 
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Appendix 

 

HAMPTON RESEARCH SCREENING KITS4 

Table A.1 Detergent Screen 1 Formulation 

Reagent # Detergent MW CMC [108] [Actual] [108] Type 

1 C12E9 avg. ~ 583 0.05 0.5 N 

2 C12E8 538.8 0.11 1.1 N 

3 n-Dodecyl-β-D-maltoside 510.6 0.17 1.7 N 

4 Sucrose monolaurate 524.6 0.30 3.0 N 

5 CYMAL®−6 508.5 0.56 5.6 N 

6 TRITON® X−100 650.0 0.90 9.0 N 

7 CTAB 364.46 1.00 10.0 I 

8 Big CHAP, Deoxy 862.1 1.40 14.0 N 

9 n-Decyl-β-D-maltoside 482.6 1.80 18.0 N 

10 LDAO 229.41 2.00 20.0 N 

11 CYMAL®−5 494.5 5.00 50.0 N 

12 ZWITTERGENT® 3-12 335.6 4.00 40.0 Z 

13 n-Nonyl-β-D-glucoside 306.4 6.50 65.0 N 

14 n-Octyl-β-D-thioglucoside 308.4 9.00 90.0 N 

15 DDAO 201.35 10.40 104.0 N 

16 HECAMEG® 335.4 19.50 195.0 N 

17 n-Octanoylsucrose 468.5 24.40 244.0 N 

18 n-Heptyl-β-D-thioglucopyranoside 294.4 30.00 300.0 N 

19 n-Octyl-β-D-glucoside 292.4 20.00 200.0 N 

20 CYMAL®−3 466.5 34.50 345.0 N 

21 C-HEGA®−10 377.5 35.00 350.0 N 

22 ZWITTERGENT® 3-10 307.6 40.00 400.0 Z 

23 MEGA®−8 321.4 79.00 790.0 N 

24 n-Hexyl-β-D-glucopyranoside 264.3 250.00 2500.0 N 

                                                 
4 www.hamptonresearch.com 
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Table A.2 Detergent Screen 2 formulation 

 

Reagent # Detergent MW CMC [108] [Actual] Type 

1 Pluronic® F-68 ~8350 None 10% w/v N 

2 Anapoe® 35 None None 10% v/v N 

3 n-Dodecyl-ß-D-maltotrioside 672.78 0.2 2 mM N 

4 Anapoe® 58 None None 10% v/v N 

5 Anapoe® X-114 None None 10% v/v N 

6 Anapoe® X-305 None None 10% v/v N 

7 Anapoe® X-405 None None 10% v/v N 

8 Anapoe® 20 1227.54 0.059 10% v/v N 

9 Anapoe® 80 1309.68 0.012 10% v/v N 

10 Anapoe® C10E6 427.10 0.9 10% v/v N 

11 Anapoe® C10E9 None None 10% v/v N 

12 Anapoe® C12E10 None None 10% v/v N 

13 Anapoe® C13E8 None None 10% v/v N 

14 IPTG 238.30 None 10% w/v N 

15 n-Dodecyl-N,N-dimethylglycine 271.40 1.5 15.0 mM Z 

16 HEGA-10 379.50 7.0 70.0 mM N 

17 C8E5 350.50 7.1 71.0 mM N 

18 CHAPS 614.90 8.0 80.0 mM Z 

19 CHAPSO 630.90 8.0 80.0 mM Z 

20 C-HEGA-11 391.50 11.5 115 mM N 

21 HEGA-9 365.50 39.0 390 mM N 

22 C-HEGA-9 363.50 108.0 1.08 M N 

23 HEGA-8 351.50 109.0 1.09 M N 

24 CYPFOS-3 293.30 180.0 1.80 M N 
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Table A.3 Detergent Screen 3 formulation 

 

Reagent # Detergent MW CMC [108] [Actual] [108] Type 

1 BAM 384.44 None 10% w/v I 

2 n-Hexadecyl-β-D-maltoside 566.6 0.0006 0.006 mM N 

3 n-Tetradecyl-β-D-maltoside 538.6 0.01 0.1 mM N 

4 n-Tridecyl-β-D-maltoside 524.6 0.033 0.33 mM N 

5 Thesit® 582.9 0.09 0.9 mM N 

6 ZWITTERGENT® 3-14 363.6 0.4 4.0 mM Z 

7 n-Undecyl-β-D-maltoside 496.6 0.59 5.9 mM N 

8 n-Decyl-β-D-thiomaltoside 498.6 0.9 9.0 mM N 

9 FOS-Choline® -12 351.5 1.5 15.0 mM Z 

10 n-Decanoylsucrose 496.6 2.5 25 mM N 

11 1-s-Nonyl-β-D-thioglucoside 322.4 2.9 29.0 mM N 

12 n-Nonyl-β-D-maltoside 484.6 3.2 32.0 mM N 

13 DDMAB 299.5 4.3 43.0 mM Z 

14 n-Nonyl-β-D-maltoside 468.4 6.0 60.0 mM N 

15 CYMAL® -4 480.5 7.6 76.0 mM N 

16 n-Octyl-β-D-thiomaltoside 470.6 9.0 90.0 mM N 

17 FOS-Choline® -10 323.4 13.0 130 mM Z 

18 FOS-Choline® -9 309.4 19.0 190 mM Z 

19 MEGA® -9 335.5 25.0 250 mM N 

20 1-s-Heptyl-β-D-thioglucoside 294.4 29.0 290 mM N 

21 FOS-Choline® -8 295.4 102.0 1.02 M Z 

22 CYMAL® -2 452.5 120.0 1.20 M N 

23 ZWITTERGENT® 3-08 279.6 330.0 3.30 M Z 

24 CYMAL® -1  438.5 340.0 3.4 M N 
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Table A.4 Crystal Screen 

 

 

1.   0.02 M Calcium chloride dihydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% v/v (+/-)-2-Methyl-2,4-pentanediol 

2.   0.4 M Potassium sodium tartrate tetrahydrate   
3.   0.4 M Ammonium phosphate monobasic 
4.   0.1 M Tris hydrochloride pH 8.5, 2.0 M Ammonium sulfate 
5.   0.2 M Sodium citrate tribasic dihydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v (+/-)-2-Methyl-2,4-pentanediol 
6.   0.2 M Magnesium chloride hexahydrate, 0.1 M Tris hydrochloride pH 8.5, 30% w/v Polyethylene glycol 4,000 
7.   0.1 M Sodium cacodylate trihydrate pH 6.5, 1.4 M Sodium acetate trihydrate 
8.   0.2 M Sodium citrate tribasic dihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% v/v 2-Propanol 
9.   0.2 M Ammonium acetate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 30% w/v Polyethylene glycol 4,000 
10. 0.2 M Ammonium acetate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% w/v Polyethylene glycol 4,000 
11. 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 1.0 M Ammonium phosphate monobasic 
12. 0.2 M Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v 2-Propanol 
13. 0.2 M Sodium citrate tribasic dihydrate, 0.1 M Tris hydrochloride pH 8.5, 30% v/v Polyethylene glycol 400 
14. 0.2 M Calcium chloride dihydrate, 0.1 M HEPES sodium pH 7.5, 28% v/v Polyethylene glycol 400 
15. 0.2 M Ammonium sulfate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% w/v Polyethylene glycol 8,000 
16. 0.1 M HEPES sodium pH 7.5, 1.5 M Lithium sulfate monohydrate 
17. 0.2 M Lithium sulfate monohydrate, 0.1 M Tris hydrochloride pH 8.5, 30% w/v Polyethylene glycol 4,000 
18. 0.2 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 20% w/v Polyethylene glycol 8,000 
19. 0.2 M Ammonium acetate, 0.1 M Tris hydrochloride pH 8.5, 30% v/v 2-Propanol 
20. 0.2 M Ammonium sulfate, 0.1 M Sodium acetate trihydrate pH 4.6, 25% w/v Polyethylene glycol 4,000 
21. 0.2 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% v/v (+/-)-2-Methyl-2,4-pentanediol 
22. 0.2 M Sodium acetate trihydrate, 0.1 M Tris hydrochloride pH 8.5, 30% w/v Polyethylene glycol 4,000 
23. 0.2 M Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v Polyethylene glycol 400 
24. 0.2 M Calcium chloride dihydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 20% v/v 2-Propanol 
25. 0.1 M Imidazole pH 6.5, 1.0 M Sodium acetate trihydrate 
26. 0.2 M Ammonium acetate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 30% v/v (+/-)-2-Methyl-2,4-pentanediol 
27. 0.2 M Sodium citrate tribasic dihydrate, 0.1 M HEPES sodium pH 7.5, 20% v/v 2-Propanol 
28. 0.2 M Sodium acetate trihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% w/v Polyethylene glycol 8,000 
29. 0.1 M HEPES sodium pH 7.5, 0.8 M Potassium sodium tartrate tetrahydrate 
30. 0.2 M Ammonium sulfate, 30% w/v Polyethylene glycol 8,000 
31. 0.2 M Ammonium sulfate, 30% w/v Polyethylene glycol 4,000 
32. 2.0 M Ammonium sulfate 
33. 4.0 M Sodium formate 
34. 0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Sodium formate 
35. 0.1 M HEPES sodium pH 7.5, 0.8 M Sodium phosphate monobasic monohydrate, 0.8 M Potassium phosphate monobasic 

36. 0.1 M Tris hydrochloride pH 8.5, 8% w/v Polyethylene glycol 8,000 
37. 0.1 M Sodium acetate trihydrate pH 4.6, 8% w/v Polyethylene glycol 4,000 
38. 0.1 M HEPES sodium pH 7.5, 1.4 M Sodium citrate tribasic dihydrate 
39. 0.1 M HEPES sodium pH 7.5, 2% v/v Polyethylene glycol 400, 2.0 M Ammonium sulfate 
40  0.1 M Sodium citrate tribasic dihydrate pH 5.6, 20% v/v 2-Propanol, 20% w/v Polyethylene glycol 4,000 
41. 0.1 M HEPES sodium pH 7.5, 10% v/v 2-Propanol, 20% w/v Polyethylene glycol 4,000 
42. 0.05 M Potassium phosphate monobasic, 20% w/v Polyethylene glycol 8,000 
43. 30% w/v Polyethylene glycol 1,500 
44. 0.2 M Magnesium formate dihydrate 
45. 0.2 M Zinc acetate dihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 18% w/v Polyethylene glycol 8,000 
46. 0.2 M Calcium acetate hydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5 , 18% w/v Polyethylene glycol 8,000 
47. 0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Ammonium sulfate 
48. 0.1 M Tris hydrochloride pH 8.5, 2.0 M Ammonium phosphate monobasic 
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1.	  	  	  	  0.1	  M	  Citric	  acid	  pH	  3.5,	  2.0	  M	  Ammonium	  sulfate	  	  	  

2.	  	  	  	  0.1	  M	  Sodium	  acetate	  trihydrate	  pH	  4.5,	  2.0	  M	  Ammonium	  sulfate	  

3.	  	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  2.0	  M	  Ammonium	  sulfate	  	  	  	  

4.	  	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  2.0	  M	  Ammonium	  sulfate	  	  	  	  	  

5.	  	  	  	  0.1	  M	  HEPES	  pH	  7.5,	  2.0	  M	  Ammonium	  sulfate	  	  	  	  	  

6.	  	  	  	  0.1	  M	  Tris	  pH	  8.5,	  2.0	  M	  Ammonium	  sulfate	  	  	  	  	  

7.	  	  	  	  0.1	  M	  Citric	  acid	  pH	  3.5,	  3.0	  M	  Sodium	  chloride	  	  	  	  

8.	  	  	  	  0.1	  M	  Sodium	  acetate	  trihydrate	  pH	  4.5,	  3.0	  M	  Sodium	  chloride	  	  	  	  

9.	  	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  3.0	  M	  Sodium	  chloride	  	  	  	  

10.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  3.0	  M	  Sodium	  chloride	  	  	  

11.	  	  	  0.1	  M	  HEPES	  pH	  7.5,	  3.0	  M	  Sodium	  chloride	  	  	  	  

12.	  	  	  0.1	  M	  Tris	  pH	  8.5,	  3.0	  M	  Sodium	  chloride	  	  	  	  

13.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  0.3	  M	  Magnesium	  formate	  dihydrate	  	  	  	  

14.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  0.5	  M	  Magnesium	  formate	  dihydrate	  	  	  	  

15.	  	  	  0.1	  M	  HEPES	  pH	  7.5,	  0.5	  M	  Magnesium	  formate	  dihydrate	  	  	  	  

16.	  	  	  0.1	  M	  Tris	  pH	  8.5,	  0.3	  M	  Magnesium	  formate	  dihydrate	  	  	  	  

17.	  	  	  1.4	  M	  Sodium	  phosphate	  monobasic	  monohydrate/Potassium	  phosphate	  dibasic	  pH	  5.6	  

18.	  	  	  1.4	  M	  Sodium	  phosphate	  monobasic	  monohydrate/Potassium	  phosphate	  dibasic	  pH	  6.9	  

19.	  	  	  1.4	  M	  Sodium	  phosphate	  monobasic	  monohydrate/Potassium	  phosphate	  dibasic	  pH	  8.2	  

20.	  	  	  0.1	  M	  HEPES	  pH	  7.5,	  1.4	  M	  Sodium	  citrate	  tribasic	  dihydrate	  

21.	  	  	  1.8	  M	  Ammonium	  citrate	  tribasic	  pH	  7.0	  	  	  	  

22.	  	  	  0.8	  M	  Succinic	  acid	  pH	  7.0	  	  	  	  

23.	  	  	  2.1	  M	  DL-‐Malic	  acid	  pH	  7.0	  	  	  

24.	  	  	  2.8	  M	  Sodium	  acetate	  trihydrate	  pH	  7.0	  	  	  	  

25.	  	  	  3.5	  M	  Sodium	  formate	  pH	  7.0	  	  	  	  

26.	  	  	  1.1	  M	  Ammonium	  tartrate	  dibasic	  pH	  7.0	  	  	  	  

27.	  	  	  2.4	  M	  Sodium	  malonate	  pH	  7.0	  	  	  	  

28.	  	  	  35%	  v/v	  Tacsimate	  pH	  7.0	  	  	  	  

29.	  	  	  60%	  v/v	  Tacsimate	  pH	  7.0	  	  	  

30.	  	  	  0.1	  M	  Sodium	  chloride,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  1.5	  M	  Ammonium	  sulfate	  	  	  	  

31.	  	  	  0.8	  M	  Potassium	  sodium	  tartrate	  tetrahydrate,	  0.1	  M	  Tris	  pH	  8.5,	  0.5%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  5,000	  	  	  	  

32.	  	  	  1.0	  M	  Ammonium	  sulfate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  1%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

33.	  	  	  1.1	  M	  Sodium	  malonate	  pH	  7.0,	  0.1	  M	  HEPES	  pH	  7.0,	  0.5%	  v/v	  Jeffamine	  ED-‐2001	  pH	  7.0	  	  	  	  

34.	  	  	  1.0	  M	  Succinic	  acid	  pH	  7.0,	  0.1	  M	  HEPES	  pH	  7.0,	  1%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  2,000	  	  	  	  

35.	  	  	  1.0	  M	  Ammonium	  sulfate	  ,	  0.1	  M	  HEPES	  pH	  7.0,	  0.5%	  w/v	  Polyethylene	  glycol	  8,000	  	  	  

36.	  	  	  15%	  v/v	  Tacsimate	  pH	  7.0,	  0.1	  M	  HEPES	  pH	  7.0,	  2%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

37.	  	  	  25%	  w/v	  Polyethylene	  glycol	  1,500	  	  	  

38.	  	  	  0.1	  M	  HEPES	  pH	  7.0,	  30%	  v/v	  Jeffamine	  M-‐600	  pH	  7.0	  	  	  	  

39.	  	  	  0.1	  M	  HEPES	  pH	  7.0,	  30%	  v/v	  Jeffamine	  ED-‐2001	  pH	  7.0	  	  	  	  

40.	  	  	  0.1	  M	  Citric	  acid	  pH	  3.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

41.	  	  	  0.1	  M	  Sodium	  acetate	  trihydrate	  pH	  4.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

42.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

43.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

44.	  	  	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

45.	  	  	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

46.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  20%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  5,000	  	  	  	  

47.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  28%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  2,000	  	  	  	  

48.	  	  	  0.2	  M	  Calcium	  chloride	  dihydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  	  
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49.	  	  	  0.2	  M	  Calcium	  chloride	  dihydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  	  

50.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  

51.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  	  

52.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  HEPES	  pH	  7.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  	  

53.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  Tris	  pH	  8.5,	  45%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  	  	  	  

54.	  	  	  0.05	  M	  Calcium	  chloride	  dihydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  30%	  v/v	  Polyethylene	  glycol	  monomethyl	  ether	  550	  	  	  	  

55.	  	  	  0.05	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  HEPES	  pH	  7.5,	  30%	  v/v	  Polyethylene	  glycol	  monomethyl	  ether	  550	  	  	  	  

56.	  	  	  0.2	  M	  Potassium	  chloride,	  0.05	  M	  HEPES	  pH	  7.5,	  35%	  v/v	  Pentaerythritol	  propoxylate	  (5/4	  PO/OH)	  	  	  

57.	  	  	  0.05	  M	  Ammonium	  sulfate	  ,	  0.05	  M	  BIS-‐TRIS	  pH	  6.5,	  30%	  v/v	  Pentaerythritol	  ethoxylate	  (15/4	  EO/OH)	  	  	  

58.	  	  	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  45%	  v/v	  Polypropylene	  glycol	  P	  400	  	  	  

59.	  	  	  0.02	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  HEPES	  pH	  7.5,	  22%	  w/v	  Polyacrylic	  acid	  sodium	  salt	  5,100	  	  	  

60.	  	  	  0.01	  M	  Cobalt[94]	  chloride	  hexahydrate,	  0.1	  M	  Tris	  pH	  8.5,	  20%	  w/v	  Polyvinylpyrrolidone	  K	  15	  	  

61.	  	  	  0.2	  M	  L-‐Proline,	  0.1	  M	  HEPES	  pH	  7.5,	  10%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

62.	  	  	  0.2	  M	  Trimethylamine	  N-‐oxide	  dihydrate,	  0.1	  M	  Tris	  pH	  8.5,	  20%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  2,000	  	  	  	  

63.	  	  	  5%	  v/v	  Tacsimate	  pH	  7.0,	  0.1	  M	  HEPES	  pH	  7.0,	  10%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  5,000	  	  	  	  
64.	  	  	  0.005	  M	  Cobalt[94]	  chloride	  hexahydrate,	  0.005	  M	  Nickel[94]	  chloride	  hexahydrate,	  0.005	  M	  Cadmium	  chloride	  hydrate,	  0.005	  M	  
Magnesium	  chloride	  hexahydrate,	  0.1	  M	  HEPES	  pH	  7.5,	  12%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

65.	  	  	  0.1	  M	  Ammonium	  acetate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  17%	  w/v	  Polyethylene	  glycol	  10,000	  	  	  	  

66.	  	  	  0.2	  M	  Ammonium	  sulfate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

67.	  	  	  0.2	  M	  Ammonium	  sulfate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

68.	  	  	  0.2	  M	  Ammonium	  sulfate,	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

69.	  	  	  0.2	  M	  Ammonium	  sulfate,	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

70.	  	  	  0.2	  M	  Sodium	  chloride,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

71.	  	  	  0.2	  M	  Sodium	  chloride,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

72.	  	  	  0.2	  M	  Sodium	  chloride,	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

73.	  	  	  0.2	  M	  Sodium	  chloride,	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

74.	  	  	  0.2	  M	  Lithium	  sulfate	  monohydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

75.	  	  	  0.2	  M	  Lithium	  sulfate	  monohydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

76.	  	  	  0.2	  M	  Lithium	  sulfate	  monohydrate,	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

77.	  	  	  0.2	  M	  Lithium	  sulfate	  monohydrate,	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

78.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

79.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

80.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

81.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

82.	  	  	  0.2	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  5.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

83.	  	  	  0.2	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  BIS-‐TRIS	  pH	  6.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

84.	  	  	  0.2	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  HEPES	  pH	  7.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

85.	  	  	  0.2	  M	  Magnesium	  chloride	  hexahydrate,	  0.1	  M	  Tris	  pH	  8.5,	  25%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

86.	  	  	  0.2	  M	  Potassium	  sodium	  tartrate	  tetrahydrate,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

87.	  	  	  0.2	  M	  Sodium	  malonate	  pH	  7.0,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

88.	  	  	  0.2	  M	  Ammonium	  citrate	  tribasic	  pH	  7.0,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

89.	  	  	  0.1	  M	  Succinic	  acid	  pH	  7.0,	  15%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

90.	  	  	  0.2	  M	  Sodium	  formate,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  

91.	  	  	  0.15	  M	  DL-‐Malic	  acid	  pH	  7.0,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

92.	  	  	  0.1	  M	  Magnesium	  formate	  dihydrate,	  15%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

93.	  	  	  0.05	  M	  Zinc	  acetate	  dihydrate,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

94.	  	  	  0.2	  M	  Sodium	  citrate	  tribasic	  dihydrate,	  20%	  w/v	  Polyethylene	  glycol	  3,350	  	  	  	  

95.	  	  	  0.1	  M	  Potassium	  thiocyanate,	  30%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  2,000	  	  	  	  

96.	  	  	  0.15	  M	  Potassium	  bromide,	  30%	  w/v	  Polyethylene	  glycol	  monomethyl	  ether	  2,000	  	  	  	  
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Table A.7 Natrix (1 of 2) 

1.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  1.8	  M	  Lithium	  sulfate	  
monohydrate	  

2.	  	  	  0.01	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  2.5	  M	  Ammonium	  sulfate	  	  
3.	  	  	  0.1	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  20	  %	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐
pentanediol	  
4.	  	  	  0.2	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  sulfate	  heptahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  10	  %	  v/v	  
Polyethylene	  glycol	  400	  
5.	  	  	  0.2	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  5	  %	  w/v	  
Polyethylene	  glycol	  8,000	  
6.	  	  	  0.1	  M	  Ammonium	  sulfate	  ,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  5.6,	  20	  %	  
w/v	  Polyethylene	  glycol	  8,000	  

7.	  	  	  0.02	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  6.0,	  15	  %	  v/v	  2-‐Propanol	  
8.	  	  	  0.1	  M	  Ammonium	  acetate,	  0.005	  M	  Magnesium	  sulfate	  heptahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  6.0,	  0.6	  M	  
Sodium	  chloride	  
9.	  	  	  0.1	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  6.0,	  10	  %	  
v/v	  Polyethylene	  glycol	  400	  
10.	  	  	  0.005	  M	  Magnesium	  sulfate	  heptahydrate,	  0.05	  M	  MES	  monohydrate	  pH	  6.0,	  5	  %	  w/v	  Polyethylene	  glycol	  
4,000	  
11.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  1.0	  M	  Lithium	  sulfate	  
monohydrate	  
12.	  	  	  0.01	  M	  Magnesium	  sulfate	  heptahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  1.8	  M	  Lithium	  sulfate	  
monohydrate	  
13.	  	  	  0.015	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  1.7	  M	  Ammonium	  
sulfate	  	  
14.	  	  	  0.1	  M	  Potassium	  chloride,	  0.025	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  
pH	  6.0,	  15	  %	  v/v	  2-‐Propanol	  
15.	  	  	  0.04	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  5	  %	  v/v	  (+/-‐)-‐2-‐
Methyl-‐2,4-‐pentanediol	  
16.	  	  	  0.04	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  30	  %	  v/v	  (+/-‐)-‐2-‐
Methyl-‐2,4-‐pentanediol	  
17.	  	  	  0.2	  M	  Potassium	  chloride,	  0.01	  M	  Calcium	  chloride	  dihydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.0,	  10	  
%	  w/v	  Polyethylene	  glycol	  4,000	  
18.	  	  	  0.01	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.5,	  1.3	  M	  Lithium	  sulfate	  
monohydrate	  
19.	  	  	  0.01	  M	  Magnesium	  sulfate	  heptahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.5,	  2.0	  M	  Ammonium	  
sulfate	  	  
20.	  	  	  0.1	  M	  Ammonium	  acetate,	  0.015	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  
pH	  6.5,	  10	  %	  v/v	  2-‐Propanol	  
21.	  	  	  0.2	  M	  Potassium	  chloride,	  0.005	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  
pH	  6.5,	  0.9	  M	  1,6-‐Hexanediol	  
22.	  	  	  0.08	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.5,	  15	  %	  v/v	  Polyethylene	  
glycol	  400	  
23.	  	  	  0.2	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  
6.5,	  10	  %	  w/v	  Polyethylene	  glycol	  4,000	  
24.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.01	  M	  Calcium	  chloride	  dihydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.5,	  
10	  %	  w/v	  Polyethylene	  glycol	  4,000	  
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Table A.8 Natrix (2 of 2) 

25.	  	  	  0.08	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  6.5,	  30	  %	  w/v	  Polyethylene	  	  	  
glycol	  4,000	  
26.	  	  	  0.2	  M	  Potassium	  chloride,	  0.1	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  
6.5,	  10	  %	  w/v	  Polyethylene	  glycol	  8,000	  
27.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.01	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  Sodium	  cacodylate	  trihydrate	  pH	  
6.5,	  30	  %	  w/v	  Polyethylene	  glycol	  8,000	  

28.	  	  	  0.05	  M	  Magnesium	  sulfate	  hydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  1.6	  M	  Lithium	  sulfate	  monohydrate	  

29.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  4.0	  M	  Lithium	  chloride	  

30.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  1.6	  M	  Ammonium	  sulfate	  	  
31.	  	  	  0.005	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  25	  %	  v/v	  Polyethylene	  glycol	  
monomethyl	  ether	  550	  
32.	  	  	  0.2	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  1.7	  M	  1,6-‐
Hexanediol	  
33.	  	  	  0.2	  M	  Ammonium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  2.5	  M	  
1,6-‐Hexanediol	  
34.	  	  	  0.1	  M	  Potassium	  chloride,	  0.005	  M	  Magnesium	  sulfate	  hydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  15	  %	  v/v	  (+/-‐)-‐
2-‐Methyl-‐2,4-‐pentanediol	  
35.	  	  	  0.1	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  5	  %	  v/v	  
Polyethylene	  glycol	  400	  
36.	  	  	  0.1	  M	  Potassium	  chloride,	  0.01	  M	  Calcium	  chloride	  dihydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  10	  %	  v/v	  
Polyethylene	  glycol	  400	  
37.	  	  	  0.2	  M	  Potassium	  chloride,	  0.025	  M	  Magnesium	  sulfate	  hydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  20	  %	  v/v	  
Polyethylene	  glycol	  200	  
38.	  	  	  0.2	  M	  Ammonium	  acetate,	  0.15	  M	  Magnesium	  acetate	  tetrahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  5	  %	  w/v	  
Polyethylene	  glycol	  4,000	  
39.	  	  	  0.1	  M	  Ammonium	  acetate,	  0.02	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  HEPES	  Sodium	  pH	  7.0,	  5	  %	  w/v	  
Polyethylene	  glycol	  8,000	  

40.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  7.5,	  1.6	  M	  Ammonium	  sulfate	  	  
41.	  	  	  0.1	  M	  Potassium	  chloride,	  0.015	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  7.5,	  10	  %	  
v/v	  Polyethylene	  glycol	  monomethyl	  ether	  550	  

42.	  	  	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  7.5,	  5	  %	  v/v	  2-‐Propanol	  
43.	  	  	  0.05	  M	  Ammonium	  acetate,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  7.5,	  10	  %	  
v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	  
44.	  	  	  0.2	  M	  Potassium	  chloride,	  0.05	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  7.5,	  10	  %	  
w/v	  Polyethylene	  glycol	  4,000	  

45.	  	  	  0.025	  M	  Magnesium	  sulfate	  hydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  8.5,	  1.8	  M	  Ammonium	  sulfate	  	  

46.	  	  	  0.005	  M	  Magnesium	  sulfate	  hydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  8.5,	  2.9	  M	  1,6-‐Hexanediol	  
47.	  	  	  0.1	  M	  Potassium	  chloride,	  0.01	  M	  Magnesium	  chloride	  hexahydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  8.5,	  30	  %	  
v/v	  Polyethylene	  glycol	  400	  
48.	  	  	  0.2	  M	  Ammonium	  chloride,	  0.01	  M	  Calcium	  chloride	  dihydrate,	  0.05	  M	  TRIS	  hydrochloride	  pH	  8.5,	  30	  %	  w/v	  
Polyethylene	  glycol	  4,000	  
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Table A.9 Additive Screen (1 of 2) 

1.	  	  	  	  (A1)	  	  0.1	  M	  Barium	  chloride	  dihydrate	   Multivalent	  

2.	  	  	  	  (A2)	  0.1	  M	  Cadmium	  chloride	  hydrate	   Multivalent	  

3.	  	  	  	  (A3)	  0.1	  M	  Calcium	  chloride	  dihydrate	   Multivalent	  

4.	  	  	  	  (A4)	  0.1	  M	  Cobalt[94]	  chloride	  hexahydrate	   Multivalent	  

5.	  	  	  	  (A5)	  0.1	  M	  Copper[94]	  chloride	  dihydrate	   Multivalent	  

6.	  	  	  	  (A6)	  0.1	  M	  Magnesium	  chloride	  hexahydrate	   Multivalent	  

7.	  	  	  	  (A7)	  0.1	  M	  Manganese[94]	  chloride	  tetrahydrate	  	   Multivalent	  

8.	  	  	  	  (A8)	  0.1	  M	  Strontium	  chloride	  hexahydrate	   Multivalent	  

9.	  	  	  	  (A9)	  0.1	  M	  Yttrium(III)	  chloride	  hexahydrate	   Multivalent	  

10.	  	  	  (A10)	  0.1	  M	  Zinc	  chloride	   Multivalent	  

11.	  	  	  	  (A11)	  	  0.1	  M	  Iron(III)	  chloride	  hexahydrate	   Multivalent	  

12.	  	  	  (A12)	  0.1	  M	  Nickel[94]	  chloride	  hexahydrate	   Multivalent	  

13.	  	  	  (B1)	  0.1	  M	  Chromium(III)	  chloride	  hexahydrate	   Multivalent	  

14.	  	  	  (B2)	  0.1	  M	  Praseodymium(III)	  acetate	  hydrate	   Multivalent	  

15.	  	  	  (B3)	  1.0	  M	  Ammonium	  sulfate	   Salt	  

16.	  	  	  (B4)	  1.0	  M	  Potassium	  chloride	   Salt	  

17.	  	  	  (B5)	  1.0	  M	  Lithium	  chloride	   Salt	  

18.	  	  	  (B6)	  2.0	  M	  Sodium	  chloride	   Salt	  

19.	  	  	  (B7)	  0.5	  M	  Sodium	  fluoride	   Salt	  

20.	  	  (B8)	  1.0	  M	  Sodium	  iodide	   Salt	  

21.	  	  	  (B9)	  2.0	  M	  Sodium	  thiocyanate	   Salt	  

22.	  	  (B10)	  1.0	  M	  Potassium	  sodium	  tartrate	  tetrahydrate	   Salt	  

23.	  	  (B11)	  1.0	  M	  Sodium	  citrate	  tribasic	  dihydrate	   Salt	  

24.	  	  (B12)	  1.0	  M	  Cesium	  chloride	   Salt	  

25.	  	  (C1)	  1.0	  M	  Sodium	  malonate	  pH	  7.0	   Salt	  

26.	  	  (C2)	  0.1	  M	  L-‐Proline	   Amino	  Acid	  

27.	  	  (C3)	  0.1	  M	  Phenol	   Dissociating	  Agent	  

28.	  	  (C4)	  30%	  v/v	  Dimethyl	  sulfoxide	   Dissociating	  Agent	  

29.	  	  (C5)	  0.1	  M	  Sodium	  bromide	   Dissociating	  Agent	  

30.	  	  (C6)	  30%	  w/v	  6-‐Aminohexanoic	  acid	   Linker	  

31.	  	  	  (C7)	  30%	  w/v	  1,5-‐Diaminopentane	  dihydrochloride	   Linker	  

32.	  	  (C8)	  30%	  w/v	  1,6-‐Diaminohexane	   Linker	  

33.	  	  (C9)	  30%	  w/v	  1,8-‐Diaminooctane	   Linker	  

34.	  	  (C10)	  1.0	  M	  Glycine	   Linker	  

35.	  	  (C11)	  0.3	  M	  Glycyl-‐glycyl-‐glycine	   Linker	  

36.	  	  (C12)	  0.1	  M	  Taurine	   Linker	  

37.	  	  (D1)	  0.1	  M	  Betaine	  hydrochloride	   Linker	  

38.	  	  (D2)	  0.1	  M	  Spermidine	   Polyamine	  

39.	  	  (D3)	  0.1	  M	  Spermine	  tetrahydrochloride	   Polyamine	  

40.	  	  (D4)	  0.1	  M	  Hexammine	  cobalt(III)	  chloride	   Polyamine	  

41.	  	  	  (D5)	  0.1	  M	  Sarcosine	   Polyamine	  

42.	  	  (D6)	  0.1	  M	  Trimethylamine	  hydrochloride	   Chaotrope	  

43.	  	  (D7)	  1.0	  M	  Guanidine	  hydrochloride	   Chaotrope	  

44.	  	  (D8)	  0.1	  M	  Urea	   Chaotrope	  

45.	  	  (D9)	  0.1	  M	  β-‐Nicotinamide	  adenine	  dinucleotide	  hydrate	   Co-‐factor	  

46.	  	  (D10)	  0.1	  M	  Adenosine-‐5’-‐triphosphate	  disodium	  salt	  hydrate	   Co-‐factor	  

47.	  	  (D11)	  0.1	  M	  TCEP	  hydrochloride	   Reducing	  Agent	  

48.	  	  (D12)	  0.01	  M	  GSH	  (L-‐Glutathione	  reduced),	  0.01	  M	  GSSG	  (L-‐Glutathione	  oxidized)	   Reducing	  Agent	  
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Table A.10 Additive Screen (2 of 2) 

 
49.	  	  (E1)	  0.1	  M	  Ethylenediaminetetraacetic	  acid	  disodium	  salt	  dihydrate	   Chelating	  Agent	  

50.	  	  (E2)	  5%	  w/v	  Polyvinylpyrrolidone	  K15	   Polymer	  

51.	  	  	  (E3)	  30%	  w/v	  Dextran	  sulfate	  sodium	  salt	   Polymer	  

52.	  	  (E4)	  40%	  v/v	  Pentaerythritol	  ethoxylate	  (3/4	  EO/OH)	   Polymer	  

53.	  	  (E5)	  10%	  w/v	  Polyethylene	  glycol	  3,350	   Polymer	  

54.	  	  (E6)	  30%	  w/v	  D-‐(+)-‐Glucose	  monohydrate	   Carbohydrate	  

55.	  	  (E7)	  30%	  w/v	  Sucrose	   Carbohydrate	  

56.	  	  (E8)	  30%	  w/v	  Xylitol	   Carbohydrate	  

57.	  	  (E9)	  30%	  w/v	  D-‐Sorbitol	   Carbohydrate	  

58.	  	  (E10)	  12%	  w/v	  myo-‐Inositol	   Carbohydrate	  

59.	  	  (E11)	  30%	  w/v	  D-‐(+)-‐Trehalose	  dihydrate	   Carbohydrate	  

60.	  	  (E12)	  30%	  w/v	  D-‐(+)-‐Galactose	   Carbohydrate	  

61.	  	  	  (F1)	  30%	  v/v	  Ethylene	  glycol	   Polyol	  

62.	  	  (F2)	  30%	  v/v	  Glycerol	   Polyol	  

63.	  	  (F3)	  3.0	  M	  NDSB-‐195	   Non-‐detergent	  

64.	  	  (F4)	  2.0	  M	  NDSB-‐201	   Non-‐detergent	  

65.	  	  (F5)	  2.0	  M	  NDSB-‐211	   Non-‐detergent	  

66.	  	  (F6)	  2.0	  M	  NDSB-‐221	   Non-‐detergent	  

67.	  	  (F7)	  1.0	  M	  NDSB-‐256	   Non-‐detergent	  

68.	  	  (F8)	  0.15	  mM	  CYMAL®-‐7	   Amphiphile	  

69.	  	  (F9)	  20%	  w/v	  Benzamidine	  hydrochloride	   Amphiphile	  

70.	  	  (F10)	  5%	  w/v	  n-‐Dodecyl-‐N,N-‐dimethylamine-‐N-‐oxide	   Detergent	  

71.	  	  	  (F11)	  5%	  w/v	  n-‐Octyl-‐β-‐D-‐glucoside	   Detergent	  

72.	  	  (F12)	  5%	  w/v	  n-‐Dodecyl-‐β-‐D-‐maltoside	   Osmolyte	  

73.	  	  (G1)	  30%	  w/v	  Trimethylamine	  N-‐oxide	  dihydrate	   Organic,	  Non-‐volatile	  

74.	  	  (G2)	  30%	  w/v	  1,6-‐Hexanediol	   Organic,	  Non-‐volatile	  

75.	  	  (G3)	  30%	  v/v	  (+/-‐)-‐2-‐Methyl-‐2,4-‐pentanediol	   Organic,	  Non-‐volatile	  

76.	  	  (G4)	  50%	  v/v	  Polyethylene	  glycol	  400	   Organic,	  Non-‐volatile	  

77.	  	  (G5)	  50%	  v/v	  Jeffamine	  M-‐600	  pH	  7.0	   Organic,	  Non-‐volatile	  

78.	  	  (G6)	  40%	  v/v	  2,5-‐Hexanediol	   Organic,	  Non-‐volatile	  

79.	  	  (G7)	  40%	  v/v	  (±)-‐1,3-‐Butanediol	   Organic,	  Non-‐volatile	  

80.	  	  (G8)	  40%	  v/v	  Polypropylene	  glycol	  P	  400	   Organic,	  Non-‐volatile	  

81.	  	  	  (G9)	  30%	  v/v	  1,4-‐Dioxane	   Organic,	  Volatile	  

82.	  	  (G10)	  30%	  v/v	  Ethanol	   Organic,	  Volatile	  

83.	  	  (G11)	  30%	  v/v	  2-‐Propanol	   Organic,	  Volatile	  

84.	  	  (G12)	  30%	  v/v	  Methanol	   Organic,	  Volatile	  

85.	  	  (H1)	  10%	  v/v	  1,2-‐Butanediol	   Organic,	  Volatile	  

86.	  	  (H2)	  40%	  v/v	  tert-‐Butanol	   Organic,	  Volatile	  

87.	  	  (H3)	  40%	  v/v	  1,3-‐Propanediol	   Organic,	  Volatile	  

88.	  	  (H4)	  40%	  v/v	  Acetonitrile	   Organic,	  Volatile	  

89.	  	  (H5)	  40%	  v/v	  Formamide	   Organic,	  Volatile	  

90.	  	  (H6)	  40%	  v/v	  1-‐Propanol	   Organic,	  Volatile	  

91.	  	  	  (H7)	  5%	  v/v	  Ethyl	  acetate	   Organic,	  Volatile	  

92.	  	  (H8)	  40%	  v/v	  Acetone	   Organic,	  Volatile	  

93.	  	  (H9)	  0.25%	  v/v	  Dichloromethane	   Organic,	  Volatile	  

94.	  	  (H10)	  7%	  v/v	  1-‐Butanol	   Organic,	  Volatile	  

95.	  	  (H11)	  40%	  v/v	  2,2,2-‐Trifluoroethanol	   Organic,	  Volatile	  

96.	  	  (H12)	  40%	  v/v	  1,1,1,3,3,3-‐Hexafluoro-‐2-‐propanol	   Organic,	  Volatile	  
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