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ABSTRACT 

The archaeal transcription machinery shows high similarity with the eucaryal 

RNAP II system.  Three archaeal homologues of eucaryal transcription factors, TBP 

(TATA box Binding Protein), TFB (Transcription Factor B) and the α subunit of TFE 

(Transcription Factor E) have been found.  Other transcription factors are believed to 

participate in archaeal transcription initiation.  A protocol has been developed to 

selectively retrieve transcription related proteins from cell extract of the archaeon 

Pyrococcus furiosus (Pf).  A number of proteins including the Pf TFB were retrieved 

from the cell extract and identified.   
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CHAPTER 1 

INTRODUCTION 

 

1.1. Archaea 

With the recognition of Archaea, cellular organisms on earth are now divided into three 

domains of life: Bacteria, Eucarya and Archaea [Woese et al., 1977, 1990; Winker et al., 

1991].  

Although archaea are now found to thrive in a variety of habitats, they are recognized 

mostly by their ability to survive extreme conditions such as hot springs and extremely acidic 

or salty aqueous environments.  Archaea are single-celled organisms, sharing some 

characteristics with both bacteria and eucarya.  Like bacteria, archaea do not have a nucleus 

and their genetic material is a single circular DNA molecule.  Together they were once 

referred to as prokaryotes.  However, genetic studies have distinguished archaea from 

bacteria and revealed a closer relationship between archaea with eucarya.  Fig. 1.1 is the 

phylogenetic tree constructed on the basis of comparative sequence analysis of 16S rRNA 

genes [Woese et al., 1990; Winker et al., 1991].   

 

1.2. Transcription in Archaea 

Transcription is the synthesis of RNA under the direction of DNA used by all three 

domains of life (Fig. 1.2).   

The synthesis of RNA is catalyzed by a group of enzymes called RNA polymerase 

(RNAP).  Bacteria have one type of RNAP that catalyzes the synthesis of all types of RNA. 
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Fig. 1.1 The phylogenetic tree of cellular organisms [adopted from Doolittle, 1999; Woese, 

2000].  The red highlighted branch is the group to which the organism studied in this paper 

belongs. 
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Fig. 1.2 Schematic illustration of eucaryal transcription mechanism 
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Eucarya have three types of RNAP: RNAP I, II and III for different types of RNAs (rRNA, 

mRNA, tRNA, respectively).  Archaea, like bacteria, are equipped with only one type of 

RNAP.  However, the archaeal transcription machinery shows high similarity with the 

eucaryal RNAP II system [Reviewed by Soppa, 1999, Bell et al., 2001].  Fig 1.3 is a 

comparison of transcription systems of the three domains.  The bacterial RNAP consists of 

four subunits (α2ββ’).  Both archaeal and eucaryal RNAP have 10-14 essential subunits 

including two largest subunits homologous to the β and β’ subunits of bacterial RNAP.  The 

promoter elements in archaea also resemble eucarya.  A consensus TA-rich sequence similar 

to the TATA box in eucaryal promoters has been recognized at -25 to -30 bp relative to the 

transcription start site in archaeal genes.  Another consensus sequence upstream of the TATA 

box, the transcription factor B recognition element (BRE), was also identified in archaeal 

promoters [Soppa, 1999; Bell et al., 2001].  In contrast, the bacterial promoter has two 

consensus sequences centered at -10 and -35 bp upstream of the transcription start site [Soppa, 

1999].  These two sequences are recognized by a family of proteins called σ factor. 

Proteins that assist or inhibit RNA polymerase in initiation and maintenance of 

transcription are called transcription factors.  In bacteria, the σ factor binds to the RNAP 

first then the complex will recognize the promoter elements and initiate transcription [Soppa, 

1999; Bell et al., 2001].  In archaea as well as eucarya, transcription factors bind to the 

promoter stepwise to form a pre-initiation complex (PIC).  This PIC will then recruit the 

RNAP to the transcription start site [Soppa, 1999; Bell et al., 2001].  Although there are as 

many as six transcription factors in the eucaryal PIC, only three archaeal homologues of these 

eucarya transcription factors have been identified: TBP (TATA-box Binding Protein), TFB 
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Fig 1.3 Comparison of transcription machinery in bacteria, archaea and eucarya class II 

RNAP system.  The color coding of the subunits of RNA polymerase, transcription factors 

and promoter elements represents their sequence homology.  The same color is used to 

highlight homologous components in each transcription system.   
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(Transcription Factor B) and the α subunit of TFE (Transcription Factor E).  The 

reconstructed archaeal PIC looks like a simplified version of the eucaryal PIC, containing 

only TBP and TFB [Thomm, 1996].  TFE does not directly interact with the DNA; its 

possible function is to facilitate transcription initiation in vivo under sub-optimal conditions 

[Bell et al., 2000].   

 

1.3. The Fishing Expedition 

In archaea, in vitro transcription can be initiated with TBP, TFB, and RNAP alone from a 

TATA-box promoter for archaea [Soppa, 1999].  TBP, TF(II)B and RNAP are also sufficient 

to initiate in vitro transcription for eucarya [Qureshi et al., 1997].  However, there are other 

transcription factors involved in eucaryal transcription in vivo (TF(II)A, TF(II)F, TF(II)H, 

etc.).  Given the facts above, we believe there are additional transcription factors in archaea.  

We have developed a pull-down analysis to “fish” out possible transcription factors from the 

cell extract of Pyrococcus furiosus (Pf) based on the technique of magnetic bead DNA 

affinity purification of proteins [Gabrielsen et al., 1989].  An immobilized promoter DNA 

fragment is incubated with cell extract solution.  By protein-DNA or protein-protein 

interactions, transcription factors and other transcription related proteins are expected to bind 

to form a complete PIC, which is then separated from the cell extract.  A number of proteins 

have been retrieved from the cell extract by this way, and identified by mass spectrometry.  

Among the identified proteins is the transcription factor B.  Sequence analysis has been 

carried out for other identified proteins to identify their possible function during transcription.  
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CHAPTER 2 

ELECTROPHORETIC MOBILITY-SHIFT ASSAY (EMSA) OF RECOMBINANT 

PYROCOCCUS FURIOSUS TRANSCRIPTION FACTORS WITH PROMOTER DNA 

FRAGMENT 

 

2.1. Materials and Methods 

DNA oligonucleotides were purchased from IDT (Integrated DNA Technology, 

Coralville, IA).  Recombinant Pyrococcus furiosus (Pf) transcription factors (TBP, TFB, 

TFEα) and were expressed and purified by former Scott group members [Chen, 2000].  All 

other chemicals were analytical grade. 

A 95-base pair double stranded DNA fragment with the sequence from -65 to +30 

(relative to the transcription start site) of the Pf glutamate dehydrogenase gene (Pf gdh), 

which contains the TATA box and BRE, was chosen as the template.  The sequence of the 

coding strand is: 

(-65)-5'-AAACAAAAGGATTTCCACTCTTGTTTACCGAAAGCTTTATATAGGCTATTG

ACCCAAAAATGTATCGCCAATCACCTAATTTGGAGGGATGAACAT-3'-(+30)  

The promoter elements, TATA box (blue) and BRE (brown) are underlined.    marks the 

transcription start site. 

EMSA experiments were performed by mixing together TBP, TFB and DNA fragment in 

EMSA reaction buffer (50 mM Tris·HCl/ 100 mM KCl/5% glycerol/ 1 mM DTT/ 1 mM 

EDTA/ 5 µg·mL-1 poly(dG·dC) / 0.2 mg·mL-1 BSA, pH=7.5).  After incubation at 37ºC, 55ºC 

or 75ºC for 30 min, the mixtures were loaded onto 5% TBE gels (BIO-RAD, Hercules, CA) 
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and run in TBE buffer (89 mM Tris·HCl/ 89 mM boric acid/ 2 mM EDTA, pH 8.0).  Gels 

were stained with ethidium bromide [Chen, 2000].  

 

2.2. Results and Discussion 

Fig. 2.1 shows the EMSA results at three different temperatures.  The presence of an 

additional ethidium bromide stained band at an effective molecular weight of >300 bp 

indicates the formation of a protein-DNA complex in the presence of TBP and TFB.  No 

shift can be observed in reactions performed at room temperature (results not shown).  A 

shift can be seen in the reactions at 37ºC, 55ºC and 75ºC.  55ºC was thus chosen as the 

temperature for later experiments, a temperature high enough to activate the recombinant 

proteins without damaging the integrity of TFB or denaturing the DNA [Bartlett et al., 2000].  

The effect of protein concentrations was also studied and the results are shown in Fig. 2.2.  

No shift was observed in reactions containing only TBP or only TFB.  Neither protein can 

form a stable protein-DNA complex alone under the studied conditions.  Complete 

formation of the protein-DNA complex requires protein/DNA ratios well above 1:1.  For 

TFB, when TFB: DNA≤1, only a very faint shifted band can be seen even with an 

overwhelmingly high TBP concentration (lanes 3 and 4, Fig 2.2a.  TBP:DNA=171:1, 

TFB:DNA=0.5:1 and 1:1, respectively).  At TFB:DNA=3, the reaction is still not complete; 

unbound DNA can still be seen (TBP:DNA=171:1, lane 8, Fig. 2.2 a).  When the TFB:DNA 

was fixed at 2:1, to see an obvious shifted band, TBP:DNA needed to be at least 1 and 

intensity of the shift band began to appear stronger than the unbound1 DNA band only when 

TBP:DNA≥5(lanes 5, 6, 7 and 8, Fig 2.2b.  TFB:DNA=2:1, TBP:DNA=5:1, 10:1, 50:1 and 
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Fig. 2.1 Electrophoretic Mobility-Shift Assay of Pf TBP, Pf TFB and promoter DNA fragment 

at three different temperatures.  0.136 µM promoter DNA, 24 µM Pf TBP, 0.48 µM Pf TFB 

were mixed in 50 µL EMSA reaction buffer (50 mM Tris·HCl (pH 7.5 at 25ºC) / 100 mM KCl 

/ 5% glycerol / 1mM DTT / 1mM EDTA / 5 µg·mL-1 poly(dG·dC) / 0.2 mg·mL-1 BSA) in 

each experiments.  The mixtures were incubated at the indicated temperature for 30 min.  

The first lane shows the position of the unbound DNA at 37ºC. 
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Fig. 2.2 Electrophoretic Mobility-Shift Assay of Pf TBP, Pf TFB, and Pf TFEα with promoter 

DNA fragment at different protein/DNA ratios.  CDNA=0.113 µM in (a) and (b), CDNA=0.085 

µM in (c).  From lane 1 through lane 8, CDNA:CTBP:CTFB are : (a) 1:0:0, 1:177:0, 1:177:0.5, 

1:177:1.0, 1:177:1.5, 1:177:2, 1:177:2.5, 1:177:3.0; (b) 1:0:0, 1:0:2, 1:0.5:2, 1:1:2, 1:5:2, 

1:10:2, 1:50:2, 1:100:2.  In (c), CDNA:CTBP:CTFB:CTFEα from lane 1 through lane 8 are: 1:0:0:0, 

1:10:2:0, 1:10:2:1, 1:10:2:2, 1:10:2:5, 1:10:2:10, 1:10:2:20, 1:10:2:35. 
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100:1, respectively).  No additional shifted band was detected, nor did the intensity of either 

the original shifted band or the unbound DNA band change after TFEα was introduced into 

the system (Fig. 2.2c).  This result is consistent with previous studies on TFEα suggesting 

that it does not interact with DNA directly [Bell et al., 2000]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

17 

CHAPTER3 

FISHING EXPEDITION 

 

3.1. Experimental 

3.1.1. Materials 

All DNA oligonucleotides were purchased from IDT (Integrated DNA Technology, 

Coralville, IA).  DNA oligonucleotides used for magnetic bead DNA affinity purification are 

all modified at the 5’ end of the coding strand with biotin.  Recombinant Pyrococcus 

furiosus (Pf) transcription factors (TBP, TFB, TFEα) and RNAP were expressed and purified 

by former group members [Lewis, 2000; Chen, 2000].  Dynabeads M-280 Streptavidin were 

purchased from Dynal Biotech (Lake Success, NY).  Pf cells were obtained from Dr. 

Michael W. W. Adams' laboratory in the Department of Biochemistry and Molecular Biology, 

University of Georgia. 

Table 3.1 lists the buffers used for the following experiments. 

 

3.1.2. Promoter DNA Pull-down Assay 

The promoter DNA pull-down assay is based on the technique of the Magnetic bead DNA 

affinity purification (Fig. 3.1).  The whole process includes the immobilization of DNA, the 

binding of proteins, heparin challenge and elution of retrieved proteins from the beads. 

Immobilization of DNA.  Dynabeads M-280 streptavidin (referred to now as ‘beads’) are 

uniform, superparamagnetic, polystyrene beads with Streptavidin covalently attached to the 

bead surface.  The beads were supplied as a 10 mg·mL-1 suspension containing 0.1% BSA 
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Fig. 3.1 Schematic illustration of magnetic DNA affinity purification of proteins.  (I) The 

beads with immobilized DNA are incubated with protein mixture.  DNA binding proteins 

(blue rectangles) will form a protein/DNA complex with the immobilized DNA.  (II) When 

the binding reaction is complete, the beads together with the protein/DNA complex are 

attracted to a magnet.  Proteins that do not bind to the DNA (ovals and triangles) remain in 

the supernatant and can be removed using a pipette.  (III) The protein/DNA complex can be 

dissociated to release the proteins back into the solution.  (IV) Again the beads are separated 

from the solution using a magnet and the DNA binding proteins in the supernatant can be 

collected with a pipette. 
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Table 3.1 Buffer conditions.  All chemicals were analytical grade. 

Name Use Composition/Procedure

B & W immobilization of DNA (2x) 10 mM Tris·HCl / 1 mM EDTA / 2.0 M
NaCl (pH 7.5)

Reaction Buffer protein binding to the
immobilized DNA

50 mM Tris·HCl / 100 mM KCl / 5% glycerol /
1 mM DTT / 1 mM EDTA / 0.2 mg/mL BSA /
0.1% Triton X- 100 (pH 7.5)

Washing Buffer

after the binding of
proteins, washing off the
excess proteins trapped
on the beads

50 mM Tris·HCl / 100 mM KCl / 5% glycerol /
1 mM DTT / 1 mM EDTA / 0.1% Triton X-100
(pH 7.5)

Laemmli Buffer
gel loading buffer. Used
here to dissociate the
protein DNA complex

4 ml glycerol / 0.8g SDS (dissolve in 1 mL hot
water) / 2.5 ml stacking gel buffer (0.5 mM Tris
pH 6.8) / 10 mg Bromophenol blue, Bring
volume up to 8 mL with water. Store in 1ml
aliquots at -20ºC, add 0.1 mL beta-
mercaptoethanol to 1 mL aliquot before use. 

 

 

 

and 0.02% NaN3.  Biotin-modified DNA molecules and antibodies can be immobilized on 

the beads and separated from solutions using a magnetic particle concentrator (MPC).  The 

following steps were used to immobilize biotin-modified dsDNA to these beads. 

1. Following the manufacturer’s instructions, transfer appropriate volume (normally 25 

µL unless otherwise specified) of shaken bead suspension into a 1.7 mL Ependorf 

tube. 

2. Place the tube in the MPC and wait until the beads are attracted to the back wall of 

the tube by the magnet (approx. 30 sec to 1 min).  Remove the preserving buffer by 

aspiration with a pipette, avoiding touching the inside wall of the tube with the 

pipette tip. 
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3. Remove the tube from the MPC and resuspend the beads in 1x B&W buffer to a final 

“concentration” of 5 µg·µL-1 (half the original concentration; bead concentration is 

maintained at this level through out the rest of the protocol).  Repeat step 2. 

4. Repeat step 3 two more times to wash off the residual preserving buffer. 

5. Resuspend beads in 0.125 µM biotinylated DNA solution in 1x B&W buffer, incubate 

at room temperature for 20 min, remove the DNA solution and wash the beads one 

more time with 1x B&W buffer. 

Binding of the proteins.  The following protocol was used to test whether proteins in 

solution will bind to the dsDNA immobilized on the beads. 

1. After immobilization, wash the beads three times with Reaction buffer. 

2. Resuspend the beads in protein solutions (of varying concentration) in Reaction 

buffer and incubate at 55ºC for 30 min.  Agitate the tube constantly during 

incubation to keep the beads from gathering at the bottom.   

3. Place the tube in the MPC and wait until all beads are attracted to the back wall of the 

tube.  Remove the reaction solution, wash the beads with Washing buffer three 

times. 

Heparin challenge. Heparin is a heterogeneous group of straight-chain anionic 

mucopolysaccharides composed of repeating disaccharides of uronic acid → glucosamine.  

It is an analog of DNA and was used here to serve as a competitor for proteins bound 

non-specifically or weakly to the immobilized dsDNA.  The following protocol describes 

the process of heparin challenge.  



 

22 

1. Resuspend beads in 100 µg·mL-1 sodium heparin in Washing buffer.  Incubate at 

55ºC for 15 min.   

2. Place the tube in the MPC and wait until all beads are attracted to the back wall of the 

tube.  Remove the heparin solution and wash the beads one more time with the 

Washing buffer.  

Elution of retrieved proteins from beads.  Proteins can be eluted from beads by any of 

the following methods. 

A. Resuspend beads in 1x Laemmli buffer (volume of suspension can vary according to 

the need of different experiments), boil at 95-100ºC for 5 min, and load the 

supernatant on gel.   

B. Resuspend beads in 0.1% SDS water solution at desired volumes; boil at 95º-100ºC 

for 5-10 min.  

C. Resuspend beads in guanidine isothiocyanate solution (≥2 M) in washing buffer, 

incubate at room temperature for 15 min. 

D. Resuspend beads in solutions containing DNase I and miccrococcul nuclease.  

Incubate at 37ºC for 1 hr.  The dsDNA will be digested and the proteins will be 

released into the solution.  

 

3.1.3 Control Experiments 

Several control experiments were carried out to test whether the “fishing hook” 

(immobilized DNA) and the “bait” (promoter elements on the DNA or the DNA-TBP-TFB 

complex) will effectively retrieve transcription factors from solution, while minimizing the 
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number of non-specifically bound proteins retrieved.  The control experiments were also 

used to optimize the fishing protocol, probing for the best conditions for binding and 

dissociating the proteins. 

To eliminate interference from the beads (streptavidin, etc.), an experiment was first 

performed on “naked beads”, i.e. no DNA molecules were immobilized on beads, and the 

beads were incubated in Reaction buffer only; no proteins were added.  The experiment 

includes steps 1 through 4 of the immobilization protocol and steps 1 and 2 of the protein 

binding protocol.   Beads were finally boiled in 1x Laemmli Buffer for 5 min, and the 

supernatant was loaded onto a 15% gel (BIO-RAD, Hercules, CA). 

To study the possible interference of DNA in the detection of retrieved proteins, 

experiments were carried out on beads with immobilized DNA fragments but in the absence 

of any added proteins (the immobilization protocol plus steps 1 and 3 of the protein binding 

protocol).  Two dsDNA sequence were used for the “fishing” experiments: the 95bp gdh 

promoter (-65~+30), the same promoter fragment used in EMSA experiments but was biotin 

modified at the 5’ end of the coding strand; and a 95bp control DNA, poly dTdC. 

gdh promoter: 

-65-5’-biotin-AAACAAAAGGATTTCCACTCTTGTTTACCGAAAGCTTTATATAGGCTA

TTGACCCAAAAATGTATCGCCAATCACCTAATTTGGAGGGATGAACAT-+30 

Control DNA: 

5’-biotin-TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCTCTCTCTCTCTCTCTTC  

TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT 
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Recombinant TBP and TFB were used to test the formation of a protein-DNA complex 

immobilized on the beads.  This process included the complete immobilization protocol and 

protein binding protocol.  In step 2 of the protein binding protocol, beads with immobilized 

promoter DNA or control DNA were incubated with s TBP, TFB mixture in reaction buffer at 

55ºC for 30 min, the concentration of the proteins was ~0.64 µM.  The DNA concentration 

in the solution for immobilization was 0.125 µM before incubation with the beads.  

Assuming all DNA molecules in solution were immobilized, the mole ratio of DNA to protein 

during the binding reaction would be DNA:protein=1:5.1. 

RNAP was added in another set of experiment.  After incubation with TBP, TFB 

mixtures (step 2 of the protein binding protocol), the beads were then exchanged into RNAP 

solution in Reaction buffer, and incubated at 55ºC for another 30 min before continuing to 

step 3 of the protein binding protocol.  Archaeal RNAP alone cannot recognize the promoter 

elements, although it might bind to the DNA in a non-specific manner.  A heparin challenge 

was added to the process after the immobilization and protein binding protocol. 

In the above experiment, TBP, TFB and RNAP were incubated with the beads stepwise.  

In cell extract, the transcription factors and RNAP co-exist with other proteins as a 

complicated mixture.  To better simulate the actual fishing condition, the beads with 

immobilized DNA were incubated with TBP, TFB, TFEα and RNAP mixture in the reaction 

buffer in step 2 of the protein binding protocol.  A heparin challenge was also included in 

this experiment.  

For all the control experiments above, proteins were eluted by boiling the beads in 1x 

Laemmli buffer and were visualized with silver stain after SDS-PAGE. 
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3.1.4. Go Fishing (search for unidentified archaeal transcription factors using immobilized 

promoter DNA) 

Pf cells were stored at -80ºC.  To prepare cell extract solution, 3.2 g cells were mixed 

with 10 mL 50 mM Tris·HCl (pH 8.0).  After the cells were completely thawed, the cell 

suspension was sonicated on ice for 5 min, and then centrifuged at 10 krpm for 30 min; the 

pellet was discarded.  The supernatant was stored in 1 mL aliquots at -80ºC.  In each 

experiment, 5 µL thawed supernatant was diluted to 50 µL in Reaction buffer to make the cell 

extract solution for binding reactions. 

In one set of experiments, beads with immobilized promoter or control DNA were first 

incubated with recombinant TBP and TFB solution and then the cell extract solution.  After 

heparin challenge, the beads were boiled in 1x Laemmli buffer at 95-100ºC for 5 min.   

In another set of experiments, the reaction with recombinant transcription factors was 

omitted.  Beads with immobilized promoter and control DNA were incubated with cell 

extract solution directly.  Proteins were eluted by boiling the beads in 1x Laemli buffer at 

95-100ºC for 5 min. 

Eluted proteins were visualized by silver stain after SDS-PAGE.   

 

3.1.5 Protein Identification 

Proteins detected by SDS-PAGE were identified using mass spectrometry following 

in-gel tryptic digestion.  The experiments were scaled up to get a sufficient amount of 

proteins for mass spectrometry analysis.  100 µL of beads was used for each experiment, 
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making the total reaction volume 200 µL.  After heparin challenge, the beads were boiled in 

40 µL 1x Laemmli buffer, and all supernatant was loaded onto the gel.  Instead of silver 

stain, gels were stained with Sypro Ruby, which is more compatible with tryptic digestion 

and mass spectrometry [Lopez et al., 2000].  Gel plugs of 1.5 mm in diameter were cored 

from protein bands or unstained portions of gels for control.  The gel plugs were treated with 

the following protocol. 

1. Place gel plugs in 1.7 mL clear polypropylene tubes. 

2. Incubate gel plugs with 100 µL 50 mM ammonium bicarbonate in 50% methanol for 20 

min.   

3. Remove methanol solution.  Repeat step 2. 

4. Incubate gel plugs with 100 µL 75% acetonitrile for 20 min.   

5. Remove acetonitrile solution.  Dry gel plugs at 40ºC for 15-20 min. 

Dried gel plugs were then sent to the Proteomics Resource Facility of the Molecular 

Genetics Instrumentation Facility of the University of Georgia for in-gel tryptic digestion and 

mass spectrometric analysis. 

Mass spectrometry will provide a list of fragment masses of the protein studied after 

tryptic digestion.  The protein can then be identified using MS-Fit, which searches the 

protein database for matches of the experimental mass. 

Fig. 3.2 summarizes the procedure of the fishing expedition. 

 

3.2. Results and Discussion 

3.2.1. The Control Experiments 
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Fig 3.2 Schematic illustration of the fishing experiment.  The biotin modified promoter 

fragment is immobilized on the streptavidin coated magnetic beads.  The beads are then 

incubated with the cell extract solution.  Alternatively, the beads are first incubated with 

recombinant Pf transcription factors to form a DNA/TBP/TFB complex, and then incubated 

with cell extract.  Transcription related proteins are expected to be attracted to the 

immobilized DNA or the DNA/protein complex due to protein-DNA or protein-protein 

interactions.  These proteins will be separated from rest of the cell extract and eluted from 

the beads.  After electrophoresis, the proteins can be identified by mass spectrometry 

following in-gel tryptic digestion 
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Fig. 3.3A shows the EMSA results of Pf TBP and Pf TFB with the two DNA fragments 

selected for the fishing experiments: the gdh promoter fragment and the control fragment 

(poly dTdC).  A shift is observed in the experiment with the promoter fragment but not in 

the one with the control fragment.  This shows that the transcription factors have a much 

stronger affinity for the promoter sequence.  Fig. 3.3B shows the immobilization of DNA 

molecules on Dynabeads M280 streptavidin.  1 is 0.125 µM DNA solution before incubation 

with beads and 2 is the same solution recovered after incubation with beads.  Most of the 

DNA molecules in solutions were immobilized onto the beads. 

Even without incubation with any proteins, several protein bands were observed by 

SDS-PAGE upon the beads (Fig. 3.4A).  These bands could be the streptavidin, DNA, or 

BSA in the storage solution or Reaction buffer.  The beads have a very strong affinity to 

proteins in the solution.  BSA is recommended by the manufacturer as the blocker for 

non-specific binding sites on the beads, and it is also included in the reaction buffer to 

minimize non-specific binding of proteins to the DNA.  If BSA is not included in the 

reaction buffer, TBP and TFB can be seen binding in the experiment with control DNA as 

well as the one with promoter DNA.  The protein bands in promoter DNA experiment are 

stronger in intensity (Fig. 3.4A.3).  The amount of proteins eluted from beads with control 

DNA is not negligible (Fig. 3.4B).  Once BSA is included, no TBP or TFB can be detected 

in the control DNA experiments.  They can still be seen clearly in the promoter DNA 

experiments (Fig. 3.4C).   

Fig. 3.4D shows the results of incubating bead-immobilized DNA with RNAP solution 

following the reaction with TBP and TFB.  A number of RNAP subunits were eluted 
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Fig. 3.3 (A) Electrophoretic mobility shift assay of control DNA vs. promoter DNA.  

Experiments were carried out at 55ºC, [DNA]= 0.125 µM, DNA:TBP:TFB=1:5:4 (mole 

ratio).  (1) Control DNA; (2) Promoter DNA.  (B) Immobilization of DNA.  50 µL 0.125 

µM DNA in 1x B&W buffer (1) before; (2) after incubation with Dynabeads M-280 
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Fig. 3.4 Fishing experiments with recombinant Pf proteins.  A: (1) “Naked” beads (no DNA 

molecules immobilized) boiled in 1x Laemmli buffer after incubation with the reaction buffer.  

(2) Beads with control DNA immobilized.  (3) Beads with promoter DNA immobilized.  B: 

(1) Washing buffer.  (2) TBP and TFB in Washing buffer.  (3) Proteins eluted from 

promoter DNA after incubation with (2).  (4) Proteins eluted from control DNA after 

incubation with (2).  C: (1) Reaction buffer.   (2) TBP, TFB in Reaction buffer.   (3) 

Proteins eluted from beads with promoter DNA immobilized after incubation with (2).   (4) 

Proteins eluted from beads with control DNA immobilized after incubation with (2).  D: (1) 

TBP and TFB in Reaction buffer.  (2) RNAP in Reaction buffer.  (3) Proteins eluted from 

beads with promoter DNA after incubation with TFB and TBP (1) first, then with RNAP (2).  

(4) Proteins eluted after two incubations from control DNA. 
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together with TBP and TFB in the experiment with promoter DNA.  However, several 

RNAP subunits were also detected in the elution of the incubation with control DNA.  No 

TBP and only insignificant amounts of TFB were detected in the control DNA experiment 

(Fig. 3.4D.4) compared to the promoter DNA experiment (Fig.3.4D.3).  RNAP may bind to 

the DNA without sequence specificity.  A heparin challenge was then added into the 

protocol to strip off the non-specific binding proteins.  Fig. 3.5 shows the results of the 

heparin challenge.  Beads and DNA were incubated with TBP, TFB, TFE and RNAP in one 

solution together.  Most of the non-specific binding proteins were challenged off the control 

DNA after incubation with heparin sodium solution.  In the experiment with promoter DNA, 

besides the non-specific binding proteins, TBP and TFB were also challenged off the DNA 

(Fig. 3.5. 2 & 4).  However, plenty of them survived to be seen clearly on gel (Fig. 3.5. 3 & 

5).  Although TFE does not appear to bind to the promoter or the TBP-TFB-DNA complex 

in the EMSA experiments, it was found among the proteins challenged off from the promoter 

Fig. 3.5. 2 & 4).  Unlike TBP and TFB, little TFE survived after incubation with heparin 

solution for 20 min (Fig. 3.5. 5).  The likely function of TFE is to facilitate the interaction 

between TBP and the TATA box thus stimulating transcription in vivo and there is evidence 

that TFE interacts with RNAP and TBP [Bell et al., 2000].  This result indicates that some of 

the proteins involved in transcription initiation may not be tightly attached to the PIC.  

Proteins challenged off by heparin can be of interest, too. 

 

3.2.2. Retrieving Transcription Factors from Cell Extract.  
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Fig. 3.5 Heparin challenge: after the binding of proteins, the beads were incubated with 250 

µg· ml-1 heparin sodium in Washing buffer at 55ºC for 10 min or 20 min.  After the heparin 

solution was collected, the beads were washed one more time in Washing buffer and was 

finally boiled in 1x Laemmli buffer.  (1) TBP, TFB, RNAP and TFE in reaction buffer.  (2) 

Promoter DNA after incubation with proteins challenged by 250 µg· mL-1 heparin sodium in 

washing buffer.  Beads were incubated with heparin solution at 55ºC for 10 min.  (3) Boil 

beads in 1x Laemmli buffer after (2).  (4) Promoter DNA challenged by 250 µg· mL-1 

heparin sodium at 55ºC for 20 min.  (5).Boil beads in 1x Laemmli buffer after (4).  (6) 

Control DNA after incubation with proteins challenged by 250 µg· mL-1 heparin sodium in 

washing buffer.  Beads were incubated with heparin solution at 55ºC for 10 min.  (7) Boil 

beads in 1x Laemmli buffer after (6).  (8) Control DNA challenged by 250 µg· mL-1 heparin 

sodium at 55ºC for 20 min.  (9).Boil beads in 1x Laemmli buffer after (8). 
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Fig. 3.6 Fishing in Pf cell extract: proteins eluted from control and promoter DNA after 

incubation with cell extract, elution was done after a heparin challenge, 250 µg· mL-1 heparin 

sodium at 55ºC for 15 min.  For lanes 1 through 6, elution of the proteins was done by 

boiling beads in 1x Laemmli buffer.  For lanes 7 through 12, elution was done by boiling 

beads in washing buffer at 95ºC for 5-10 min.  (1) & (7) Control DNA incubated with cell 

extract without incubation with any of the recombinant Pf proteins.  (2) & (8) Promoter 

DNA incubated with cell extract without incubation with any of the recombinant Pf proteins.  

(3) & (9) Control DNA incubated with TBP first, then cell extract.  (4) & (10) Promoter 

DNA incubated with TBP first, then cell extract.  (5) & (11) Control DNA incubated with 

both TBP and TFB first, then cell extract.  (6) & (12) Promoter DNA incubated with both 

TBP and TFB first, then cell extract. 
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The immobilized DNA or TBP-TFB-DNA complex was incubated with whole cell 

extract solution (Fig. 3.6). Dozens of bands with molecular weights ranging from less than 10 

kDa to over 150 kDa were observed on a gel in experiments using promoter DNA with or 

without recombinant transcription factors binding to the DNA prior to incubation with cell 

extract.  The bands detected on gel are likely to be the same in the three sets of experiments, 

except that they appear to be slightly stronger when beads and DNA were incubated with both 

TBP and TFB before incubation with cell extract.  Many fewer bands were detected in 

experiments using control DNA.  The protocol works fairly well with high selectivity 

(compared with the abundance of proteins present in the cell extract, only a small number of 

proteins were retrieved).   

 Different elution methods have been tried (Fig 3.6, 3.7 and 3.8).  Boiling beads in 1x 

Laemmli buffer can completely dissociate the complex.  However, this method can only be 

used to prepare samples for 1-D electrophoresis.  Replacing the Laemmli buffer with 

aqueous SDS can dissociate the complex with the same efficiency.  SDS concentration can 

be kept as low as 0.1% to lower its interference in further processing.  Heating up the beads 

in washing buffer without adding denaturing reagent cannot disscociate all the complexes 

formed on the beads.  Elution were also done under room temperature by incubating the 

beads in guanidine isothiocyanate (GuSNC) solution.  The guanidine isothiocyanate 

concentration needs to be at least 2M to achieve a complete dissociation.  Using enzymes to 

digest DNA into pieces can dissociate the complex at relatively mild conditions without 

denaturing the proteins.  The disadvantage is that alien proteins are introduced into the 

system (DNase I and micrococcal nuclease). 
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Fig. 3.7.  A, Heparin challenge of (1) promoter DNA after incubation with cell extract;  (2) 

Promoter DNA after incubation with TBP;  (3) Promoter DNA after incubation with TBP 

then cell extract;  (4) Promoter DNA after incubation with TFB;  (5) Promoter DNA after 

incubation with TFB then cell extract;  (6) Promoter DNA after incubation with TBP, TFB 

mixture;  (7) Promoter DNA after incubation with TBP, TFB and RNAP mixture;  (8) 

Promoter DNA after incubation with TBP, TFB mixture then cell extract.  B: Elution of 

proteins after heparin challenge (A).  For lanes 1, 3, 5, 7, 9, 11, 13, 15, elution was done by 

boiling beads in 1x Laemmli buffer.  For lanes 2, 4, 6, 8, 10, 12, 14, elution was done by 

adding enzymes into the system to digest the DNA of the beads and release the proteins.  

For each experiment, 25 µL beads were used, reaction volume 50 µL during the experiment.  

After heparin challenge, beads were washed by washing buffer twice then resuspended in 20 

µl washing buffer, then add 2.5 µL 50 mM CaCl2, 0.5 µL DNase I and 0.5 µL micrococcul 

nuclease, incubate at 37ºC for 1 hr.  (1)& (2) Promoter DNA after incubation with cell 

extract.  (3)& (4) Promoter DNA after incubation with TBP.  (5)& (6) Promoter DNA after 

incubation with TBP then cell extract.  (7) & (8) Promoter DNA after incubation with TFB.  

(9) & (10) Promoter DNA after incubation with TFB then cell extract.  (11) & (12) Promoter 

DNA after incubation with TBP, TFB mixture.  (13) & (14) Promoter DNA after incubation 

with TBP, TFB and RNAP mixture.  (15) & (16) Promoter DNA after incubation with TBP, 

TFB mixture then cell extract.  (17) DNase I and miccrococcul nuclease in washing buffer. 
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Fig.3.8 Elution of proteins using guanidine isothiocyanate.  Beads were resuspended in 

guanidine isothiocyanate solution in Washing buffer, incubated at room temperature for 15 

min.  Supernatant were treated with 2-D gel cleanup kit to get rid of guanidine 

isothiocyanate.  The beads after incubation with guanidine isothiocyanate were boiled again 

in 1x Laemmli buffer to test if dissociation is complete.  (1) 0.1 M guanidine isothiocyanate.  

(2) beads boiled in 1x Laemmli buffer after (1).  (3) 0.5 M guanidine isothiocyanate.  (4) 

beads boiled in 1x Laemmli buffer after (3).  (5) 1.0 M guanidine isothiocyanate.  (6) beads 

boiled in 1x Laemmli buffer after (5).  (7) 2.0 M guanidine isothiocyanate.  (8) beads 

boiled in 1x Laemmli buffer after (7).  (9) 3.25 M guanidine isothiocyanate.  (10) beads 

boiled in 1x Laemmli buffer after (9) 
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The fishing experiment without recombinant transcription factors has provided enough 

proteins for further analysis.  Fig. 3.9 is the Sypro Ruby stained gel of the proteins retrieved 

by control and promoter DNA from cell extract.  Nine bands from both experiments with 

control and promoter DNA were randomly selected (marked by blue rectangles in Fig. 3.9) 

for in-gel tryptic digestion and mass spectrometry analysis.  Fig. 3.10 though Fig. 3.17 are 

the mass spectra of the selected samples.  Table 3.2 contains the masses selected for 

database search.  These were selected by eliminating contaminant peaks identified in blank 

experiments from all well resolved peaks in the spectra of the samples.  The database search 

results and brief description of identified proteins are listed in Table 3.3 through 3.11.  In the 

MS-Fit results of Band VI (Table 3.8), although the first hit is a conserved hypothetical 

protein, the second hit, GTP cyclohydrolase II, has more masses matched and a more 

reasonable molecular weight compared with the results of electrophoresis.  So GTP 

cyclohydrolase II is listed as the identity of Band VI in Table 3.11.  

 

3.3. The “Fish".  Proteins Retrieved from Promoter Pull-down Experiments. 

One of the previously known archaeal transcription factors, the transcription factor B 

(TFB), is among the proteins retrieved by the promoter DNA fragment.  This provides a 

positive control to suggest that retrieved proteins may be relevant. 

Sequence homology studies have been carried out on the identified proteins to further 

study their functions and possible involvement in archaeal transcription.  Conserved 

domains (CD) in the sequences of all the “fish” were recognized using the conserved domain 

search tool on the NCBI website (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  
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Fig. 3.9 Protein bands randomly selected for in-gel tryptic digest and mass spectrometry.  

Heparin challenge was done in 100 µg· mL-1 heparin sodium at 55ºC for 10 min.  (1) Control 

DNA after incubation with cell extract.  (2) Promoter DNA after incubation with cell extract. 
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Fig. 3.10 MS spectrum of Band I.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.11 MS spectrum of Band II.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.12 MS spectrum of Band III.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.13 MS spectrum of Band IV.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.14 MS spectrum of Band V.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.15 MS spectrum of Band VI.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.16 MS spectrum of Band VII.  MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Fig. 3.17 MS spectrum of band VIII MS experiments were performed by the Proteomics 

Resource Facility of the Molecular Genetics Instrumentation Facility of the University of 

Geargia.  The instrument used is ABI 4700 TOF/TOF.  The experiments performed were 

MOLDI-TOF mass spectrometry. 
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Table 3.3 Output of MS-Fit search results for I.  Matched proteins were ranked according to 

their Probability Based Mowse Score.  Mowse score=-10*Log (P), where P is the probability 

that the observed match is a random event.  Proteins with scores greater than 72 are significant 

(P<0.05).  
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Table 3.4 Output of MS-Fit search results for II 
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Table 3.5 Output of MS-Fit search results for III 
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Table 3.6 Output of MS-Fit search results for IV 
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Table 3.7 Output of MS-Fit search results for V 
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Table 3.8 Output of MS-Fit search results for VI 
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Table 3.9 Output of MS-Fit search results for VII 
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Table 3.10 Output of MS-fit search results for VIII 
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The database used for CD search is CDD v1.62-11088 PSSMs, which contains domains from 

two popular collections: Smart (Simple modular architecture research tool); and Pfam 

(Protein family database of alignments and HMMs) as well as several other databases such as 

COG (Clusters of Orthologous Groups of proteins) [Marchler-Bauer et al., 2002, 2003].  CDs 

found in the submitted proteins are ranked according to their bit score (S’), which is 

calculated from the raw score (S) by normalizing with the statistical variables that define a 

given scoring system.  The E (expect) value indicates the expected number of chance 

alignments with a score of S or better.  In CD search, results with E-values ≥ 1 should be 

considered putative false positives [Altschul et al., 1997].  Below, each band that was 

identified (Fig. 3.9) is discussed in terms of its conserved domains.  Band I through III were 

retrieved from experiments using control DNA.  Band IV through VIII were retrieved from 

experiments using promoter DNA. 

Band I. cell division control protein 48, aaa family; (cdc48-2).  Most conserved domain 

found in this protein belongs to the AAA family ATPase.  Proteins in this family have 

similar structure and highly diversified functions [Patel et al., 1998; Ogura et al., 2001].  

Several CDs recognized are related to DNA replication, recombination, and repair and may 

contribute to the protein’s affinity for DNA (Table 3.12).  Although poorly aligned, a CD 

found in both archaeal and eucaryal TIP49, TBP-interacting protein, was also identified in a 

couple of positions in this protein [Kanemaki et al., 1997]   

Band II. Methylmalonyl-CoAdecarboxylase, subunit α.  Two DNA binding CDs, 

pfam04931, DNA polymerase V and pfam03871, RNA polymerase Rpb5, N-terminal domain, 

ssss 
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were recognized [Shimizu et al., 2002; Yee et al., 2000].  Both have high E values and 

relatively low percentage of alignment (Table 3.13).   

These two proteins were also seen in the experiments using promoter DNA fragment, 

their possible involvement in transcription can not be immediately eliminated despite its 

inability of sequence discrimination.   

Band III. Glutamate synthase small subunit.  No DNA-binding CDs were recognized in 

this protein.  This retrieved protein might be a false match or contain DNA binding structure 

that has not been identified so far, or bind to another protein non-specifically bound to DNA. 

Band IV. Reverse gyrase.  This protein is an enzyme unique to all hyperthermophiles 

[Borges et al., 1997].  It introduces positive supercoil into dsDNA, making it more stable 

under high temperatures.  Pf reverse gyrase has been observed to inhibit transcription in 

vitro.  This may be due to the fact that transcription favors negative supercoiled DNA, 

which is easier to unwind and more readily accessible for transcription factors and RNAP 

[Borges et al., 1997].  The sequence of this protein matches the 1187 residue reverse gyrase 

CD with a bit score of 1490 and E value of 0.  This CD is involved in DNA replication, 

recombination, and repair.  No CDs with possible function in transcription were found.  

Band V. Replication factor A related protein.  Replication factor A (RPA) is a 

single-stranded DNA-binding protein; it is among the key proteins in DNA replication and 

recombination.  The Pf RPA was reported to interact with a number of recombination and 

replication proteins and may be involved in homologous DNA recombination [Komori et al., 

2001].  A CD characteristic to single-stranded DNA-binding RPA (RFA1) has been 

recognized.  Another CD common to single-stranded DNA-binding protein in bacteria and  
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eucaryal RPA, the oligonucleotide/oligosaccharide binding (OB) fold nucleic acid binding 

domain was also found in this protein (Table 3.14) [Murzin, 1993].   

Band VII. Proliferating cell nuclear antigen (PCNA sliding clamp).  The Pf PCNA 

sliding clamp has a structure similar to the eucaryal PCNA sliding clamp [Mazumiya et al., 

2001].  Three protein molecules form a ring-shaped trimer which binds to the DNA.  

Eucaryal PCNA sliding clamp works as the elongation factor during DNA replication.  In 

bacteria, the PCNA sliding clamp is incorporated into DNA polymerase.  Pf PCNA sliding 

clamp interacts with DNA polymerase directly and was observed to stimulate in vitro DNA 

polymerization.  This protein has also been found to interact with various proteins that 

participate in several important cellular activities [Cann et al., 1999; Mazumiya et al., 2001].  

In addition to CDs of PCNA sliding clamp and DNA polymerase, one DNA binding domain 

that recognized a specific DNA sequence was also found in this protein (Table 3.15).  This 

domain is previous found in a variety of bacterial transcription regulators (pcnaref3) 

[Nikolskaya et al., 2002].  However, its low percentage of aligned amino acid residues and 

high E value may suggest a false hit. 

In the MS-fit result of VI (Table 3.8), the first hit is a conserved hypothetical protein with 

a molecular weight of 23355.0 Da.  The second hit, which also has a very high Mowse score, 

is the GTP cyclohydrolase II with a molecular weight of 44155.3 Da.  The VI band on the 

gel is at approximately 37 kDa.  Among the top five hits of the results, agmatinase has the 

closest molecular weight of 35962.6 kDa.  However, proteins may run abnormally on gel 

and their position on the gel may not be consistent with their molecular weight in all cases.  

sssssss 
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Table 3.15 A DNA binding domain that may exit in VII Proliferating cell nuclear antigen 

(PCNA sliding clamp).   

 

 

 

 

 

 

 

 

 

CD searches were performed on all five proteins identified by MS-Fit (Table 3.8).  the 

identified CDs are summarized in Table 3.16. 

VI-1. Conserved hypothetical protein.  The best matched CDs are from phosphoesterase.  

Several CDs from DNA polymerase and one from eucaryal RNAP II and TFIIH were also 

found.  All are poorly aligned and have high E values.   

VI-2. GTP cyclohydrolase II.  In E. coli this protein caralyzes the formation of a 

pyrimidine derivative that is used as the first intermediate for the biosynthesis of riboflavin.  

In addition to CDs related to this activity, one DNA binding domain in bacterial DNA 

topoisomerase I was recognized [Feinberg et al., 1999].  Again, the low number of aligned 

amino acid residues and high E value suggest a possible false hit. 
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VI-3. Conserved hypothetical protein.  A CD predicted as AT-rich DNA-binding protein 

was recognized [Omura et al., 2001].  Only 13.3% of the sequence was aligned.  The E 

value is 2.6. 

VI-4. Conserved hypothetical protein.  A CD in family B DNA polymerase that may 

include a DNA-binding domain was found in this protein [Edgell et al., 1997].  Another CD  

in ATP-dependent DNA ligase was also found.  Both hits have low percentage of alignment 

and high E value. 

VI-5. Agmatinase.  Agmatinase is the enzyme that converts agmatine to putrescine [Wu 

et al., 1998].  One DNA binding domain was recognized in this enzyme.  This domain 

includes the DNA binding domains in Ku70/80, which binds DNA double-strand breaks and 

facilitates repair by the non-homologous end-joining pathway [Aravind et al., 2001; Walker 

et al., 2001]. 

MS-MS analysis may be able to determine which of the five proteins above is the correct 

identity for VI.   

Summary 

The identification of TFB proved the fishing protocol is effective at selectively retrieving 

transcription-related proteins from Pf cell extract and can be a useful tool for probing for 

unidentified archaeal transcription factors.  The CD search results above indicate diverse 

functions including DNA replication, repair, recombination, translation and possibly 

transcription in the proteins identified.  Further characterization of these proteins is needed 

to confirm or eliminate their role in Pf transcription. 
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