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ABSTRACT 

XPG is an endonuclease involved in the nucleotide excision repair (NER) mechanism of DNA 

found in humans that cuts DNA 3' from a lesion in vivo when all NER components are present, or at the 

junction of duplex DNA with 5' single stranded overhanging nucleotides in vitro. To study the structure 

and function of this protein, a homologous protein from the hyperthermophile Methanopyrus kandleri 

fused with a maltose-binding protein (MBP) was expressed in E. coli and then two separate batches of the 

MkXPG before cleavage from the MBP and after MBP cleavage were purified. DNA substrate specificity 

for fourteen DNA structures was then tested. MkXPG was able to cut two different DNA structures, the 

5' -flap structure and another DNA substrate similar to this but with a 20 nucleotide strand annealed to the 

5' overhang DNA. A lack of expected cutting by MkXPG for a bubble structure assayed may indicate that 

a larger region of single stranded DNA is required, which would be stabilized in vivo by a single stranded 

DNA binding protein. Crystals were grown in the presence of the uncleaved protein bound to DNA at a 

pH of7.5 and 8.5 in 22% and 26% PEG 4K, 10 mM CaCh, 125 mM NaCI, and 100 mM ammonium 

sulfate but x-ray diffraction indicated that the crystals were made of inorganic salt rather than protein or 

DNA. 

INTRODUCTION 

Nucleotide excision repair (NER), a major DNA repair pathway utilized by both prokaryotes and 

eukaryotes, facilitates the removal and subsequent replacement of DNA damage induced by certain 

chemicals and ultraviolet (UV) light. Bulges in the secondary structure of damaged DNA are apparent due 

to the presence of bulky chemical adducts and cyclobutane pyrimdine dimers formed by these agents. The 

NER mechanism involves the recognition of distortions in the DNA double helix by specific proteins, the 

incision and removal of the damaged DNA strand, DNA synthesis to replace the excised nucleotides in 

the resultant gap by copying the undamaged strand, and ligation of the new DNA strand. A number of 

proteins are important and specific to each step of the repair process. Hypersensitivity to UV radiation has 

been observed in E. coli, yeast, and other mammalian cells with mutations in NER protein encoding

genes. Severe human diseases resulting in photosensitivity and an increased predisposition to the 
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development of skin cancer, including xeroderma pigmentosum (XP) and Cockayne's syndrome, are the 

consequences of a malfunctioning NER pathway. Mutations in the XPA, XPB, XPC, XPD, XPE, XPF, 

XPG, or XPV genes result in xeroderma pigmentosum (White 2003; Grogan 2004). Moreover, cancer 

cells can arise from the inactivation or the overexpression of genes encoding NER proteins caused by 

genetic mutations or DNA damage-inducing agents. Formulating the appropriate treatment for cancer 

patients involves reactivating or deactivating the NER protein genes responsible for the cancer based on 

the genotype of the cancer tumor. 

In humans, XPG is an NER protein with a structure-specific endonuclease activity. It is known as 

RAD2 in yeast. Following DNA damage and binding by proteins recognizing the helical distortions, a 

single-stranded, 27-29 nucleotide-long NER bubble is produced by' the helicase activity of XPDIRAD3 

and/or XPBlRAD25 at the site of DNA damage. XPGlRAD2 cleaves the 3' end of the NER bubble 

subsequent to a 5' cut by the XPF-EECIIRADI-RADIO complex. Using flap endonuclease-I (FEN-I), a 

protein homologous in sequence, structure and function to RAD2, Harrington and Lieber (1994) have 

demonstrated that XPG/RAD2 recognizes and binds to very specific DNA structures, namely 5' DNA 

flap structures and 5' pseudo Y structures. FEN-I has also been shown to demonstrate 5' to 3' 

exonuclease activity. Chapados et al. (2004) report a major conformational change in the DNA upon 

FEN-I binding that decreases the distance between the ends of the DNA and introduces a ~90° kink in the 

DNA, facilitating flap recognition and cleavage. The processivity factor proliferating cell nuclear antigen 

(PCNA) aids in alignment of the DNA with FEN-I and promotes formation of the DNA kink. 

Hydrophobic interactions and hydrogen bonding between the DNA and protein help wedge open and 

stabilize the double-stranded DNA, while sterically blocking the binding of additional nucleotides. These 

interactions depend on the substrate's structure rather than the identity of the bases; therefore, none of 

these enzymes alone bind to or cleave damaged or undamaged double-stranded DNA, single-stranded 

DNA, or other structures, like 3' overhangs or Holliday junctions. Thus, XPG/RAD2 requires the action 

of other NER proteins to form a recognizable DNA structure to bind to and cleave. Additionally, 



interactions between the S domain ofRAD2 and other proteins likely help localize it to the damaged site 

(Harrington and Lieber 1994; Lieber 1997; Chapados et al. 2004). 

METHODS 

Expression ofMkXPG 

A codon optimized gene for Methanopyrus kandleri MkXPG (MK0566) in pUC57 was 

synthesized by Bio Basic Inc. The gene was excised with XbaI and Hind III, cloned into the pMAL-c4X 

expression vector, and transformed into the commerciaUy competent E. coli strain Top 10 (New England 

BioLabs). Colonies were inoculated into 4 liters of LB broth containing 50 J.lg/ml of ampicillin and 1% 

glucose and then incubated at 37°C on a shaker until the OD at 590 nm was between 0.2 and 0.4. The 

cells were induced with 1 mM IPTG and incubated on the shaker at 37°C for approximately 4 hours. 

Following induction, cells were harvested by ultracentrifugation at 2,500g for 15 minutes at 4°e. The 

supernatant was discarded and the cell pellet was flash-frozen in liquid nitrogen and stored at -80°e. The 

cells were resuspended in 25 ml of amylose buffer A [50 mM Tris at pH 7.5, 80 mM KCl, 2 mM ~

mercaptoethanol], and lysed by sonication for 16 minutes. The sample was centrifuged at 2,500g for 30 

minutes at 4°C and the supernatant containing the protein was stored at 4°C whereas the pellet was 

discarded. 

Purification of Uncleaved MkXPG-MBP (Lot 1) 

The crude extract was batch bound for 30 minutes to 30 ml of amylose resin (New England 

BioLabs) that was washed with 5 column volumes (CV) of double deionized and sterile filtered water, 1 

CV of amylose buffer B [50 mM Tris at pH 7.5 in 1.5 M KCl and 2 mM ~-mercaptoethanol]with 20% 

maltose, 2 CV of amylose buffer B without added maltose, and 5 CV of amylose buffer A. The mix was 

then poured into a gravity flow column (3.3 x 13.6 cm) and washed with 1 CV of amylose buffer A and 3 

CV of amylose buffer B. It was eluted with 2 CV of amylose buffer A with 10 mM maltose and then 1 

CV of amylose buffer A without added maltose. The eluent was pooled and dialyzed overnight into 

DEAE buffer A 1[20 mM Tris-HCl at pH 8.5] containing 50 mM KCl, 1 mM EDTA, 5% glycerol, and 1 



mM ~-mercaptoethanol.This was loaded onto a Q-Sepharose Fast Flow column (OE) and washed with 3 

CV of DEAE buffer A, 10 CV of a linear salt gradient from 50 mM to 1 M KCI, and 5 CV of DEAE 

buffer B [20 mM Tris-HCI at pH 8.5 in I M KCI, I mM EDTA, 5% glycerol, and 1 mM ~

mercaptoethanol]. Fractions 26-40 were pooled and loaded onto a heparin column (OE), which was 

washed with 3 CV of heparin buffer A [20 mM Tris-HO at pH 7 in 100 mM KCI, I mM EDTA, 5% 

glyceroi, and ~ mM ~-mercaptoethanol], 10 CV of a linear salt gradient from 100 mM to I M KCl, and 5 

CV of heparin buffer B [20 mM Tris-HCI at pH 7 in I M KCI, I mM EDTA, 5% glycerol, and ImM ~

mercaptoethanol]. Fractions 12-15 were pooled and dialyzed overnight into sepharose buffer A [50 mM 

Tris-HCI at pH 7.5] containing 100 mM NaCl, I mM EDTA, 5% glycerol, and ImM ~-mercaptoethanol, 

then oaded onto a sepharose column (OE). The column was washed with 2 CV of sepharose buffer A, 5 

CV of a linear salt gradient from 100 mM to I M NaCl, and 5 CV of sepharose buffer B [50 mM Tris

HCl at pH 7.5 in I M NaCl, I mM EDTA, 5% glycerol, and ImM ~-mercaptoethanol].The flow through 

was pooled and dialyzed overnight into a storage buffer [10 mM Tris at pH 7.5] containing 150 mM 

NaCI, I mM EDTA, and I mM dithiothreitol. An equal volume of glycerol was added, and the protein 

was stored in aliquots at -20°e. 

Purification ofCleaved MkXPG (Lot 2) 

The crude extract was batch bound for 40 minutes to 30 ml of amylose resin (New England 

BioLabs) that was washed with 5 CV of double deionized and sterile filtered water, I CV of amylose 

buffer B with 20% maltose, 2 CV of buffer B without added maltose, and 5 CV of amylose buffer A. The 

mix was then poured into a gravity flow column (3.3 x 13.6 cm) and washed with 3 CV of amylose buffer 

A, 3 CV of amylose buffer B, and 3 CV of amylose buffer A. It was eluted with 2 CV of amylose buffer 

A with 10 mM maltose and 2 CV of amylose buffer A amylose without added maltose. The eluent was 

collected as 4 separate fractions: K, L, M, and N. The maltose-binding domains of fractions K, L, and M 

were each subjected to Factor Xa cleavage by the addition of8 pi Factor Xa (New England BioLabs) and 

incubated at 17°C for two days. The cleaved fractions were pooled and dialyzed overnight into amylose 
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buffer A and run over 30 ml of amylose resin washed with I CV of amylose buffer A to remove cleaved 

MBP and any uncleaved MkXPG-MBP. The flow through and the washed fractions were dialyzed 

overnight into DEAE buffer A. This was loaded onto a Q-Sepharose Fast Flow column (GE) and washed 

with 3 CV of DEAE buffer A, 10 CV of a linear salt gradient solution from 50 mM to I M KCI, and 5 CV 

of DEAE buffer B. Fractions 19-20 (renamed "Fraction 19") and 27-40 (renamed "Fraction 27") were 

pooled into 2 separate batches since we were unsure as to which batch contained uncleaved MkXPG

MBP and which contained cleaved MkXPG. Each batch was dialyzed separately into heparin buffer A 

then loaded onto a heparin column (GE). The column for Fraction 19 was washed with 2 CV of heparin 

buffer A, 10 CV of a linear salt gradient solution from 100 mM to I M KCI, and 5 CV of heparin buffer B 

and fractions I, I-I, 2, 3, and 4 were pooled. Fraction 27 was washed with 3 CV of heparin buffer A, 10 

CV of a linear salt gradient solution from 100 mM to I M KCI, and 5 CV of heparin buffer Band 

fractions 14-19 were pooled. Because this fraction required further purification, it was dialyzed overnight 

into sepharose buffer A, loaded onto a sepharose column (GE), and washed with 2 CV of sepharose 

buffer A, 5 CV of a linear salt gradient from 100 mM to I M NaCl, and 5 CV of sepharose buffer B. The 

flow through and wash from each fraction was pooled and dialyzed overnight into a storage buffer [10 

mM Tris at pH 7.5] containing 150 mM NaCl, I mM EDTA, and I mM dithiothreitol. An equal volume 

of glycerol was added, and the protein was stored in aliquots at -20°C. 

Crystallization 

MkXPG-MBP (lot I) was dialyzed overnight into a storage buffer [10 mM Tris at pH 7.5] 

containing 150 mM NaCl, ImM EDTA, and ImM dithiothreitol to remove the glycerol. It was 

concentrated using a Millipore Microcon YM-I 0 centrifugal filter unit centrifuged at 14000g and 4°C, 

then the concentration was calculated using the maximum absorbance at 280 nm and an extinction 

coefficient of 1.22 cm-I'ml/mg obtained from the ExPASy proteomics server. MkXPG-MBP (10 mg/ml, 

lot I) was mixed in a 2: I molar ratio ofDNA:protein with 2.5 mM of the DNA of interest, 20 mM CaCI2 



and storage buffer and incubated at room temperature for 60 minutes. Crystal trays were stored at 17°C 

and checked approximately one to two times every two weeks for crystal growth. 

SDS-PAGE 

Proteins were analyzed on 10% SDS-polyacrylamide gels and visualized by staining with 

Fairbanks A solution [20% isopropanol, 10% acetic acid, 0.05% Coomassie BlueJl. To stain each gel, 

Fairbanks A solution was poured over the gell, heated in a microwave for 30 seconds, then placed on a 

shaker for at least 10 minutes. To destain, the Fairbanks A solution was discarded and double deionized 

water was poured over the gel, heated in the microwave for 45 seconds, then placed on a shaker for at 

least 10 minutes with 2 knotted Kimwipes (Kimberly-Clark) in the water to absorb the remainder of the 

dye. 

Activity Assays 

Oligonucleotides NERl, NER2, andNER5 were each 5' 3Zp end-labeled at a concentration of5.5 

pM in a 50 pi reaction with 2 pi oezp, 5 pi lOx T4 polynucleotide kinase buffer (New England 

BioLabs), 1 pi T4 polynucleotide kinase (New England BioLabs), and sterile Milli-Q water. The 

radiolabeled strands were then annealed to unlabeled NER 1, NER2, NER3, NER4, NER5,NER6, and 

NER7 in different combinations at equimolar concentrations to produce a variety of unique DNA 

substrates. Reactions were 20 pi in total and contained 0.03 pM of DNA substrate with varying MkXPG 

(lot 2) concentrations ranging from 0 to 2.0 pM in MkXPG reaction buffer [50 mM Tris at pH 7.5, 20 

mM MgClz, 10% glycerol, and 1 mM dithiothreitol). Following incubation at 57°C for 2 hours, each 

reaction was terminated with 20 pi ofa stop mix solution [80% formamide, 10 mM EDTA, 100 pglml 

bromophenol blue, 2 mM NaOH)' and then heated at 57°C for 5 minutes. Products were separated on a 

20% denaturing polyacrylamide gel [8 M urea) and visualized on a Phospholmager (GE). 

Oligonucleotides for Activity Assays 

J 



NER substrates were synthesized by Keck DNA Center, Yale and purified by reverse phase 

HPLC: NER 1, 5' -CTCCAAGCTCAGCCATCTCGGCTTGCAGGTGGCTC GTCCAGTACTAAGAC; 

NER2, 5'-GAGCGAGTCTCTCCCAGAGTACCTGCAAGCCGAGATGGCTG AGCTTGGAG; NER3, 

5'-GTCTTAGTACTGGACGAG CC; NER4, 5'-ACTCTGGGAGAGACTCGCTC; NER5, 5'-TCTTCT 

ACAACTACTTCTCCAATATTCCAATCTTCTTCTCACGTGCACTCTTCTTCTTCTCACAATATTC 

ATTCCTCCTCCATACATCCA; NER6, 5'-TGGATGTATGGAGGAGGAATGAATATTGTGTCTTCT 

TCTTCTCACGTGCACTCTTCTTCTTTGGAATATTGGAGAAGTAGTTGTAGAAGA; NER7, 5'-TG 

GATGTATGGAGGAGGAATGAATATTGTGAGAAGAAGAAGAGTGCACGTGAGAAGAAGATT 

GGAATATTGGAGAAGTAGTTGTAGAAGA. 

RESULTS 

Cloning and Expression ofMkXPG 

An XPG (MK0566) homologue from the thermophilic archaeon Methanopyrus kandleri was 

utilized because this organism encodes genes for proteins homologous to eukaryotic nucleotide excision 

repair proteins (Fig. 1). Although the NER mechanism is much simpler in bacteria, requiring only three 

major proteins rather than the fifteen to eighteen in eukaryotes (Fig. 2), the bacterial proteins are 

nonhomologous to those of eukaryotes. Thus, E. coli could not be used to study the more complex 

mechanism of DNA repair observed by humans. 

Initial attempts at cloning were unsuccessful, therefore vectors were sent to BioBasic, Inc. for 

"synthesis of the M kandleri MkXPG gene (Fig. 3 and 4). The pMAL-c2X vector contains an exact 

deletion of the malE signal sequence to result in cytoplasmic expression of a fusion protein consisting of 

the protein of interest (in this case, MkXPG) attached to a maltose-binding domain by 10 arginine 

residues. The importance of the maltose-binding domain to protein purification will be discussed in 

greater depth in the following section. 

Purification ofMkXPG 



The cloned M kandleri gene was inserted into the pMAL-c2X vector downstream from the gene 

encoding maltose-binding protein (MBP), malE, resulting in the expression of a protein with a maltose

binding domain. The presence of this domain, in theory, allows for a simple one-step purification of the 

protein of interest by affinity chromatography since the MBP will stick to amylose allowing seperation 

from the cell lysate which is expected to pass through the column (Fig. 5). The MBP maintains a greater 

affinity for maltose than for the amylose resin, so the MBP fusion protein can be eluted by adding maltose 

after sufficient washing of the cell lysate from the column. A spacer sequence coding for 10 asparagine 

residues separates the maltose-binding domain from the MkXPG, which improves the affinity for the 

amylose column. Once the target protein is separated from the cell lysate, the maltose-binding domain can 

be cleaved from the fusion protein by a specific protease, Factor Xa. Two different lots of MkXPG were 

purified. Lot I comprises uncleaved MkXPG-MBP in which the maltose-binding domain is still attached 

to the protein. Lot 2, also known as fraction 27, contains cleaved MkXYG and traces of uncleaved 

MkXPG-MBP. 

The actual purification of the target protein, MkXPG, required more steps than a single amylose 

column. For Lot I, containing the uncleaved fusion protein, the culture was first run through a gravity 

column containing amylose resin. The MkXPG-MBP was expected to bind to the amylose since the MBP 

maintained a high affinity for the resin, allowing separation from the cell lysate. However, the amylose 

purified protein showed additional bands on the SDS-PAGE gel (Fig. 6), indicating the presence of 

contaminating copurifying proteins. Therefore, the pooled amylose purified fractions were further 

purified using a Q-Sepharose Fast Flow (QFF) column, an anion exchange column that is expected to 

interact with negatively charged functional groups of MkXPG. Bound proteins elute from the column 

with increasing salt concentration as other ions replace the protein on the column. An ion chromatogram 

(Fig. 7) and SDS-PAGE gels (Fig. 8) indicate that the MkXPG protein eluted from the column in 

fractions 26 through 36, although trace amounts may have also been in fractions 37-40, therefore fractions 

26-40 were pooled to achieve the highest purity. A second affinity column was next used, which utilizes 

heparin resin, and the protein was eluted with a potassium chloride salt gradient. Fractions 12-15 (Fig. 9, 



10) were pooled and loaded onto a sepharose column that utilized a sodium chloride gradient for elution. 

However, the protein was not retained on the column, therefore the flow through and first wash fractions 

were pooled (Fig. 11, 12), dialyzed into a storage buffer, concentrated, made 50% in glycerol, flash frozen 

in liquid nitrogen, and stored at -80°C in aliquots. A 10% SDS-PAGE gel (Fig. 13) was used to estimate 

the purity of the uncleaved MkXPG-MBP. 

Purification of the second batch of MkXPG, Lot 2, followed in a nearly identical manner apart 

from the maltose-binding domain cleavage steps. First the culture was loaded onto an amylose column 

and eluted with 10 mM maltose. The eluent was collected as fractions K and L and the ensuing amylose 

buffer A wash as fractions M and N (Fig. 14). The asparagine MBP linkage of fractions K, L, and M was 

cleaved with Factor Xa (New England BioLabs). To seperate the MBP from the MkXPG protein, these 

fractions were loaded onto an amylose column for a second time. Without the MBP, MkXPG is expected 

to pass directly through the column, however, the MBP is expected to remain. The flow through was 

collected and loaded onto a QFF column (Fig. 15, 16), washed, and eluted with a salt gradient. As it was 

unclear which fraction contained the MBP and which was contained the MkXPG since they are of similar 

molecular weights, fractions i 9-20 ("fraction 19") and fractions 27-40 ("fraction 27") were pooled 

sperately. Fraction 19 was further purified using the heparin column (Fig. 17, 18), dialyzed in a storage 

buffer, made 50% in glycerol, flash frozen in liquid nitrogen, and stored at -80°C in aliquots. Fraction 27 

was also further purified using the heparin column (Fig. 19,20) followed by a sepharose column (Fig. 21, 

22) before it was concentrated and stored. 10% SDS-PAGE gels were used to estimate the purity and 

identities of fractions 19 (Fig. 23) and 27 (Fig. 24). Western blots using anti-MBP antibody determined 

that fraction 19 contained the cleaved maltose-binding domain along with trace amounts of uncleaved 

MkXPG-MBP and fraction 27 contained the cleaved MkXPG and trace amounts of uncleaved MkXPG

MBP (A. Babic, unpublished results). 

DNA Substrate Specificity Assays 



A number of radioactive assays were performed using oligonucleotides 5' end labeled with J2p 

and annealed to produce a variety of unique DNA structures (Table 1) to test the substrate specificity of 

MkXPG's endonuclease activity. First the purified MkXPG was tested for activity against a 5'-flap 

structure (Fig. 25), its expected canonical substrate. The denaturing polyacrylamide gel (Fig. 26) indicates 

DNA cleavage at high protein concentrations, as shown by the faster migrating bands approximately 20 

nucleotides in length. However, at lower protein concentrations, there is little or no DNA cleavage, as 

evidenced by the bands aligning with NER2, which is approximately 50 nucleotides in length. In some 

lanes, there is a band near the top of the gel, which is likely all or a large portion of the annealed DNA 

structure assayed that has not completely denatured. 

All other assays (Fig. 27-40) perfonned with the substrates listed in Table 1 indicate a lack of 

cleavage of the labeled DNA stra-nd by MkXPG except for assay #8, in which the substrate involved the 

strands NERl, NER2, NER3, and NER4 annealed with only NER2 containing the radiolabel (Fig. 34). 

The gel indicates that the DNA is cleaved into a 20 nucleotide strand at high MkXPG concentrations, but 

remains a 50 nucleotide long strand at low MkXPG concentrations. DNA cleavage in assays #9 and #12 

may have also occurred, but in an unlabeled strand. 

Crystallization 

Several crystal trays were prepared to grow crystals and obtain structures of MkXPG-MBP bound 

to different DNA constructs (Table 2). Crystals were extracted and frozen down in cryoptrotectant 

solution [30% glycerol, 26% PEG 4K, 0.1 M Tris at pH 7.5, 150 mM NaCl, and 150 mM ammonium 

sulfate] from two trays on July 16, 2008. Tray 23 (Fig. 40) exhibits numerous small crystals grown in the 

presence of uncleaved MkXPG-MBP (Lot 1) and DNA I at a pH of 8.5 in 22% PEG 4K, 10 mM CaClz, 

125 mM NaCl, and 100 mM ammonium sulfate. The crystals appeared to be partly dissolved at the time 

they were extracted from the droplet. One large crystal was extracted from Tray 28 (Fig. 41). The crystal 

was grown in the presence of uncleaved MkXPG-MBP (Lot 1) and DNA 1 at a pH 00.5 in 26% PEG 
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4K, 10 mM CaCI2, 125 mM NaCI, and 100 mM ammonium sulfate. The x-ray diffraction from these 

crystals at SSRL BL9-2 indicated a very small cell consistent with inorganic salt. 

DISCUSSION 

The Purification ojMkXPG Required More Than One Step 

Though it was expected that the fusion protein ofMkXPG with the maltose binding protein 

(MBP) would be readily purified using amylose chromatography, four additional steps were actually 

required to reach the purity required for crystallization. In the purification of both the cleaved and the 

uncleaved lots of MkXPG-MBP, the amylose column was followed with QFF, heparin, and finally 

sepharose chromatography. Each of these chromatographic steps utilizes different properties of MkXPG 

to purify the sample, including charge, substrate affinity, and size. The QFF resin binds the negatively 

charged amino acid functional groups of the protein while cations and less negatively charged molecules 

flow through the column and are discarded. The protein of interest then elutes from the column in later 

fractions after buffer with higher salt concentrations are applied to the column. The heparin resin 

selectively binds certain domains of MkXPG and is eluted using a linear potassium chloride gradient. The 

sepharose column is a size-exclusion column that allows for the separation of different molecules based 

on their Stokes radii. 

By performing affinity chromatography with the amylose column first, most of the major 

contaminants were removed since this resin selectively binds to the maltose-binding domain attached to 

MkXPG. This fact also allowed for the separation of the maltose-binding domain from the target protein 

after it was cleaved by Factor Xa. Because the sample was not pure nor concentrated enough to use for 

crystallization experiments, the protein was purified further using a QFF column to eliminate the 

negatively charged impurities and to concentrate the sample. The heparin column was utilized as the 

negatively charged resin mimics DNA and binds many DNA binding proteins. Finally, a sepharose 

column was used to separate MkXPG from contaminants with different sizes and shapes. Because 

MkXPG is relatively large, it eluted from the column almost immediately in the flow through and first 
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wash. The sepharose column was performed in the final stage of the purification because it has the effect 

of diluting the protein concentration of the sample, which is undesirable for earlier purification steps in 

which purified MkXPG protein was concentrated from a large volume of cell lysate. After this column, 

we concentrated the purified sample for storage, which was made 50% in glycerol, flash frozen in liquid 

nitrogen, and stored at -80°C. 

Purified Lots ofMkXPG With and Without the Maltose-Binding Domain Were Obtained 

MkXPG was purified into two batches: lot 1 consisting of predominantly MkXPG-MBP with the 

mal tose-binding domain still attached to the protein, and lot 2 consisting of predominantly MkXPG 

without the MBP. Lot I was found to be of sufficient purity to be used for crystallization and activity 

assays. Lot 2, however, contained copurifying uncleaved MkXPG-MBP, making it unusable for 

crystallization experiments, but was sufficiently pure for use in activity assays. Initial activity assays 

suggested that the MBP in the fusion protein interferes with the way that MkXPG interacts with DNA, 

since activity assays using the protein from lot I showed no DNA cleavage activity with the canonical 

substrate, the 5' flap DNA (Fig. 25). In contrast, lot 2 containing the mixture of cleaved and uncleaved 

MkXPG did show the expected DNA cleavage activity (Fig. 26). Therefore, the cleaved batch (lot 2) of 

MkXPG was used for all activity assays in this study. 

MkXPG is Highly Spec!ficfor Certain DNA Substrates 

A total of fourteen substrate specificity assays were performed in 'duplicate to test for the binding 

and cleavage of certain DNA substrates by MkXPG. The DNA constructs, shown in Table I, were 

designed to test for different possible specificities such as exo or endonuclease activity on single stranded 

DNA (assays #1 and #7), double stranded DNA (assays #5 and #10), 5'overhangs (assay #2), 3'overhangs 

(assay #3), 5'-flap (assay # 0 and #12), 3'-flap (assays #4 and #13), or collapsed replication fork-like 

structures (assay #8 & 9). These assays may seem repetitive, however only one of the oligonucleotides is 

labeled in each assay to investigate the potential cleavage in part of the construct. Of these assays, 
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cleavage was unambiguiously observed in only two of the assays: in NER2 of the 5' -flap structure (assay 

#0, Fig. 26) and in NER2 of the substrate composed ofNER2*, NER1, NER3, and NER4 (assay #8, Fig. 

34). The cleavage product is a single band of 20 nucleotides in length from the 32p label at the 5'end, 

indicating a single cleavage site, at least initially (cleavages occurring subsequently 3' from the initial site 

would not be visible since the radiolabel is attached at the 5' end of the oligonucleotide). DNA cleavage 

may also have occurred in assay #9 (Fig. 35) and assay #12 (Fig.38), where NERI is 32p labeled in both 

assays. Although the polyacrylamide gels used for electrophoresis and separation of the DNA contained 8 

M urea, and the loading buffer contained 80% formamide, bands moving slower than the longest 

oligonucleotides in the reactions were often observed, indicating incomplete dentaturation of the DNA 

substrate. Thus, the bands above the 50 nucleotide marker in the gels of Figs. 35 and 38 are likely the 

annealed substrates, and the separation into faster moving bands (although still slower than the 50 

nucelotide marker) suggests cleavage into smaller but still duplexed DNA. Only NERI is labeled in these 

reactions, and no single stranded DNA faster than the 50 nucleotide marker appears upon incubation with 

the enzyme, indicating no cleavage ofNERl. Therefore we interpret the faster moving duplex DNA in 

assay #9 as having cleavage ofNER2 in the substrate that remains base paired to NERI * and NER4. The 

presence of multiple bands, rather than the single product band of assays #0 and #8 (Figs. 26 and 34), 

suggests multiple cleavages occur 3' of the initial cleavage, which occurs 20 nucleotides from the 5' end 

on NER2 (assay #0, Fig. 26). 

These results show that MkXPG has the expected specificity for cleavage of DNA that extends 5' 

from a duplex region, and that the 30 base pairs of duplex DNA formed by the annealing ofNERl with 

NER2* in assays #0 and #8 are sufficient for binding by MkXPG. The cleavage occurs at the junction of 

the 5' extension and the duplex region resulting in the 20 nucleotide product of cleavage of labeled NER2 

in assays #0 and #8 (Fig. 25, Fig. 34). Additional cleavages may occur 3' of the initial, as discussed 

above. The presence of a complementary strand duplexed to the 5' extension did not eliminate the 

cleavage activity, since MkXPG cleaved NER2 in assay #8 despite the presence ofNER4 (Fig. 34). This 

activity is surprising, as such a substrate would be found at stalled replication forks rather than sites of 



DNA damage repaired by NER. The data also indicates that shorter duplex regions, such as the 20 base 

pair region formed by NER I and NER3, are insufficient to allow Mk:XPG to cleave the 5' upstream 

region of NER I in assays #9 and # 12 (Figs. 35 and 38). In addition to the duplex region formed by NER I 

and NER2 in assays #0 and #8, the additional duplex region formed by NERI and NER3 is also required, 

as single stranded DNA in this region is insufficient for cleavage ofNER2 by MkXPG (assay #2, Fig. 

28). This is surprising, since the substrate of an NER protein is expected to consist of melted DNA (as in 

the bubble substrate of assay #6, rather than the flap structure of assay #0). Similarly, DNA cleavage by 

MkXPG was not observed on the bubble substrate in assays #6 and # II (Figs. 32 and 37). Substrate 

specificity assays using FEN-I and Rad2 (Harrington & Leiber, 1994) showed that Rad2, an NER XPG 

protein from yeast, cleaves flap structures similar to that of assay #2, while FEN-I did not. FEN-I is an 

endonuclease with homology to XPG but acts in DNA replication rather than repair. In addition, FEN-] 

possessed stronger 5' -3' exonuclease activity than Rad2 (Harrington & Leiber, 1994), an activity seen 

with MkXPG in assays #9 and # 12. In light of our results, and the previously published specificities for 

the known DNA replication endonuclease FEN-I and NER endonuclease Rad2, our data indicate that 

MkXPG possesses specificities more similar to FEN-I than Rad2. As the prokaryotic homologues of 

NER are not present in M kandleri, and MkXPG is the only XPG homologue found in the M kandleri 

genome, we propose that NER in M kandleri could be very different from that of either prokaryotes or 

eukaryotes, involving other endonucleases yet to be discovered. Alternatively, MkXPG could function in 

NER but maintain the specificity of FEN-I, possibly performing dual functions in replication and repair 

and/or representing an evolutionary missing link between DNA replication and DNA repair 

endonucleases. 

Crystallization 

Although a structure was not obtained from these x-ray crystallography trials, the presence of 

crystals suggests conditions conducive to crystal growth for future trays. In tray 23, there were a few 

other wells that contained numerous, albeit small, crystals. Different screens based on the conditions of 



this tray were tested in an attempt to grow larger crystals, which yielded the large crystal extracted from 

tray 28. Testing different screens of sodium chloride at concentrations between 100 and 150 mM, 

ammonium sulfate at concentrations ranging from 75 to 125 mM, and a pH range of 7 to 8.5 is 

recommended for future work. These trays were set up with PEG 4K, but it may prove effective to try 

PEG 6K or 8K at percentages ranging from 20% to 28% to see if crystallization occurs using the 

uncleaved MkXPG-MBP and DNA 1 construct. In addition, once cleaved MkXPG is of sufficient purity, 

cocrystallization with the various DNA constructs should be attempted. 
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Figure Legend 

Ei&..L This phylogenetic tree iUustrates the evolutionary relationship between bacteria, archaea, and 
eukarya. The tree branches off into two major divisions, one encompassing bacteria and the other 
containing the archaea and eukarya domains, showing a closer association of eukaryotes to archaea than 
to bacteria. This helps explain why the NER mechanism of eukaryotes is more similar to that of archaea 
than to bacteria, because these two domains are more closely related to each other. Therefore, the NER 
proteins derived from the thennophilic archaea Methanopyrus kandleri instead of from Escherichia coli 
bacteria are being studied since the NER mechanism in bacteria involves only three proteins that serve 
different purposes in bacterial NER than that of archaea, which utilizes proteins homologous to 
eukaryotic NER proteins. 
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Fig. 2. This illustrates the more complex nucleotide excision repair (NER) mechanism of eukaryotes, 
which involves about 15-18 separate proteins acting in concert to recognize the damaged strand, unwind 
the double helix, cleave it from the rest of the DNA, and polymerize and ligate the newly synthesized 
DNA. MkXPG maintains endonuclease activity, binding to the DNA and cleaving it on the 3' side of the 
damaged site. 

Fig. 3. Construct map of M kandleri MkXPG in pMAL-c2X synthesized by BioBasic Inc. UAZ007-1 
represents the M kandleri MkXPG gene. It is excised from the expression vector with Xbal and Hind III. 
This map was provided by BioBasic Inc. with the synthesized gene. 

Fig. 4. Sequence of the M kandleri MkXPG gene provided by BioBasic Inc., shown from 5' to 3'. This is 
what is inserted into the pMAL-c2X vector downstream from the malE gene, resulting in the expression 
of MkXPG attached to a maltose-binding domain via 10 asparagine residues . 

.E..i&..2. This diagram illustrates the theoretical cloning, expression, and purification of a target protein 
expressing the maltose-binding protein (MBP) gene. The gene of the protein of interest, MkXPG, is 
inserted downstream of malE and interrupts a lacZa gene in the pMAL vector. The gene expresses a 
MBP, which binds to the amylose resin of a column when the culture is loaded onto the column. 
Everything else within the solution is expected to wash through the column because the MBP has a higher 
affinity for amylose and competitively binds to the resin. MkXPG is then eluted from the column with 
maltose, which binds to the MBP and causes the target protein to detach from the column. The maltose
binding domain can then be cleaved from MkXPG lIsing a specific protease, Factor Xa, giving purified 
M kandleri MkXPG. This schematic was provided by New England Biolabs, Inc. 
<hnp://www.neb.com/nebecomrn/products/productE8000.asp>. 

Fig. 6. The fractions collected from the first step of the uncleaved MkXPG-MBP (Lot 1) purification were 
analyzed with a 10% SDS-PAGE gel to determine which fractions the protein is located and the purity of 
the fractions that contained the target protein. The initial six lanes show numerous, dark bands 
representing contaminating proteins and cell components that did not bind to the amylose column. It is 
assumed that the MkXPG-MBP protein successfully bound to the amylose resin and was purified of 
major contaminants because the elution fractions, which were washed with 10 mM maltose in amylose 
buffer A, show bands indicative of a protein that can bind to the column and subsequently be washed off 
by something that binds to the MBP. The elution fractions and the amylose buffer A wash following 
elution were pooled because these contained the uncleaved MkXPG-MBP. Bands at 80 kDa, the 
approximate molecular weight of MkXPG-MBP, were expected near the top of the gel. Because a number 
of other bands are present in the gel at lower molecular weights (bands have migrated further down the 
gel because they are smaller and it is easier for them to move through the polyacrylamide), it was 
necessary to purify the pooled fractions from these contaminants. 

Fig. 7. An ion chromatogram indicates which fractions contain protein or other cell components at each 
peak and is useful in determining which fractions should be analyzed for the target protein, pooled, and 
purified further if necessary. This chromatogram shows which fractions could contain the MBP in the 
purification of uncleaved MkXPG-MBP (Lot 1) by a QFF column. There are peaks at fractions 1-4, 18
24, and 26-36, which suggests that the target protein is located in one set of these fractions and protein
like contaminants are in the remaining fractions. 

Fig. 8. The fractions collected from the QFF column used to purify the uncleaved MkXPG-MBP (Lot 1) 
in the second step of the purification were analyzed with two 10% SDS-PAGE gels. Which fractions to 
evaluate were determined using the accompanying ion chromatogram (Fig. 7). (A) The first lane contains 
a ladder to establish the size of the fraction components in order to verify for the presence of the target 
protein and evaluate its purity. Fractions 18-25 displayed bands of varying molecular weight ranging from 



51 kDa to 116 kDa. These are contaminants and were discarded. (B) The ladder is located in the second 
lane. Fractions 26-40 show very large dark bands around 98 kDa. This is close to the approximate size of 
the fusion protein, 80 kDa, so these fractions were pooled for further purification since other 
contaminating bands remained in the gel. 

Fig. 9. The chromatogram for the purification of uncleaved MkXPG-MBP (Lot 1) by the heparin column 
shows a weak peak between fractions 0-10 and a more defined peak for fractions 12-15. These fractions 
likely contain contaminants and the target protein, respectively. There are no peaks for the remainder of 
the fractions, which suggests that there is nothing remaining in the column. 

Fig. 10. The fractions collected from the heparin column used to purify the uncleaved MkXPG-MBP (Lot 
1) in the third step of the purification were analyzed with two 10% SDS-PAGE gels. Which fractions to 
evaluate were determined using the accompanying ion chromatogram (Fig. 9). (A) Bands appear at 
approximately 98 kDa for the load-on and flow through fractions, as well as for fractions 1, 4, 7, 10, 12
17. However, the bands of fractions 12-15 appear to be much darker and thicker than the others and the 
chromatogram displays a prominent peak for these fractions, so these fractions were pooled as those 
containing the uncleaved MkXPG-MBP protein. (B) Although the chromatograph does not show the 
presence of any more protein or contaminants in later fractions, the presence of anything of consequence 
were tested for in fractions 26, 29, 32, 35, 38,42,45,48, 52, and 55 to be thorough. The gel confirms that 
nothing was in these fractions. 

Fig. 11. The chromatogram for the purification of uncleaved MkXPG-MBP (Lot 1) by the sepharose 
column has no significant peaks, meaning that the protein has washed through the column in the load-on 
and flow through steps and was not purified any further by this column. 

Fig. 12. The fractions collected from the sepharose column used to purify the uncleaved MkXPG-MBP 
(Lot 1) in the final step of the purification were analyzed with two 10% SDS-PAGE gels. Which fractions 
to evaluate were determined using the accompanying ion chromatogram (Fig. 11). (A) Dark bands at 
approximately 98 kDa are present in the load-on, flow through, and sepharose buffer A wash fractions. 
The flow through and wash fractions, which likely contained the MkXPG-MBP fusion protein, were 
pooled. (B) There are no other bands present in the gel for other fractions, meaning that nothing of 
consequence remained in these fractions and they were discarded. 

Fig. 13. A 10% SDS-PAGE gel was used to test the purity of the final uncleaved MkXPG-MBP (Lot 1) 
that was purified. The first lane contains the ladder and the other lanes contain increasing microliter 
amounts of the purified fusion protein. Only one band occurred at approximately 98 kDa for each sample, 
which increases in intensity with an increase in protein concentration. This indicates that the protein has 
been sufficiently purified and remains attached to the MBP (if not, another band would occur at about 51 
kDa, see Fig. 24). 

Fig. 14. The fractions collected from the amylose column used to purify the cleaved MkXPG (Lot 2) in 
the first step of the purification were analyzed with two 10% SDS-PAGE gels. The fractions containing 
the MBP eluted with 10 mM maltose in amylose buffer A were collected as two fractions, called K and L. 
Following elution with maltose, the column was washed with amylose buffer A without added maltose 
and these fractions were collected and called M and N. The MBP was cleaved from MkXPG with Factor 
Xa (New England BioLabs) in fractions K, L, and M. (A) The seven lanes following the lanes containing 
post-induction fractions have numerous dark bands indicative of the contaminants that washed through 
the amylose column. Dark bands are present at the 98 kDa locations in the lanes containing the elution 
(fractiol1s K ad L), which represent the MBP fusion protein prior to cleavage. (B) The amylose buffer A 
washes (fraction M and N) following the MBP elution suggest the presence of very little, if any, protein, 
however fraction M was still cleaved along with the elution fractions. The lanes marked cleavage 1,2, 



and 3 represent the separate cleavage of fractions K, L, and M, respectively. There are prominent bands at 
98 kDa and 51 kDa in fractions K and L, showing that MkXPG is present in both its uncleaved (98 kDa) 
and its cleaved (51 kDa) forms. Fraction M appears to lack any protein, but was still pooled with fractions 
K and L so as to minimize unnecessary protein loss. 

Fig. 15. The chromatogram for the purification of cleaved MkXPG (Lot 1) by the QFF column has two 
major peaks at fractions 18-22 and 27-40 representing fractions containing the MBP and the cleaved 
MkXPG. 

Fig. 16. The fractions collected from the QFF column used to purify the cleaved MkXPG (Lot 2) in the 
third step of the purification were analyzed with two 10% SDS-PAGE gels. Which fractions to evaluate 
were determined using the accompanying ion chromatogram (Fig. 15). (A) Fractions 18-20 exhibited dark 
bands at approximately 51 kDa, which may be the cleaved MkXPG as it is about 40 kDa smaller than the 
uncleaved MkXPG-MBP that migrates to the 98 kDa location. It may also be the cleaved maltose-binding 
domain itself, as it is possible for it to migrate to this position in the gel too since it is about the same size 
as the protein alone. Fractions 19-20 were pooled and called this "fraction 19." (B) Prominent bands are 
present at both the 90 kDa and 51 kDa locations on the gel for fractions 29-40. This may represent a 
mixture of uncleaved MkXPG-MBP at 90 kDa and cleaved MkXPG at 51 kDa, or uncleaved MkXPG
MBP at 90 kDa and the cleaved maltose-binding domain at 51 'kDa. Fractions 27-40 were pooled and 
called this "fraction 27." Since it is not clear which fraction contains the maltose-binding domain and 
which contains the cleaved protein, the two fraction pools now called fraction 19 and fraction 27 were 
stored separate from each other and purified independently. 

Fig. 17. The chromatogram for the purification of fraction 19 of cleaved MkXPG (Lot 2) by the heparin 
column shows a large peak at fractions 0-4, which likely contains either cleaved MkXPG or the maltose
binding domain. Because the fraction collector on the column got stuck, a large portion of the main peak 
was lost. 

Fig. 18. The fractions collected from the heparin column used to purify fraction 19 of the cleaved 
MkXPG (Lot 2) were analyzed with two 10% SDS-PAGE gels. Which fractions to evaluate were 
determined using the accompanying ion chromatogram (Fig. 17). (A) A single dark band was present in 
fractions 1, 1-1,2, and 3. It is most likely that this is the maltose-binding domain as it only exhibits one 
strong band in the gel and would likely show another one at the 90 kDa location since there may be some 
uncleaved MkXPG-MBP remaining that was not cleaved by Factor Xa. These fractions with fraction 4 
were pooled and stored. (B) As predicted by the chromatogram, there are no significant bands in the 
remainder of the fractions as these lack any protein or impuri ties. 

Fig. 19. The chromatogram for the purification of fraction 27 of cleaved MkXPG (Lot 2) by the heparin 
column shows a slight peak between fractions 0-11 and a large peak at fractions 12-22. The latter likely 
contains the protein or maltose-binding domain. 

Fig. 20. The fractions collected from the heparin column used to purify fraction 27 of the cleaved 
MkXPG (Lot 2) were analyzed with two 10% SDS-PAGE gels. Which fractions to evaluate were 
determined using the accompanying ion chromatogram (Fig. 19). (A) Fractions 1,2,4,6,8, and 10 
maintain weak bands at 90 kDa and 51 kDa and likely contain trace amounts of the protein. The bands are 
much darker and thicker for fractions 14-17 at these locations, so we pooled fractions 14-19 for further 
purification. (B) Fraction 19,20, and 21 show faint bands at 90 kDa, but the rest of the fractions contain 
nothing of consequence and were therefore disposed of. 



Fig. 21. The chromatogram for the purification of fraction 27 of cleaved MkXPG (Lot 2) by the sepharose 
column shows a very weak band for the flow through and the first sepharose buffer A wash. The protein 
of interest is likely in these fractions and the remainder contains nothing. 

Fig. 22. The fractions collected from the sepharose column used to purify fraction 27 of the cleaved 
MkXPG (Lot 2) in the final step of the purification were analyzed with two 10% SDS-PAGE gels. Which 
fractions to evaluate were determined using the accompanying ion chromatogram (Fig. 21). (A) Despite 
the poor quality of the gel, bands at approximately 98 kDa and 51 kDa can be perceived. It is likely that 
this fraction contains uncleaved MkXPG-MBP that migrates to the 98 kDa position in the gel and cleaved 
MkXPG that migrates to the 51 kDa location. (B) The remainder of the fraction contained nothing, as 
there are no bands present in the gel. 

Fig. 23. A 10% SDS-PAGE gel was used to test the purity and identity of fraction 19 of cleaved MkXPG 
(Lot 2) that was purified. The first lane contains the ladder and the other lanes contain increasing 
microliter amounts of the purified protein. Very faint bands occurred at 98 kDa that may be some 
uncleaved MkXPG-MBP that remains in the fraction. A very thick band occurs at 51 kDa for each 
sample, which increases in thickness with an increase in protein concentration. The band smears as if 
there are other impurities in the gel, so it is likely that fraction 19 contains the maltose-binding domain 
and trace amounts of uncleaved MkXPG-MBP. 

Fig. 24. A 10% SDS-PAGE gel was used to test the purity and identity of fraction 27 of cleaved MkXPG 
(Lot 2) that was purified. The first lane contains the ladder and the other lanes contain increasing 
microliter amounts of the purified protein. Bands occur at both the 98 kDa and 51 kDa positions in the gel 
for each sample, which increase in intensity with an increase in protein concentration. This suggests that 
there is both cleaved and uncleaved MkXPG-MBP in this sample. 

Fig. 25. MkXPG is specific to this particular substrate, the 5'-flap structure, and recognizes, binds to, and 
cleaves the DNA most effectively when it exists in this form. For this assay, NER2 is labeled with 32 p and 
annealed to NER3 and NERI. We expect that MkXPG will bind to and cleave NER2*, producing a strand 
of DNA that is 20 base pairs long. Because this strand is phosphorylated with 32p at the 5' end, the 20 
nucleotide-long cleaved portions can be visualized by the Phospholmager to show that MkXPG does have 
endonuclease activity when this particular structure is present. 

Fig. 26. To test for endonuclease activity, an assay of MkXPG fraction 27 (Lot 2) and the 5' flap structure 
(Fig. 25) was performed at different concentrations of MkXPG ranging from 0 to 2.0 ~tM. NER2* acts as 
a marker for a 50 nucleotide strand and NER3 * acts as a marker for a 20 nucleotide strand. The bands that 
have migrated to the 20 nucleotide position in the gel show that MkXPG is active and has cleaved the 
DNA substrate at the 5' flap on NER2*. This occurs at higher protein concentrations from 0.1 to 2.0 ~. 

At lower protein concentrations below 0.1 11M, there is a very faint band at the 20 nucleotide position, 
indicating that some DNA may have been cleaved, but not a significant amount. There is a darker band 
correlating to a 50 nucleotide DNA strand, the length of NER2*, which suggests that a majority of the 
DNA was not cleaved at low MkXPG cOl1centrations. The bands at the top of the gel that align with what 
may be the entire trimer indicate that the DNA is not being completely denatured either in the gel or prior 
to loading the gel. 

Fig. 27. This assay tested for MkXPG endonuclease activity on DNA substrate #1, NER2* only, using 
fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 ~ (reactions 1-8) 
reacted with DNA at a concentration of 0.03 J.lM in a 20 III reaction. NER3* (reaction 9), which has a 
length of 20 base pairs, served as a length marker. The bands at the 50 nucleotide position for reactions 1
7 indicate that MkXPG has not cleaved this DNA. 



fig. 28. This assay tested for MkXPG endonuclease activity on DNA substrate #2, NER2* annealed to 
NER1, using fraction 27 (Lot 2) of purified MkXPG at ditTerent concentrations from 0 to 2.0 11M reacted 
with DNA at a concentration of 0.03 11M in a 20 ~L1 reaction. NER2*, which has a length of 50 base pairs, 
and NER3*, which is 20 base pairs in length, served as length markers. There are also bands migrating 
more slowly than the 50 base pair marker, which likely represent duplexed DNA that has not denatured. 

Fig. 29. This assay tested for MkXPG endonuclease activity on DNA substrate #3, NER2 annealed to 
NERI *, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 !1M reacted 
with DNA at a concentration of 0.03 11M in a 20 III reaction. NER 1*, 50 base pairs in length, and NER3*, 
20 base pairs in length, served as length markers. 

Fig. 30. This assay tested for MkXPG endonuclease activity on DNA substrate #4, NER2* annealed to 
NER4 and NER1, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 
!1M reacted with DNA at a concentration of 0.03 11M in a 20 III reaction. NER2*, 50 base pairs in length, 
and NER3*, 20 base pairs in length, served as length markers. 

Fig. 31. This assay tested for MkXPG endonuclease activity on DNA substrate #5, NER5* annealed to 
NER7, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 !1M reacted 
with DNA at a concentration of 0.03 !1M in a 20 III reaction. NER5*, 90 base pairs in length, and NER3*, 
20 base pairs in length, served as length markers. 

Fig. 32. This assay tested for MkXPG endonuclease activity on DNA substrate #6, NER5* annealed to 
NER6, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 ~tM reacted 
with DNA at a concentration of 0.03 11M in a 20 III reaction. NER5*, 90 base pairs in length, and NER3*, 
20 base pairs in length, served as length markers. 

Fig. 33. This assay tested for MkXPG endonuclease activity on DNA substrate #7, NERI * only, using 
fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 !1M reacted with DNA at 
a concentration of 0.03 11M in a 20 III reaction. NERI *,50 base pairs in length, and NER3*, 20 base pairs 
in length, served as length markers. 

Fig. 34. This assay tested for MkXPG endonuclease activity on DNA substrate #8, NER2* annealed to 
NER4, NER3, and NER 1, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 
to 2.0 J1M reacted with DNA at a concentration of 0.03 11M in a 20 III reaction. NER2*, 50 base pairs in 
length, and NER3*, 20 base pairs in length, served as length markers. There are dark bands at the 20 
nucleotide line wheIl. the concentration of MkXPG is between 0.1 and 2.0 !1M (reactions 1-5), which 
indicate that MkXPG at high concentrations can cleave the DNA substrate. When the concentration of 
MkXPG is below 0.1 !1M (reactions 6-8), the bands are darker at the 50 nucleotide position showing that 
the DNA has not been cleaved in significant amounts. It is possible that MkXPG may be able to cleave 
this substrate as well, but prefers the 5' flap structure and thus c'leaves substrate #8 only at high protein 
concentrations. It may also be that part of the DNA has come apart in the reaction and so NER2* is only 
annealed to NER3 and NER 1 to fonn the preferred 5' flap structure. 

Fig. 35. This assay tested for MkXPG endonuclease activity on DNA substrate #9, NERI * annealed to 
NER2, NER3, and NER4, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 
to 2.0 !1M reacted with DNA at a concentration of 0.03 11M in a 20 III reaction. NERI *, 50 base pairs in 
length, and NER3*, 20 base pairs in length, served as length markers. A number of bands appear between 
the top bands, corresponding to duplexed DNA, and those at the 50 nucleotide position, which likely 
represent degradation products from cleavage by MkXPG but with incomplete denaturation of the duplex 
regIOns. 



Fig. 36. This assay tested for MkXPG endonuclease activity on DNA substrate #10, NER7* annealed to 
NER5, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 IlM reacted 
with DNA at a concentration of 0.03 IlM in a 20 III reaction. NER7*, 90 base pairs in length, and NER3*, 
20 base pairs in length, served as length markers. 

Fig. 37. This assay tested for MkXPG endonuclease activity on DNA substrate # II, NER6* annealed to 
NER5, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 ~ reacted 
with DNA at a concentration of 0.03 !1M in a 20 III reaction. NER6*, 90 base pairs in length, and NER3*, 
20 base pairs in length, served as length markers. 

Fig. 38. This assay tested for MkXPG endonuclease activity on DNA substrate #12, NERI * annealed to 
NER2 and NER3, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 
~lM reacted with DNA at a concentration of 0.03 IlM in a 20 III reaction. NER2*, 50 base pairs in length, 
and NER3 *, 20 base pairs in length, served as length markers. A number of bands appear between the top 
bands, corresponding to duplexed DNA, and those at the 50 nucleotide position, which likely represent 
degradation products from cleavage by MkXPG but with incomplete denaturation of the duplex regions. 

Fig. 39. This assay tested for MkXPG endonuclease activity on DNA substrate #13, NERI * annealed to 
NER2 and NER4, using fraction 27 (Lot 2) of purified MkXPG at different concentrations from 0 to 2.0 
IlM reacted with DNA at a concentration of 0.03 IlM in a 20 III reaction. NERI *,50 base pairs in length, 
and NER3*, 20 base pairs in length, served as length markers. 

Fig. 40. This polarized image of a droplet from MkXPG crystal tray #23 shows numerous small crystals 
around the edges and in the center of the drop. These crystals, which refract light and appear as white rods 
in the drop, were grown with uncleaved MkXPG-MBP (lot I) and DNA 1 at a pH of 8.5 in 22% PEG 4K, 
10 mM CaCb, 125 mM NaCI, and 100 mM ammonium sulfate. To obtain structural data, crystals were 
extracted and frozen down in cryoptrotectant solution on July 16,2008. The x-ray diffraction from these 
crystals at SSRL BL9-2 indicated a very small cell consistent with inorganic salt. 

Fig. 41. This polarized image of a droplet from MkXPG crystal tray #28 shows a large green-colored 
crystal towards the lower right comer of the drop. The crystal was grown with uncleaved MkXPG-MBP 
(Lot 1) and DNA I at a pH of7.5 in 26<10 PEG 4K, 10 mM CaCh, 125 mM NaCl, and 100 mM 
ammonium sulfate. To obtain structural data, crystals were extracted and frozen down in cryoptrotectant 
solution on July 16, 2008. The x-ray diffraction from these crystals at SSRL BL9-2 indicated a very small 
cell consistent with inorganic salt. 



Table 1. Summary of DNA substrates assayed for MkXPG activity. The DNA strand marked with an 
asterisk (*) indicates that it has been labeled with 32p . 

Assay # DNA Substrate Labeled Figure Results 
with 32p 

y/ 
" 

Qeavage site 

I~ER2* . 
0 laro /3: 

NER2 26 DNA cleavage 
,/., ../, I HI 

],/ 

I 

1 
5' 

"'" 
NER2* 

3' NER2 27 No cleavage 

5' NER2* 

2 "'" 3' 
5' NER2 28 No cleavage 

3'/ NERI 

5' 
NER2 

3 "'" 
3' 
5' 

NER 1 29 No cleavage 

3'/ NERl* 

'),5' 
~~ NER2'" 

4 NER4 5' 3' 
5' 

NER2 30 No cleavage 

NERI3'/
 

NER5*
5' 3' 

5 3' 5' 
NER7 

5'~3' 
6 

3'--\.1 NER6 5' 

DNA
 

NER5 31 No cleavage 

I 

I 

NER5 I 32 No cleavage 

I II 

I 



7 

8 

9 

10 

I 
II 

II 

12 

.,/ NERl*' 
3' 

5' 

3' ~ NER~~ NER? 

I ..# 
5' 3' 

5' 
3'
1{ER~ 

0f 
5' 

M , 
5 3' 

I 

5' 
3' 

5' 
3' 

I 

5'
I 

~ 

NER! 

UKRA! 

~fERI· 

NERS
 

NER?'"
 

r\
 
V
 

NER2 
3' 

NERl"NER3 II 
5' 3' 

3,5: 
M'!:R~ }l~ 

5'
13 

HER.!· 

3'
/ 

5'
 

3' 

5' 

3' 

5' 

3' 
5' 

NERS 
3' 
5' 

NER6*' 

3' 
5' 

3' 
5' 

NER I 33 No cleavage 

I 

NER2 34 

Cleavage at high 

[XPG], no 

cleavage at low 
[XPG] 

I 

NER I 35 

Double stranded 
DNA appears to 

be cleaved 
(probably NER2) 

NER 7 36 No cleavage 

NER6 37 No cleavage 

NER I 38 

Double stranded 
DNA appears to 

be cleaved 
(probably NER2) 

No cleavage NER I 39 



Table 2. These DNA contmcts, based on Chapados et at. (2004), were used in the crystal trays that were 
set up with the purified uncleaved MkXPG-MBP (lot 1). DNA I through DNA 5 model the 5'-flap 
structure that MkXPG specifically binds to and cleaves and differ only in the length of each 
oligonucleotide strand used to make each construct. 

Construct 

DNA I 

5'" 

''''',-
3""/, / 

XPG3fl.pl/ 

5//
T 

XPG2Rl0 

XPG1RIO 

3" 

5" 

s· ....... 

DNA 2 

I 

~.
',
3i 

XPG3:ij/ 
3" 

XPG2tlap2 

XPGllong 

3" 

5' 

5"~ 

DNA3 
~ 
Y 

XPG3flti 

XPG2R8 

XPG1R8 

3' 

5" 

5' /
3" 

I 

DNA 4 I 

5"~ 

»om1 
XPG2fl.p2 

XPG1L7 

3' 

5" 

5' 
3"' 

I 

I DNA 5 

5"~. 

'-" 
"" 

XPG3L0/ 

XPG2flap2 

XPG1L6 

3' 

5" 

\1 

DNA 6 
S' 

3' 

XPG3f1apl 

XPGIshort 

3' 

5' 

Oligonucleotide Sequences 

XPG2RIO: 5'-GTACCTGCAAGC-3'
 

XPGlRlO: 5'-GCTTGCAGGTGCTCGTCC-3'
 

XPG3flapl: 5'-GGACGAGCC-3'
 

XPG2f1ap2: 5' -GTACCTGCAAG-3'
 

XPG llong: 5' -CTTGCAGGTGCTCGTCC-3'
 

XPG3t1apl: 5'-GGACGAGCC-3'
 

XPG2RR: 5'-GTACCTGCAA-3'
 

XPGIRR: 5'-TTGCAGGTGCTCGTCC-3'
 

XPG3f1apl: 5'-GGACGAGCC-3'
 

XPG2f1ap2: 5' -GTACCTGCAAG-3'
 

XPGlL7: 5'-CTTGCAGGTGCTCGTC-3'
 

XPG3L7: 5'-GACGAGCC-3'
 

XPG2f1ap2: 5' -GTACCTGCAAG-3'
 

XPGIL6: 5'-CTTGCAGGTGCTCGT-3'
 

XPG3L6: 5'-ACGAGCC-3'
 

XPG3f1apl: 5'-GGACGAGCC-3'
 

XPGlshort: 5'-GCTCGTCC -3'
 

I 
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