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Abstract 

 
Approaching the crystal structure of the polymerase γ catalytic complex 

 

Qingchao Meng, M.A.  

The University of Texas at Austin, 2011 

 

Supervisor:  Yuhui Whitney Yin 

 

In this thesis, a 4.7Å crystal structure of the human mitochondria DNA 

polymerase γ catalytic complex is reported. Though the DNA substrate-binding site is not 

identifiable in the structure, two conformational changes in the enzyme architecture are 

described: 1) rotation of the distal monomer of the accessory subunit towards the 

catalytic subunit, and 2) shift of the thumb motif of the polymerase domain towards the 

active site. Both conformational changes suggest a structure of Pol γ in the DNA-bound 

state and in its active site “closed” conformation. 
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Chapter 1:  Introduction 

Unlike other DNA polymerases (DNAP), Pol γ is the only DNA polymerase 

in the human mitochondria, where it catalyzes DNA replication and DNA repair. The 

human mitochondrial DNA (mtDNA) is circular, 16569 base-pair, which encodes a 

subset of proteins involved in the oxidative phosphorylation electron transfer chain, 

plus 2 rRNAs and 22 tRNAs {Anderson, 1981 #55}. Thus, Pol γ is crucial to 

mitochondrial DNA maintenance, repair, cell energy supply and viability. A defective 

Pol γ could cause mtDNA depletion and retardation of cell metabolism. Mutations 

affecting the catalytic subunit lead to a range of generic syndromes, including 

progressive external ophthalmoplegia, epilepsy, encephalopathy and Alpers’ 

syndrome {Hudson, 2006 #649;DiMauro, 2003 #644;Kunz, 2008 #645}. In 

mammals, homozygous mice with defective exonuclease activity Pol γ show a high 

frequency of mtDNA mutations, which are associated with reduced lifespan and 

premature onset of aging-related phenotypes {Trifunovic, 2004 #56}. It has become 

clear that mutations affecting Pol γ are major sources of human diseases; the 

association of the various diseases and Pol γ mutations has been reviewed {Hudson, 

2006 #59}. Therefore, the study of Pol γ is critical in understanding the pathology of 

mitochondria disorders. 

In addition, Pol γ is thought responsible for the cell toxicity of certain antiviral 

agents designed to inhibit viral replication, including the nucleoside analogs that 

target HIV reverse transcriptase (NRTIs) and hepatitis C virus RNA polymerase 
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{Lewis, 2003 #76;Lewis, 1995 #75;Kohler, 2007 #72;Lewis, 2006 #77}. Prolonged 

usage of antiviral inhibitors in the treatment of AIDS causes depletion of mtDNA and 

overt mitochondrial toxicity {Kakuda, 2000 #71}. Kinetic studies have also shown 

that there are significant differences in the incorporation of inhibitors by Pol γ and 

HIV-RT and/or their active site architectures {Anderson, 2010 #60;Painter, 2004 

#82;Lim, 2003 #79}. Such differences may lead to development of more specific 

inhibitors of HIV-RT. A high-resolution structure of the active site of Pol γ would be 

crucial to such rationalized or computer-aid drug discovery. 

Pol γ consists of two subunits, a catalytic subunit (Pol γA), which has both 

polymerase and exonuclease activities, and a dimeric accessory subunit (Pol γB). Pol 

γB increases processivity by stimulating polymerization, suppressing exonuclease 

activity and enhancing DNA affinity {Yakubovskaya, 2006 #85;Johnson, 2001 #68}. 

It has also been reported that the Pol γ holoenzyme processes 5’-deoxyribose 

phosphate lyase activity, which could be involved in mitochondrial base excision 

repair {Longley, 1998 #37}; however the active site is unknown. Pol γB is also 

required for the integrity of the mitochondrial replisome {Farge, 2007 #65}. 

Structurally, Pol γB resembles the class II tRNA synthetases, which is different from 

the processivity factors sliding clamp and thioredoxin {Carrodeguas, 2002 

#64;Carrodeguas, 2000 #9;Carrodeguas, 1999 #63}. Though Pol γB also has been 

shown to process DNA-binding properties, the binding site is poorly understood 

{Carrodeguas, 2002 #64}. The structural basis of the effects of Pol γB on the catalytic 
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subunit was greatly advanced by the capture of the Pol γ holoenzyme {Lee, 2009 

#31}, which also lays the foundation for understanding the mechanism of antiviral 

drugs toxicity and Pol γ-related diseases. Further studies have shown the effect of 

each Pol γB monomer on the catalytic subunit, and there exists association of B 

subunit dimerization with the DNA substrate binding {Lee,  #32}. However, the 

interactions between the catalytic subunit and the distal B monomer were not 

identified, which could be dynamic between the DNA bound or unbound states {Lee,  

#74}. Thus, these previous studies illustrate how the holoenzyme works, including 

the substrate associated conformational change. 

To address questions, we have tried to capture the crystal structure of the 

catalytic complex of the Pol γ holoenzyme; a 4.7 Å resolution structure has been 

made to the date of writing this report. In this structure, the distal Pol γB monomer of 

rotates towards the Pol γA subunit, which may be a response to binding DNA 

substrate. However, the electron density of the DNA is not clear in the 2Fo-Fc map. 

Possible reasons and strategies to a higher resolution structure are discussed. 
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Chapter 2:  Materials and methods 

PROTEIN EXPRESSION AND PURIFICATION 

The His-tagged, exonuclease-deficient (exo-) catalytic subunit Pol γA and the 

deletion mutant Pol γB were prepared by a modification of the procedure {Lee, 2009 

#23;Yakubovskaya, 2006 #600}. Since the Pol γA and Pol γB are expressed in 

different cells, the initial steps of these two proteins are different. To co-purify them, 

the elution of Pol γA and B from the Ni-NTA column were combined before applied 

to the 1.0-ml HR 5/5 SOURCE S and Hiload 16/60 Superdex 200 columns. To 

enhance DNA-binding, the KCl concentration in the protein buffer of the final gel 

filtration step was lowered from 140 to 100 mM. 

CRYSTALLIZATION 

The 24/28 DNA primer-template oligonucleotides (oligo) were order from 

IDT Inc., with the primer sequence 3’-ddCATACCGTGACCGGCAGCAAAAGC-5’ 

and template sequence 5’-CGAGGTATGGCACTGGCCGTCGTTTTCG-3’. After 

dissolving in low salt buffer (6 mM Tris-Cl pH 7.5, 6 mM NaCl, 0.2 mM EDTA), the 

concentration of each oligo was measured by Nanodrop UV absorption; they were 

combined in equal concentration and annealed by slow cooling from 75°C to 25°C. 

The catalytic complex was made by mixing equal amounts of Pol γ holoenzyme and 

annealed dsDNA substrate plus 1 mM ddCTP. To avoid dilution of salt from the 

mixing, the DNA and ddCTP was dried at 37°C before the protein added. Crystals 
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were grown by the hanging-drop method. The 60~70 µM complex was mixed with an 

equal volume of a reservoir solution containing 100 mM MES pH 6.0, 150mM NaCl, 

10mM MgCl2, and 5% PEG8000. The drop was kept first at 4 °C for 2 days, and then 

transferred to 20°C; single, birefringent, tetragonal crystals appeared in 4~7 days. The 

crystals grow to full size in 2~3 days, with longest dimension 150~300 µm. Other 

DNA constructs varying length of both strands (2-4 nt shorter or longer) have also 

been tried. Crystals grew with similar crystallization condition. 

DATA COLLECTION AND PROCESSING 

Crystals were prepared for freezing by stepwise transfer into 25% glycerol 

cryo-solution using a 5% increment, with 2 minutes soaking for each step. The cryo 

solution was made by mixing 1.5 µL well solution, 1.5 µL protein buffer, glycerol and 

0.2 mM ddCTP, with H2O added up to 15 µL. Crystals mounted in a cryoloop 

(Hampton Research) were flash-frozen by dipping them into liquid nitrogen. Crystals 

diffracted to 4.5 Å at 100 K using synchrotron radiation. Data were collected at 

beamline 5.0.2 of the synchrotron light source in the Lawrence Berkeley National 

Laboratory (Berkeley, CA), with sample-detector distance 450 µm, 1° oscillation, 10 

seconds exposure per image. All diffraction datasets were integrated and scaled with 

the program HKL-2000 {Otwinowski, 1997 #635}. The tetragonal crystals were 

determined to belong to space group P41212, with unit-cell parameters a = b = 

218.894, c = 166.162 Å. 
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STRUCTURE DETERMINATION AND REFINEMENT 

Molecular-replacement solution was obtained using the apo structure of the 

Pol γ holoenzyme as a model (PDB code 3ikm; {Lee, 2009 #23}, in which the 

accessory subunit and the rigid parts of the catalytic subunit: the exonuclease domain 

(residues 70-474), the polymerase domain (residues 746-1123) were selected. 

Parameters for MR solution are RFZ=4.6, TFZ=16.8, PAK=2, LLG=280. The 

searches for solution and the following rigid-body refinement were both conducted 

using the program PHENIX {Adams, 2010 #636}. Molecular visualization was 

performed using Coot {Emsley, 2004 #637}, and models were produced with PyMol 

(DeLano Scientific, San Carlos, California, USA). 
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Chapter 3:  Results and discussion 

X-RAY STRUCTURE DETERMINATION 

Conditions for crystallization were found using a sparse matrix screen. 

Initially, to prevent DNA degradation caused by the residual exonuclease activity of 

the enzyme, Mg2+ was replaced by Ca2+. Later results showed that at low pH a 2’, 3’-

dideoxyribonucleotide-terminated DNA primer strand remains stable with Mg2+ in the 

mother drop. The crystals grew inside an enlarging drop, (4~5 fold larger than the 

original size), indicating that crystal growth favored by low salt concentration. This 

idea was confirmed by showing that the crystals melted when put into a higher [NaCl] 

cryo-solution. A temperature shift from 4°C to 20°C during the crystal growth was 

not necessary, but significantly speeded up the crystallization process; the initial 

cooling step seemed to help the restructuring of the proteins after the drastic 

environment change when the drop setting up. 

PEG 8000 is required for crystal growth, but >6% concentration caused a gel-

like precipitation; simple precipitation was resulted in the absence of PEG. It seems 

that lower salt concentrations strengthen the crystal contacts while PEG strengthens 

the non-crystal contacts. Therefore, the crystal contacts could be mainly charge-

charge interactions, whereas PEG favors the hydrophobic interactions. Regarding that 

Cl- could dissociate non-specific charge-charge interactions, replacing the Cl- with 

other anions like SO4
2- would be worth trying systematically. In a dehydration test 

with gradually increasing concentration of [NH4]2SO4 to 2M, crystals was remain 
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stable, suggesting that ammonium sulfate maybe better for making tighter packed 

crystals. 

The crystal was found to belong to space group P41212, with unit-cell 

parameters a = b = 218.894, c = 166.162 Å. One molecule of the expected complex is 

in the asymmetric unit, giving a VM value of 3.98 Å3Da-1 {Matthews, 1968 #640}. X-

ray data and refinement statistics for the structure are shown in Table 1. The 

Ramachandran plot of the crystal refined structure shows 64.2% residues to be in the 

most favorable region and 17.32% to be in additionally allowed space, with 18.48% 

outliers. A section of the final 2Fo-Fc electron-density map is shown in Fig. 1. At this 

resolution, only the backbone of the protein is shown. 

ROTATION OF THE DISTAL MONOMER OF POL ΓB 

In the Pol γ-DNA structure, the distal monomer of the Pol γB subunit rotates 

towards the Pol γA subunit (Fig.2), supporting the idea that the interaction between 

the two protein subunits is enhanced in the presence of substrate DNA {Lee, 2010 

#22}, and indicates that the ligand-induced conformational change may also 

strengthen the interaction between Pol γΑ and DNA, relative to the DNA position in 

the modeled complex {Lee, 2009 #23}. To quantitatively describe this rotation, a top-

view of the distal monomer is shown in Fig. 3. Compared to the position in the apo 

holoenzyme, the distal monomer rotates counterclockwise about 10-20° around the 

axis perpendicular to the interface of the two protein subunits. Such rotation makes 

the distal monomer of Pol γB shift towards the Pol γA subunit about 4~7Å, as shown 
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in Fig. 4. This could modify or induce new interactions between these two proteins. 

As one example, the residue E394 of the distal Pol γB monomer, which was suggested 

to interact with Pol γΑ R232 in the apo enzyme {Lee, 2010 #520}, does not interact 

with the R232 in the complex. Instead, several new contacts are likely made. Though 

the current data is unable to show these interactions confidently, a structural change in 

this interface is very likely. 

THE CONFORMATIONAL CHANGE OF THE POLYMERASE DOMAIN 

Although a high resolution structure of the polymerase active site is not 

available with the current data, the backbone shift of the thumb motif is clear. As 

shown in Fig. 5, the thumb α-helix shifts towards the polymerase active site by 5~10 

Å, which is likely to be part of the conformational change that occurs near the 

polymerase active site when the enzyme binds to DNA. A conformational change of 

the thumb subdomain is not uncommon when polymerases bind to the substrates. For 

example, in the presence of DNA and dNTP, the thumb subdomain of Pol β moves as 

much as 12 Å to form a closed conformation {Pelletier, 1996 #643}. HIV-RT, upon 

DNA binding, moves the thumb of its p66 subunit approximately 30 Å {Patel, 1995 

#642}. Considering the similarity in the architectures of Pol γ and HIV-RT, it is 

therefore highly likely that the movement of the thumb subdomain of Pol γ is a result 

of forming a DNA-bound complex. 
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THE BINDING SITE OF DNA 

Unfortunately, when looking for DNA in the electron density map, as shown 

in Fig. 6, the electron rich DNA helix backbone could not be observed. Only several 

pieces of density spots were found beside the thumb motif. A possible explanation is 

that the DNA occupancy in the crystal is not high. Some DNA could have been lost 

during freezing as there is no DNA in the cryo-solution. Alternatively, the phase 

calculated from the model structure may not be adequate, especially because the 

spacer domain of the apo enzyme contains much disordered structure. The spacer 

domain could undergo significant conformational changes when the enzyme binds to 

DNA, which could change the phasing too much to visualize the DNA helix. 
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Table 1: Data-collection and model-refinement statistics. 

Values in parentheses are for the highest resolution shell. 

Data collection  

  Wavelength (Å) 1.0000 

  Space group P41212 

  Unit-cell parameters (Å) a = b = 218.894, c = 166.162 

  Resolution (Å) 50–4.7 (4.78-4.70) 

  Rmerge (%)† 6.9 (82.9) 

  <I/σ(I)> 22.412 (1.967) 

  Completeness 92.0 (94.9) 

  Redundancy 3.9 (3.9) 

Refinement  

  No. of reflections 17292 

  No. of protein atoms 12581 

  No. of solvent atoms 0 

  Rworking 0.4814 (0.4873) 

  Rfree 0.4644 (0.4782) 

  Average B factor for protein atoms (Å2) 210.232 

  R.m.s. deviations from ideality  

    Bond lengths (Å) 0.015 

    Bond angles (°) 2.917 

†  
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Figure 1: Section of the electron density map. 

Electron density for part of the expected Pol γ-DNA complex (spacer domain of Pol 

γΑ omitted). This is a section of a 2Fo-Fc map contoured at 1.5σ to show the interface 

of the catalytic subunit Pol γA and the accessory subunit Pol γB. 
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Figure 2: Rotation of the distal monomer of Pol γB. 

Superposition of the anticipated Pol γ-DNA complex (red) and the Pol γ holoenzyme 

(blue; PDB code 3ikm; {Lee, 2009 #23} with the spacer domain omitted. The Cα 

backbone traces are aligned. The distal monomer of Pol γB in the complex structure is 

closer to the catalytic subunit, indicating enhanced interactions between the two 

subunits upon DNA binding. 
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Figure 3: Rotation of the distal monomer of Pol γΒ, top-view. 

(a) A zoomed-in view from the exterior surface of the distal monomer Pol γB of the 

superimposed structures in Fig. 2. Compared to its counterpart in the apo holoenzyme, 

the distal monomer from the complex structure (red) rotates counterclockwise about 

10-20° around an axis perpendicular to the paper. (b) The structure in (a) is rotated 

90° to show the distal monomer rotation axis, which is perpendicular to the thumb 

helix of the Pol γA. 

(a) (b) 

90° 
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Figure 4: Rotation of the distal monomer of Pol γΒ, side-view.  

Rotation causes the backbone of Pol γΑ-facing helix of the distal monomer Pol γB to 

shift towards Pol γA 4~7Å, indicating enhanced interactions between the two 

subunits. (b) A detailed view from (a) shows the shift of the helix backbone more 

clearly.

(a) 

(b) 
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Figure 5: Shift of the thumb subdomain of the polymerase domain. 

Superimposition of the polymerase and exonuclease domains of the catalytic subunit 

of the Pol γ-DNA complex (red) and the apo Pol γ holoenzyme (blue; PDB code 

3ikm; {Lee, 2009 #23}. The Cα backbone traces are aligned. In the DNA-bound 

structure, the thumb motif shifts towards the polymerase domain by 5~10Å. 
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Figure 6: DNA electron density map. 

A 2Fo-Fc electron density map contoured at 1.5σ level to show the pieced density 

around the rigid body of the complex. DNA helical density was not observed. 
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