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ABSTRACT 

Spore photoproduct lyase (SP lyase), is one of two DNA repair enzyme systems 

active during germination of Bacillus subtilis endospores. The presence of this enzyme is 

partially responsible for the high resistance of endospores to killing by ultraviolet (UV) 

radiation. Amino acid sequence analysis revealed that SplB contains three closely-spaced 

cysteine residues located in the amino-terminal one-third of the deduced sequence, which 

led to the hypothesis that SP lyase contains an iron-sulfur center. Chemical analysis and 

UV-visible spectra of purified SplB overproduced in £. coli supported this hypothesis. 

SP lyase activity requires an anaerobic/reducing enviroiunent and S-

adenosylmethionine (AdoMet) as a co-factor. Identification of the catalytic requirements 

led to the formulation of the hypothesis that SP lyase effects catalysis via an adenosyl 

radical, which is generated by reduction of AdoMet by the iron-sulfur center. The 

electron paramagnetic resonance (EPR) spectrum of SplB puri^ed under aerobic 

conditions was characteristic of a protein containing a partially degraded [3Fe-4S] center. 

When SplB was incubated with dithionite, the spectrum shifted to that of a reduced [4Fe-

4S1 center. When the enzyme was treated with AdoMet, there was a significant decrease 

in EPR signal intensity. These results indicate that the [4Fe-4S] center is capable of 

acquiring electrons and transferring them to AdoMet. Analysis of the reactions via high-

pressure liquid chromatography and electrospray ionization mass spectroscopy showed 

that SP lyase generates 5*-deoxyadenosine during the reaction. 
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Analysis of SplB via SDS-PAGE after treatment with the protein cross-linking 

agent dimethyl suberimidate and size exclusion chromatography under native conditions, 

revealed the presence of a protein species of approximately two times the molecular 

weight of SplB, demonstrating that SpIB is capable of forming dimers. 

Based on the evidence presented here, the following model has been generated: i) 

two SplB units form a dimer that is coordinated via a [4Fe-4S] center; ii) the [4Fe-4S] 

center becomes reduced and in tum reduces a molecule of AdoMet; iii) AdoMet is split to 

generate an adenosyl radical which can then participate in the in situ reversal of SP into 

two intact thymines. 
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1. INTRODUCTION 

1.1 Problem Definition 

Dormant Bacillus subtilis endospores are 5-20 times more resistant to 254 nm 

ultraviolet (UV) radiation than their vegetative counterparts. This is partially due to the 

unique photochemistry present inside dormant spores. DNA in bacterial spores is found 

in an A-like conformation leading to the formation of a unique pyrimidine dimer when 

subjected to UV irradiation. Instead of causing the formation of cys-syn cyclobutane 

thymine dimers, which normally form in the B-form DNA of vegetative cells, spore DNA 

forms 5-thyminyI-5,6-dihydrothymine (informally called spore photoproduct or SP). 

The repair of SP and other types of DNA damage by two dedicated DNA repair 

systems during spore germination is the other factor that leads to the higher resistance to 

UV radiation observed in spores. One system is the general nucleotide excision repair 

system encoded by the wrABC genes, which has already been characterized in other 

organisms. The second is a novel DNA repair system encoded by the splB gene dedicated 

exclusively to the repair of SP during the process of endospore germination. The enzyme 

has been named spore photoproduct lyase (SP lyase) and previous research had shown 

that it repairs SP in situ in a light-independent manner. Prior to this study, the catalytic 

requirements and molecular mechanism of DNA repair by SP lyase had not been 

elucidated. 
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1.1.1 Objectives 

The objectives of this project were: 1) to design an in vitro system composed of 

purified SP lyase and SP-containing DNA substrate in order to determine the enzyme's 

minimum catalytic requirements, 2) to determine whether SP lyase can repair DNA 

adducts other than SP using the in vitro system, 3) to identify and characterize prosthetic 

groups required by SP lyase, 4) to elucidate the molecular steps that lead to the in situ 

monomerization of SP into two thymines, and 5) to determine the subunit configuration 

of SP lyase. 

1.1.2 Significance 

The study of this unique DNA repair system will yield new insights concerning 

the different catalytic mechanisms involved in DNA repair. As more information 

becomes available, thanks to large-scale genome sequencing, an analysis can be made as 

to the distribution of this enzyme system and/or catalytic mechanism in nature. By 

studying the catalytic requirements of SP lyase, new insights can be gained into 

germinating endospore physiology. Qflciency of SP repair can be used as a phenotype to 

explore peripheral enzyme systems that contribute to SP lyase activity. Rnally, the study 

of this enzyme system can yield information relevant to spore survival and evolution. 

>^th the knowledge gained in this study, a tentative answer can be given to the question 

concerning why an SP-specific enzyme has been selected for during evolution when 

nucleotide excision repair appears to be effective in repairing multipie types of damage. 



12 

including SP. Important parameters related to this question that can be explored using 

information gained in this study are co-factor availability during germination, energy 

requirements in the form of nucleoside triphosphates, and in situ repair versus excision 

type repair. 

1.2 Literature review 

1.2.1 Life cycle of Bacillus subtilis 

In the environment, bacteria can often encounter conditions that are unfavorable 

for growth. Principal among these conditions is the lack of sufficient nutrients. The 

Gram-positive soil bacterium Bacillus subtilis responds to these conditions by triggering 

a differentiation cycle called sporulation (Fig.l)(Grossman, 1995; Hoch, 1993). As a 

result of this process a structure called the endospore is formed. During the entrance into 

stationary phase the bacterium detects the lack of an essential nutrient required for 

growth (usually carbon, nitrogen, or phosphate) and it begins an asymmetrical septation 

process that leads to the formation of two separate cell compartments (Stage II)(Schaeffer 

et al., 1965). In Stage III, the larger compartment engulfs the smaller compartment in a 

process similar to phagocytosis. The smaller compartment is referred to as the forespore, 

while the larger compartment is referred to as the mother cell (Andreoli et al., 1975; EUar 

et al., 1975; Wilkinson et al., 1975). Inside the two compartments different sigma factors 

are expressed in a manner referred to as a sigma cascade. In a sigma cascade, one sigma 

factor transcribes the gene encoding the sigma factor required for the next stage of 
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sporuladon, plus genes necessary for the process of endospore formation in the current 

stage. This leads to different gene expression patterns in the two cell compartments, and 

the different fates observed (Driks and Losick, 1991; Karmazyn-Campelli et al., 1989; 

Losick and Stragier, 1992). Inside the forespore, during stages III and IV, genes are 

transcribed by a sigma factor, designated as a°, which are involved in DNA packaging 

and the process of germination (Fujita et al., 1977; Nakayama et al., 1980; Singh et al., 

1977; Tipper et al., 1981). While the mother cell expresses genes that are necessary for 

the formation of the spore cortex (Stage IV) and multiple layers of the spore protein coat 

(StageV)(Jenkinson et al., 1981; Zheng and Losick, 1990). At Stage III of sporulation a 

set of proteins called small acid-soluble spore proteins (SASPs) are transcribed by o°, 

which bind to the chromosome and help to increase the stability of spore DNA during 

dormancy (Mason et al., 1986; Singh et al., 1977; Tipper et al., 1981). During the process 

of sporulation, pools of ATP and other charged nucleoside triphosphates in the spore core 

are exhausted and replaced by nucleoside diphosphates and monophosphates (Setlow and 

Komberg, 1970b). Furthermore, a large amount of organic phosphate is concentrated and 

packaged into the dormant endospore in the form of 3-phosphoglyceric acid (3-

PGA)(Nelson and Komberg, 1970). Once the process of endospore formation is finished 

(Stage VI), the mother cell lyses and releases the metabolically-dormant endospore into 

the environment. 

The free endospore has a unique anatomy that allows it to persist for long periods 

of time in the environment (Tipper and Gauthier, 1972; Setlow, 1993). Inside the spore. 
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the chromosome and necessary enzymes are packaged under conditions that greatly 

increase the stability of these macromolecules (Setlow, 1995). The endospore core has 

been shown to be in a relative state of dehydration. Electron micrographs of dormant 

endospores show that the spore core is very compact when compared to the vegetative 

cell cytoplasm. Most of the core space is occupied by the nucleoid (Setlow et al., 1991). 

The rest of the core is composed of the various proteins including SASPs, which account 

for ~25% of total protein, and a large amount of calcium-dipicolinic acid (a chemical 

unique to endospores). All of these components were packaged into the endospore during 

the process of sporulation. The spore core is surrounded by the original cytoplasmic 

membrane followed by the spore cortex, which is composed of a thick layer of 

peptidoglycan, synthesized by a set of proteins made during stage IV of sporulation. A 

second membrane of reverse polarity is located outside the spore cortex. This membrane 

is formed when the mother cell engulfs the forespore at stage III of sporulation (Andreoli 

et al., 1975; Hlar et al., 1975; Wilkinson et al., 1975). On the outside of this outer 

membrane, the endospore is covered by multiple protein layers, collectively termed the 

spore coat Under electron microscopy, the inner protein coat has a lamellar appearance 

while the outer protein coat has a more electron-dense appearance (Aronson and Fitz-

James, 1976). The spore coat is composed of several polypeptides that range in size from 

12-66 kDa (Donovan et al., 1987; Jenkinson et al., 1981; Driks 1999). The spore coat is a 

three dimensional lattice of covalently linked coat proteins sharing bonds with several 

other neighboring coat proteins (Driks, 1999). Reports have suggested that the 
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crosslinking is through 0,0-dityrosine residues (Goldman and Tipper, 1978), but this 

finding could not be confirmed by another group (Padney and Aronson, 1979, Henriquez 

et al., 1999). This complex anatomy is what gives the bacterial endospore its 

characteristic high resistance to various environmental insults (Gould, 1983, Driks, 

1999). 

When the dormant endospore encounters a favorable environment for growth, it 

will start a process called germination. The process of germination is also very complex 

and requires the reinitiation of multiple metabolic activities simultaneously in order to 

achieve vegetative growth. Sensor proteins encoded by the gerA, gerB, and gerK operons, 

allow the dormant spore to detect nutrients in the enviroiunent and trigger the process of 

germination (Wuytack et al., 2000; Paidhungat and Sedow, 2000). One of the first events 

to occur in this process is the rehydration of the core, after which various enzymes 

become active. A specific protease, the product of the gpr gene, is responsible for the 

degradation of the SASPs that coat the DNA (Sussman and Setlow, 1991). The pool of 

free amino acids generated during the degradation of SASPs is utilized for de novo 

protein synthesis by the germinating endospore (Setlow, 1988b). RNA synthesis is one of 

the events that occurs very early during germination (Setlow and Romberg, 1970b). As 

mentioned previously, the ATP pool inside dormant spores is very low, yet germinating 

spores do not require exogenous ATP. During germination the internal pools of 3-PGA 

synthesized during sporulation are utilized to generate ATP by utilization of the lower 

branch of glycolysis. In this process, 3-PGA is converted into 2-PGA by 
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phosphoglycerate mutase, 2-PGA is converted to phosphoenolpyruvate by enolase and, in 

a third step, pyruvate kinase converts phosphoenolpyruvate into pyruvate generating ATP 

using ADP as a co-substrate (Setlow and Komberg, 1970a). During this time any damage 

incurred by spore DNA during dormancy has to be repaired in order for transcription and 

DNA replication to initiate, this process is described in more detail in Section 1.2.2.2. 

The end result of this process is a free vegetative cell that is ready to divide and repeat the 

differentiation cycle mentioned above. 

1.2.2 Resistance of bacterial endospores to ultraviolet radiation 

Bacterial endospores are much more resistant to environmental insults than their 

vegetative counterparts. Desiccation, vacuum, ionizing radiation, oxidizing agents, 

organic solvents, wet heat, and dry heat are just some of the environmental conditions to 

which endospores are more resistant than vegetative cells (Fairhead et al., 1993; Piggot et 

al., 1994; Setlow, 1995). The spore protein coat has been shown to be involved in 

endospore resistance to killing by treatment with hydrogen peroxide (Riesenman and 

Nicholson, 2000). Another important property of endospores is their high resistance to 

ultraviolet (UV) radiation; endospores are 5-20 times more resistant to 254 nm UV 

radiation than their vegetative counterparts (Setlow, 1988a). It is now known that spore 

resistance to UV irradiation is due to the unique photochemistry present in dormant 

bacterial endospores (section 1.2.2.1) and the efficient repair of DNA damage incurred 

during dormancy by two DNA repair systems (section 1.2.2.2). 
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l^^.l Photochemistry of spore DNA 

During the process of sporulation, DNA is packaged in a specific manner that 

helps to maintain its long-term stability. During stage III of sporulation, large amounts of 

SASPs are made in the forespore compartment (Setlow, 1988b). These proteins constitute 

approximately 5-12% of the spore's dry weight (Setlow et al., 1980, Setlow, 1981; Fliss 

et al., 1986). SASPs bind cooperatively to DNA, coating the complete length of the B. 

subtilis chromosome. Each subunit of SASP binds in a non-sequence dependent manner 

and covers approximately 5 nucleotides (Griffith et al., 1994; Nicholson and Setlow, 

1990; Nicholson et al., 1991; reviewed in Setlow 1988b, 1995). 

An important property that binding of SASPs confer to DNA is a decrease in the 

rate of spontaneous and heat-induced depurination (Setlow, 1995). Bacteria growing in 

the laboratory or in the environment suffer from the loss of bases in their chromosomes 

due to the spontaneous cleavage of the N-glycosidic bond (Zoltewicz et al., 1970). This 

type of DNA lesion has been termed apurinic and apyrimidinic (AP) sites. The rate of 

formation of AP sites has been shown to be directly proportional to the temperature of 

DNA (i. e. higher temperatures result in a higher rate of AP site formation) (Lindahl and 

Nyberg, 1972). Vegetative cells have dedicated enzyme systems, such as AP 

endonucleases (Lindahl, 1979; Lindahl, 1982), to recognize and repair AP sites as they 

are formed, so that chromosome replication and transcription can continue. As mentioned 

previously, bacterial spores are metabolically inactive; hence, if they suffered this Qrpe of 
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lesion over a prolonged period of dormancy, it would decrease their viability 

significantly. Therefore, SASPs play a critical role in the long-term stability of DNA and 

the resistance of spores to killing via heat (Setlow, 1995). SASPs have been shown to 

play a role in the survival of endospores to treatment with oxidizing agents and freeze-

drying (Fairhead et al., 1994; Setlow 1995). SASPs also play an important role during 

spore germination; once they are degraded by the combined action of GPR and 

peptidases they provide a pool of free amino acids for early protein synthesis (Setlow, 

1988b; Sussman and Setlow, 1991). 

Another property that binding of SASPs to spore DNA confers, which is directly 

related to this work, is a change in the photochemistry of DNA. As mentioned previously 

the photochemistry of spore DNA is very different from that of vegetative cells 

(Donnellan and Stafford, 1968). DNA bases are unsaturated ring structures which have 

the intrinsic property of absorbing photons in the UV range of the electromagnetic 

spectrum (The UV radiation absorption maxima of DNA is very close to 260 nm). When 

pyrimidine bases are in close proximity to each other, as is the case in DNA, a UV 

photon can initiate a chemical reaction that will result in the covalent linkage of two 

adjacent pyrimidine bases (Setlow, J. K., 1966; Setlow, R. B., 1966). These new 

molecular species can block both chromosome replication and transcription. In vegetative 

cells or in solution, DNA is found in the B-form. The stacking of the bases in this 

geometry has the property of generating cyclobutane pyrimidine dimers as the printiary 

photo-adduct when irradiated with 254 nm UV radiation (Fig. 2)(Wacker et al., 1964). If 
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a cyclobutane pyrimidine dimer is struck by a second UV photon, it can catalyze the 

reversal of the first reaction yielding two intact bases (Setlow, 1968). As a result of this 

phenomena, cyclobutane-type pyrimidine dimers do not exceed ~7% of total thymine 

content even when irradiated with high doses of UV (Rg. 2)(Radany et al., 1981). 

The photochemistry of DNA in dormant spores on the other hand, is very 

different. The major photoproduct that accumulates in spores when irradiated with 254 

nm UV is 5-thyminyl-5,6-dihydrothymine, which has been informally called spore 

photoproduct or SP (Rg. 2)(DonneIlan and Setlow, 1965; Varghese, 1970). In addition, 

the formation of cyclobutane type pyrimidine dimers is largely suppressed inside dormant 

spores (Fairhead and Setlow, 1992). Unlike cyclobutane type pyrimidine dimers, which 

can undergo photoreversal, SP dimers do not undergo this reaction. Experiments 

performed have shown that approximately 30% of total thymine can be converted to SP 

in irradiated spores (Hg. 2)(SetIow, 1992; Smith and Hanawalt, 1969). As mentioned 

previously, binding of SASPs to spore DNA causes this shift in photochemistry 

(Nicholson et al., 1991; reviewed by Sedow, 1995). Genes that encode SASPs have been 

identified in several Gram-positive spore formers; amino acid sequence analysis has 

shown that a high degree of sequence similarity is present among the genes identified 

(Magill et al., 1990; Setlow, 1995). Electron microscopy data suggests that SASP 

subunits bind in a helical pattern along the sugar-phosphate backbone (Griffith et al., 

1994). This finding was reinforced by experiments that showed that the DNA-

phosphodiester backbone is greatly protected from cleavage by both chemicals and 
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enzymes when it is bound by SASPs (Setlow et al., 1992; Setlow, 1995). Binding of 

SASPs to DNA has been shown to greatly increase the rigidity and the negative 

superhelicity of the DNA molecule (Nicholson and Setlow, 1990, Griffith et al., 1994). 

Furthermore, analysis via circular dichroism of DNA bound by SASPs provided evidence 

that it was in an A-like conformation (Mohr et al., 1991; Setlow, 1992). All of this 

evidence suggests that SASPs are responsible for the change in DNA topology and 

photochemistry within the spore. In vitro experiments showed that the binding of SASPs 

to DNA in solution caused a similar change in topology (Nicholson et al., 1990) and 

photochemistry (Nicholson et al., 1991) as that observed in vivo. 

1.2.2.2 DNA repair during spore germination 

The other reason bacterial endospores demonstrate a higher resistance to UV 

irradiation than their vegetative counterparts is the presence of two DNA repair systems 

that are active during spore germination (Munakata, 1969; Setlow and Setlow, 1996). 

One of the DNA repair systems active during germination is the general 

nucleotide excision repair system (NER) encoded in part by the uvr genes (Munakata 

1969; 1977), The NER system of B. subtilis is highly homologous to its Escherichia coli 

counterpart, which has been extensively studied (Chen et al., 1989; Cheo et al., 1991; 

Kunst et al., 1997). The NER system is capable of recognizing multiple types of lesions 

that cause distortions in the DNA molecule including SP, cyclobutane dimers, and other 

adducts. Early studies showed that three genes are absolutely required for excision repair 
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in E. coli which were designated uvrA, uvrB and uvrC (Howard-Flanders et al., 1966). 

The first step in the process of repair is the formation of a complex of two UvrA subunits 

with a single UvrB subunit, which can recognize and bind DNA damage (Orren and 

Sancar, 1989; Sancar and Sancar, 1988). Following recognition of, and binding to the site 

of DNA damage, the UvrA subunits are released and UvrC binds forming a UvrB-UvrC-

DNA complex (Orren and Sancar, 1989). After the formation of this complex, the UvrB 

subunit makes an incision 3' to the site of the damage, followed by an incision by UvrC 

5' to the site of the damage (Lin et al., 1992; Lin and Sancar, 1992). The helicase UvrD 

removes the cleaved oligonucleotide, DNA polymerase I fills the gap created by the 

excision of the oligonucleotide containing the damaged site, and DNA ligase finishes the 

process by closing the gap. This process requires ATP at several steps for the formation 

of the various complexes as well as for the excision activity (Van Houten, 1990, 

Grossman and Thiagalingam, 1993). NER is active in both germinating spores and 

vegetative cells. The clear advantage of this system is that it can repair several types of 

DNA lesions. However, it is particularly energy-expensive, requiring many charged 

nucleoside triphosphates in order to carry out repair. 

The second repair system active during spore germination is specific for the repair 

of SP dimers, and has thus been named spore photoproduct lyase (SP lyase). This DNA 

repair system was first discovered by identifying spores hypersensitive to killing by UV 

irradiation (Munakata and Ikeda, 1968). B. subtilis vegetative cells deficient in NER were 

subjected to Co^ (d-ray) mutagenesis during vegetative growth and then allowed to 
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sporulate. The endospores were then screened for hypersensitivity to UV irradiation and 

one of these mutants was genetically analyzed (Munakata and Ikeda, 1968; Munakata, 

1969). In contrast to the NER system, SP lyase is only active during spore germination. 

In addition, SP lyase repairs SP by the in situ reversal of the dimer into two intact 

thymines (Munakata and Rupert, 1972; 1974) in a light-independent manner (Wang and 

Rupert, 1977). SP lyase is encoded by the splB gene, which is located in the splAB 

bicistronic operon (Fajardo-Cavazos el al., 1993). This operon is transcribed by the o°-

RNA polymerase complex in the forespore compartment during stage III of sporulation, 

and generates a product of 39.9 KDa (Pedraza-Reyes et al., 1994). Spores of splB mutants 

have been shown to be more sensitive to 254 nm UV light than spores that are NER 

deficient (Munakata, 1969; Xue and Nicholson, 1996). Amino acid sequence analysis of 

SplB revealed the presence of three closely packed cysteines in the amino-terminal one-

third of the protein (Fig. 3). This observation led to the hypothesis that SP lyase contains 

an iron-sulfur center. The hypothesis was supported by the observation that purified SplB 

displayed a reddish-brown color suggesting the presence of iron. 

1.23 Iron-sulfur center proteins 

Iron-sulfur center proteins are widely distributed in nature and have many 

different functions. In the case of the E. coli protein Fnr, the formation of a [4Fe-4S] 

center under anaerobic conditions causes two protein subunits to dimerize. The dimer is 

then able to bind DNA and work as an activator of genes involved in anaerobic 
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metabolism (Beinert and Kiley, 1996; Lazazzera et al., 1996). In other proteins, the iron-

sulfur centers play a critical role in catalysis due to their ability to shuttle electrons in 

redox reactions. Enzymes involved in nitrogen fixation in the soil bacterium Azotobacter 

vinelandii contain iron sulfur centers that transfer electrons to dinitrogen in order to 

reduce it to generate ammonia (Zheng and Dean, 1994). Iron-sulfur clusters can take on 

many forms such as [2Fe-2S], [4Fe-4S], [8Fe-8S], and other variations that contain other 

metals (Beinert et al., 1997; Beinert, 2000). A closer examination of the amino acid 

sequence of SplB containing the three cysteines revealed closer similarity to the type III 

anaerobic ribonucleotide reductase activase, pyruvate-formate lyase activase, lysine-23-

aminomutase, and biotin synthase (Fig. 4). All of these enzymes contain [4Fe-4Sl 

clusters involved in catalysis (Hewitson et al., 2000; Lieder et al., 1998; Ollagnier et al., 

1996; Kulser et al., 1998). In addition, all of these enzymes require 5-adenosylmethionine 

(AdoMet) as a cofactor (Guianvarc'h et al., 1997; Moss and Frey, 1990; Ollagnier et al., 

1997; Wong etal., 1993). 

1.23.1 Enzymes that utilize organic radicals in catalysis 

The enzymes that contain [4Fe-4S] centers and utilize AdoMet as a co-factor have 

very strict requirements for activity in vitro. Each of these enzymes requires strong 

reducing/anaerobic environments, which serve to stabilize and reduce the iron-sulfur 

cliister (Ollagnier et al., 1996; 1997; Liu and Graslund, 2000; Chen et al., 2000). 

Exposure of the [4Fe-4S] center to oxygen causes the oxidation and partial degradation 



24 

into a [3Fe-4S] cluster (Qien et al., 2000; Ollagnier et al., 1996; 1997). The iron-sulfur 

cluster reduces AdoMet, resulting in its cleavage into free methionine and a 5'-adenosyl 

radical. Biotin synthase and lysine-23-anunomutase have been shown to utilize this 

highly reactive species directly on their substrates in order to effect catalysis (Chen et al., 

2000; Guianvarc'h et al., 1997; Moss and Frey, 1990). In this reaction scheme, one 

AdoMet is consumed per catalytic cycle. Ribonucleotide reductase and lysine-23-

aminomutase utilize the adenosyl radical to generate an amino acid radical within the 

polypeptide chain (Neil and Marsh, 1995; Ollagnier et al., 1997; Parast et al., 1995a; 

1995b). The amino acid within the polypeptide chain that undergoes this transformation 

is a glycine residue (Parast et al., 1995a; Sun et al., 1996; Volker-Wagner et al., 1992). 

This glycyl radical is utilized in catalysis and is regenerated after each catalytic cycle. In 

this catalytic mechanism, the enzyme only requires a single AdoMet molecule in order to 

form the amino acid radical without the need of additional AdoMet in subsequent 

catalytic cycles. In order to generate and stabilize the radical, both enzymes require 

specific amino acids flanking the glycine residue. The amino acid consensus sequence 

identi^ed in both anaerobic ribonucleotide reductase and pyruvate-formate lyase is 

RVSGY (Sun et al., 1996; Volker-Wagner et al., 1992; Weidner and Sawers, 1996). A 

similar amino acid sequence has not been identified in SplB. 
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1.2.4 Conclusion 

The observations described in the accompanying chapters led us to suggest the 

following model: i) SP lyase is part of the family of proteins that contain iron-sulfur 

clusters and utilize AdoMet as a co-factor in order to effect catalysis; ii) SP lyase 

contains an iron-sulfur cluster capable of redox reactions and is partially degraded in the 

presence of oxygen; iii) SplB is synthesized during stage III of sporulation and packaged 

in to the dormant spore where it remains inactive until germination; iv) At the onset of 

germination, two SplB subunits dimerize with the help of the formation of a [4Fe-4S] 

center, v) The iron-sulfur center becomes reduced via an as yet unidentified enzymatic or 

chemical mechanism; vi) SP lyase splits AdoMet via a redox reaction with the iron-sulfur 

center to generate an adenosyl radical; vii) The adenosyl radical is then utilized directly 

to split SP into two intact thymines or an amino acid radical is generated which is then 

used in catalysis; and viii) SP lyase specifically interacts with and repairs SP, but not 

cyclobutane type pyrimidine dimers. 

13 Dissertation Format 

This first chapter serves as an introduction to the dissertation. The problem 

definition, research objectives and significance, and literature review are presented in this 

chapter. In addition, this chapter explains the dissertation format The second chapter 
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summarizes the methods, results, and conclusions of the research described in three 

appendices. The research objectives were previously presented in section 1.1.1. 

The principal research findings of this dissertation are presented as three 

appendices that follow Chapter 2. These appendices represent two manuscripts published 

(Appendix A and B), and a third that has been submitted for publication (Appendix C). 

All manuscripts were written in conjunction with the major advisor by the degree 

candidate. Appendix B was also written in conjunction with Tony A. Slieman 

Appendix A describes the in vivo and in vitro systems developed with purified 

SplB to analyze its catalytic requirements, as well as the initial characterization of the 

iron-sulfur cluster present in SplB. This paper was co-authored with Wayne L. 

Nicholson, Yubo Sun, Lilian Clhooback, Mario Pedraza-Reyes, Cynthia Kinsland, and 

Tadhg P. Begley. Roberto Rebeil performed the chemical analysis of purified SplB for 

the detection of iron and sulfur (Table I) and UV-visible spectrophotometry (Rg. 4). 

Roberto Rebeil also performed the in vivo (Rg. 2) and in vitro (Rgs. 5, 6) analyses of 

DNA repair by SP lyase, as well as the isolation and detection of purified protein via 

SDS-PAGE and Western blotting (Rg. 3). Mario Pedraza-Reyes constructed some of the 

B. subtilis strains used in the experiments as well as performing the LD^ experiments 

presented. Yubo Sun and Cynthia Kinsland produced some of the bacterial strains 

utilized in the experiments. Tadhg Begley proposed the utilization of AdoMet as a co-

factor. Wayne Nicholson directed and provided ideas for the project 
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Appendix B describes experiments that show the specificity of SP lyase in 

binding to, and cleavage of SP and not other photo-adducts. This paper was co-authored 

with Tony Sleiman and Wayne Nicholson. Roberto Rebeil performed the Factor Xa 

cleavage of lOHis-SplB, the in vitro reactions describing the concentration and time 

dependent repair characteristics of SplB, as well as the in vitro reactions proving the 

specificity of repair of SP and not csTT and csCT dimers (Rgs. I, 2; Table I). Tony 

Slieman performed the DNase I protection experiments and the DNA footprinting 

analysis. Wayne Nicholson directed and provided ideas for the project. 

Appendix C describes the experiments performed to elucidate the subunit 

structure, iron-sulfur center and the catalytic mechanism by which SP lyase effects repair. 

Roberto Rebeil performed all of the experiments presented in the manuscript. The 

University of Arizona Mass spectroscopy laboratory facility performed the ESI-MS 

analysis shown. And the EPR analysis was done by the University of Arizona EPR 

spectroscopy laboratory. Wayne Nicholson directed the research and helped to build a 

detailed model of the molecular steps required for the in situ repair of SP by SP lyase. 
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Rgure 1. Life cycle of Bacillus subtilis. 
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Figure 2. Molecular structures of a cis-syn cyclobutane thymine dimer, spore 
photoproduct and their respective photochemistries. 
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Rgure 3. Amino acid sequence alignment of the SplB product from B. subtilis (Bsuj, B. 
amyloliquefaciens (Bam), B. anthracis (Ban), B. stearothermophilus (BstA Clostridium 
acetobutylicum (Cac), C. difficile fCdij, and C. perfringens fCpeJ. Asterix above an 
amino acid column denotes conservation in all the species, the three cysteines conserved 
in [4Fe-4S] center proteins are enclosed in boxes. 

Bsu 
Ban 
Beui 
Bst 
Cac 
Cdi 
Cpe 

Bsu 
Bcim 
Bern 
Bst 
Cac 
Cdi 
Cpe 

it it it it it it it itititit it it 

AKSTLVIGVRKTLKFDSSKPSABYAIPFA! 
AKSTLVI6VRKTLKFDSSKPSABYAIPFA! 
AKATLWGVRRTLKFDTSKPSABYAIPLA' 
AKSTLWGVRRTLKYDSSKPSABYAIPLA! 
GKNTLWGVRRELDFQTCKPSANYQLPIVSi 
GKQTMWGIRKSLKFQTCKPSANYQLPLVS 

QTTMGSKPYIRTYVNVEEI 119 
QTTMGSKPYIRTYVNVEBI 119 
iQTTLGSKPYVRVYVNLDEI 116 
QTTL-SKPYIRVYVNLDDI 
iNTHGGKKFYVKINVNLDDI 116 
iNTQLGDKPFIRVFVNVDBI 116 

*  *  *  * *  

LDQADKYHKERAPEFTRFEASCTSDZVGIDHLTHTLKRAIEHFGQSDLGKLRFVTKFHHV 179 
LDQADQYMKERAPBDTRFEASCTSDIVGIDSLTHTLKRA1EHFGQSDBGKI.RFVTKFHHV 179 
FEKAQQYHDBRAPBITRFEAACTSDIVGIDHLTHALKRAIEFIGESEHGRLRFVTKYSHV 176 
FAQAQKYIDERAPEITRFBAACTSDIVGIDHLTHCLKKAIEFIGATDYGRLRFVTKYEHV 
LSKAGEYIEKRKPDITVFBGftAISDPVPVBRYSGALKKAIEYFGKNEYSRFRFTTKYADI 176 
LEQTKKYIBDRKPQVTIFBGAATSDPVPVBPYTNSLKKTIBFFGREBKGRFRFVTKYSDV 176 

DPIPVBPYTNSLKIAIEFFANNDFARPRFVTKYTDV 36 

Bsu OHLLDAKHNGKTRFRFSINAOYVIKMFEPGTSPLDKRIBAAVKVAKAGYPLGFIVAPIYZ 239 
Bam DHLLOAKBNGKTRFRFSVHADYVIKSFBPGTSPLDKRIBAAVKVABAGYPLGFIIAPIYI 239 
Ban DBLLOAKHNGKTRFRFSINSRYVIKNFBPGTSPFBBRIBAARKVAGAGYFLGFIVAPLYM 236 
Bst DHLLDAKBNGKTRFRFSVNSRYVINHFEPGTSSFDABLQAARKVAGA6YKLGFWAPIYR 
Cac SBLLAVQHNNHTTIRFSIIITPRVIKNYBHRTSSLBDRIBSAYNII.NSGYKTGFIVGPVFL 236 
Cdi DSLLDAEHKNBTEIRFSINTPRIINBHEHYTASANKRIESAVKLARAGYQIGFIIAPVFL 236 
Cpe DSLLGLNHMGKTEVRFTIMTDFVINNYBRRTASLCBRINASVKIAKANYPLGFIIAPVFI 96 

* * * * ** * ** * ** * * * * 

Bsu HEGWBEGYRHLFBKLDAALFQDVRHDITFELIQHRFTKPAKRVIEKNYPKTKLBLDEEKR 299 
Bam HDGWQBGYRVLLBKLDRALPQHARRDITFBHIQHRFTKPAKRVIBKMYPKTKLELOBBKR 299 
Ban HB6WBE6YRELFBRLYNALNDLSIPNLTFBLIQBRFTKPAKKVIQERYPNTKLEMDEBKR 296 
Bst HDGHBQGYFBLFQELARQLBGVDLSDLTFBLIQHRFTKPAKRVIBQRYPKTKLDLDESKR 
Cac YENWKKEYEBLLKKASDKLG DKELBFBIISHRFTTSAKNKIIiKVFPNTKLPMDOBAR 293 
Cdi YEGHKEEYKKLIISIKEALPKDFDKKIIFEVISHRYTTKAKNRILBIYPDTLLPMEMBDR 296 
Cpe YBGWKBDYBMLLKDLKEKLPRDLQHKLTFEVISHRYTTRAKNIIMDIFPDNKLPNDDBKR 156 

Bsu 
Bam 
Ban 
Bst 
Cac 
Cdi 
Cpe 

* * * * * * * * « 

RYKWGRYGIGKYIYQKDEEHALRBALESYIDTFFPNaKIBYFT 342 
RYKH6RYGIGKYIYQKDBBABLRSALETYIDNYFPBAKIBYFT 342 
KYKWGRYGIGKYVYKKDDABVLBETIRGYIYEFFPDABIQYFT 339 
K 
KFKFGQFGYGKYVYDKDDMQBIKEFPINNIKLYFNKATIKYII 336 
KFKYGQFGYOCYVYDKEQLDDMKEFFLKBINGVFKNSLIKY— 337 
TFKYGQFGYGKYVYKKBDIHBIKEFFMBIIDKYFPMSBIKYII 199 
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Figure 4. Comparison of amino add regions forming [4Fe-4S] clusters in the SplB amino 
acid sequences from Bacillus anthracis (B.an), B. amyloliquefaciens (B.am), B. 
stearothermophilus (B.st), B. subtilis (B.su), Clostridium acetobutylicum (C.ac), and C. 
difficile (C.di) with the [4Fe-4S] clusters of: the activating subunits of RNR (NrdG) and 
PR- activase (Act) from Escherichia coli (E.co), phage T4 (T4) and Haemophilus 
influenzae (H,in), and the [4Fe-4S] clusters from lysine-23-aminomutase (KamA) from 
Clostridium subterminale (C.su), biotin synthase (BioB) from B. subtilis, and the 
probable lipoic acid synthase (YutB) from B. subtilis. Highly conserved residues are 
denoted in bold and mvariant cysteines denoted with an asterix. 

: * *; . 
SplB (S.CO) 120-DWIAPGASNGCAMACAYCIVPRRKGYA-146 
SplB (C.ac) 86-ANyQLPIVSGCAAMCEYCILHTHGGKK-112 
SplB (C.di) -ANYDLPLVSGCM6RCEYCZLNTDL6DK-
SplB (B.St) -AEYAIPLATGCMGHCHYCYLQTTL-SK-
SplB (B.an) -AEYAIPLATGCMGHCHYCZLQTTL6SK 
SplB (B.am) 81-AEYAIPPATGCMGHCHYCILQTTMGSK-107 
SplB (B.su) 81-AEYAIPPATGCMGHCHYCILQTTMGSK-107 
NrdG (E.CO) 15-GTRCTLPVSGCVHECPGCYNKSTWRVN-41 
NrdG (T4) 16-GCRVVLFVTGCLHKCEGCYNRSTWNAR-42 
Act (E.co) 18-GIRFITPFQGCLMRCLYCHNRDTWDTH-44 
Act (H.in) 18-GIRFILPMQGCLMRCKYCHNRDTWDI.E-44 
KamA (C.su) 115-DRVLLLITDMCSMYCRHCTRRRFAGQS-141 
BioB (B.su) 54-NMIMNAKSGLCPENCGYCSQSAISKAP-84 
YutB (B.su) 27-TATFMILGSVCTRACRFCAVKTGLPTE-52 
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2. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation, which provide details of the accomplishments of this 

project. These include the development of an in vitro system to test the catalytic 

requirements and parameters of SP lyase, the identification and characterization of the 

iron-sulfur center present in SP lyase, and elucidation of the subimit composition of SP 

lyase, and the catalytic steps required for catalysis. 

Appendix A describes the generation of a 6XHis-SplB product that retains 

activity in vivo. Experiments performed show that spores which encode the 6XHis-SplB 

product have the same as the spores that have the wild type splB gene. Furthermore, 

repair of SP in germinating spores is shown to occur in the 6XHis-SplB strain and not in 

an isogenic strain that contains an splB gene deletion. The histidine tag facilitated the 

purification of SplB, via nickel affinity chromatography, for use in an in vitro system. 

Isolation of purified 6XHis-SplB was demonstrated via Western blot analysis. Spore 

DNA labeled with methyl-[^H]-thymidine irradiated with 254 nm UV light to generate SP 

was also purified to be used as substrate. Experiments performed with cell-free extracts 

of dormant spores showed that SP lyase requires strong anaerobic reducing conditions 

plus AdoMet or NADPH as cofactors in order to effect repair. In vitro experiments 

performed with purified 6XHis-SplB demonstrated that purified SP lyase absolutely 

requires AdoMet as a cofactor in addition to an anaerobic/reducing environment These 

experiments demonstrated that repair of SP occurred in a concentration dependent 
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manner. Analysis of purified lOXHis-SpIB overproduced in E. coli revealed the presence 

of both iron and acid-labile sulfur in significant stoichiometric quantities. The UV-visible 

spectrum of lOXHis-SplB contained characteristic peaks which point to the presence of 

an iron-sulfur center. Reduction of the puriiled protein with sodium dithionite resulted in 

a shift in the spectrum consistent with the hypothesis that the iron-sulfur center 

participates in a redox type reaction. The data presented in the paper clearly show that SP 

lyase has a high degree of similarity to other well characterized enzymes that contain 

iron-sulfur centers and require AdoMet for catalysis. 

Appendix B contains data that demonstrates the ability of 6XHis-SplB, and 

lOXHis-SplB cleaved with Factor Xa to remove the lOXHis-tag, to repair SP in a time-

dependent and concentration-dependent fashion. lOXHis-SplB purified via nickel affinity 

chromatography was treated under anaerobic conditions with Factor Xa to remove the 10 

histidine residues. Analysis via SDS-PAGE showed that approximately 20% of the SplB 

present was cleaved by the enzyme. The enzyme was then reconstituted following the 

protocol published (Appendix A) and was shown to specifically repair SP in a 

concentration dependent fashion but was unable to cleave csCT and csTT cyclobutane 

dimers. This activity was compared to uncleaved lOXHis-SpIB which was not able to 

repair SP and 6XHis-SplB isolated from dormant spores which had already been 

demonstrated to be active in vitro. The rest of the paper covers work done by Tony 

Sleiman relating to recognition and binding of SP by SplB. 
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A more detailed analysis and characterization of SP lyase is given in Appendix C. 

Giemicai cross-linking analysis of purified SplB revealed that it is capable of forming 

dimers under conditions that favor the formation of iron-sulfur centers. This finding is 

corroborated by chromatograms obtained from size exclusion analysis. Enzyme treated 

under conditions that favor the formation of iron-sulfur centers displayed a 

chromatogram containing two peaks, one corresponding to the approximate size of the 

monomer and the second corresponding to a protein species of higher molecular weight 

This second peak is missing in a chromatogram of a sample that was not treated under 

conditions that favor the formation of iron-sulfur centers. Western blot analysis using an 

SplB specific polyclonal antibody revealed that both peaks were composed of SplB, and 

that the peak corresponding to a higher molecular weight contained appreciably higher 

amounts of iron than the lower molecular weight peak. This evidence suggests SP lyase is 

a dimer composed of two SplB subunits, and that the formation of the dimer is 

coordinated by the iron-sulfur center. Analysis of purified SplB via electron paramagnetic 

resonance (EPR) spectroscopy revealed that in the presence of oxygen the iron-sulfur 

center present in SP lyase is a partially degraded [3Fe-4S] center. Under 

anaerobic/reducing conditions, EPR spectrum analysis indicated the presence of a [4Fe-

4S] center in SP lyase. Furthermore, EPR data suggested that the [4Fe-4S] center was 

capable of reducing AdoMet Analysis of SP lyase reaction mixtures utilizing HPLC 

showed that a percentage of AdoMet was being converted to a new molecular species 

with a retention time identical to that of the product of a reaction using an adenosyl 
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radical (5*-deoxyadenosine). In order to confirm the identity of the new peak, ESI-MS 

analysis was performed on the new compound. The ESI-MS spectra revealed the 

presence of a molecule with a m/z almost identical to that of S'-deoxyadenosine. 

Furthermore, this molecule also generated the same fragmentation pattern observed for 

5'-deoxyadenosine. Based on this evidence, a likely model for catalysis was suggested. 
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Spore Photoproduct Lyase from Bacillus subtilis Spores Is a 
Iron-Sulfur DNA Repair Enzyme Which Shares Features 

Proteins such as Class III Anaerobic Ribonucleotide 
Reductases and Pyruvate-Formate Lyases 
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The m^jor photoproduct in UV-irradiated spore DNA is (he unique thymine dimer 5-ibyminyl-5,6^ihydro-
thymine, commonly referred lo as spore photoproduct (SP). An important determinant of the high UV resis
tance of BaciUus subiilis spores Is (he accurate in situ reversal of SP during spore germination by the ONA re
pair enzyme SP lyase. To study the molecular aspects of SP lyasc-mediated SP repair, the cloned B. subtilis splB 
gene was engineered (o encode SP lyase with a molecular tag of six histldine residues at Its amino tenninus. 
The engineered six-His-tagged SP lyase expressed from (he amjB locus reslored UV resistance to spores of a 
UV-sensitive mutant B. lubtUis strain carriiog a deletion-insertion mutation which removed the entire splAB 
operon at its natural locus and was shown to repair SP in vivo during spore germination. The engineered SP 
lyase was purified both from dormant B. subiilis spores and from an Esdttriehia eoU overexpression system by 
nicl(el-nitrilo(riace(ic acid (NTA) agarose aBinKy chromatography and was shown by Western blotting, UV-
visible spectroscopy, and iron and acid-labile sulfide analysis to be a 4I-kOa iron-sulfur (Fe-S) protein, 
consistent with its amino acid sequence homology to the 4Fe-4S clusters in anaerobic ribonucleotide reductases 
and pyruvate-formate lyases. SP lyase was capable of reversing SP from purified SP-containing DNA in an in 
vitro reaction either when present in a cell-free extract prepared from dormant spores or after purification on 
nickel-NTA agarose. SP lyase activity was dependent upon reducing conditions and addition of S-adenosyl-
methionine as a cofactor. 

VoL 180. No. 18 

Novel 
with 

Bacterial spores are significantly more resistant to 2S4-nm 
UV than are the vegetative forms of the same spedes (38.44). 
Our current understanding is that this high level of UV resis
tance is due mainly to two interiocicing mechanisms, (i) Bind
ing of spore DNA by small, acid-soluble spore proteins of the 
alfi class results in an alteration of the helical conformation, 
and hence the UV photochemistry, of dormant spore DNA to 
favor production of the unique spore photoproduct (SP) S-thy-
minyl-S,6-dthydrothymine (reviewed in references 38-42). (ii) 
SP formed during exposure of dormant spores to UV is re
paired during spore germination by two distinct DNA repair 
pathways, nucleotide excision repair (NER) and direct reversal 
of SP to thymine in DNA by an SP-specilic enzyme called SP 
lyase (21-23; reviewed in references 14, 25. and 49). 

NER in Bacillus subtilis closely resembles the analogous 
system which has been well characterized in Escherichia coli 
08). NER is a general system capable of detecting and remov
ing a variety of bulky (i.e.. helix-distorting) lesions from DNA. 
including both SP and cyclobutane-type pyrimidine dimers (re
viewed in references 14 and 49). SP lyase, in contrast, is spe

* Corresponding author. Mailing address: Department of Veieri-
narv Sciencc and Microbiology. Building 90. Room 102. Univcrsitv of 
Arizona. Tucson. AZ 85721. Phone: (520) 521-2157. Fajc (520) 621-
6366. E-mail: WLN^'UJirizona.edu. 

t Present address: Department of Medicinc. Univenitv of Miamu 
Coral Cables. FL 33124. 

t Present address: Department of Chcmistty and Biochcmistiy. Uni
versity of Oklahoma. Norman. OK 73019. 

cifically dedicated to the in situ monomerization of SP during 
spore germination (22.23.48), but to date little is known of the 
molecular mechanism of SP repair mediated by SP lyase. SP 
lyase is encoded by the splB cistron of the splAB operon (13). 
The splA cistron encodes a small, 9-kDa protein which is not 
needed for SP lyase aaivity and which apparently functions in 
the regulation of splAB operon expression (13, 24). 

The results of early indirea experiments suggested that SP 
lyase was synthesized during either vegetative growth or sporu-
lation and was packaged within the dormant spore (22. 23). 
Subsequent studies with lacZ fusions to the cloned B. subtilis 
SP lyase gene splB supported this conclusion: SP lyase is ex
pressed exclusively in the developing forespore compartment 
during morphological stage III of sporulation as part of the 
sigma-G regulon of forespore-speciiic genes (31. 32). Early 
indirect experiments also indicated that SP disappeared from 
spore DNA during germination but did not appear in trichlo
roacetic acid-soluble material, suggesting that SP was not ex
cised from high-molecular-weight DNA but was reversed di
rectly to two thymines in situ (11,23,48). The direct reversal of 
SP by SP lyase is reminiscent of the action of DNA photolyases 
upon cyclobutane pyrimidine dimers (35), with the exception 
that SP lyase-mediated repair is light independent (23). Anal
ysis of the deduced amino acid sequence of SP lyase genes 
cloned from B. subtilis (13) and Bacillus amylolUpufaciens (25) 
revealed that the two SP lyases indeed share a short stretch of 
amino add sequence with members of (he DNA photolyase-
6-4 photolyase-blue light photoreceptor protein family of en-
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TABLE I. Elaaerial strains used in this study 

Stntn 
(arifinal code) 

Genotype, (ihenoiype. OF charactetiitic Soufce or 
reference 

B. subtilis 
WN356 
WN385 
WN390 
WN417 

£ cofi 
WN159 UM109) 

WN28S(TB-l) 
WN434 (AD494tDE3I) 

maCt4 sul ihfAl ikyBI lrpC2 H^plABYxrmC 
Ulce WN3S6. but with pDC368 at a<ny£ 
Like WN356. but with pWN378 at amyE 
Like WN356. but with pWN4l3 at amyE 

endAI recAl sM96 Ihi hsdfU? {rn" mn') relAJ nipE44 ^llac-praAB) 
IF lraD36 proA'B' lacP Z;\MI5I 

amUlac-proAB) rpsL hsdR ^SOfecZAMlS 
Overexprcssion strain carrying pCUCOl 

24 
24 
This study 
This siu(^ 

Laboratory stock 

Laboratory stock 
C. Kinsland 

zymes (8.13,47), but the potential significance, if any, of this 
homology is currently unknown. 

Inspection of the amino acid sequences of the two cloned SP 
lyases also revealed that they each contain a total of four 
cysteine residues, three of which are clustered in an arrange
ment similar to that seen in certain iron-sulfur (Fe-S) proteins. 
A search of the protein sequence database with the region of 
B. suhrilis SP lyase encompassing amino acids 80 through I IS 
indeed revealed substantial homology to Fe-S proteitis such as 
the activating subunits of the anaerobic ribonucleotide reduc
tases (RNR> and pyruvate-formate lyases (PFL) from E. coli, 
phage T4. Haemophilus influemae, and Clostridium pasteuria-
mint (24). Iron does appear to be assodated with SP lyase 
activity, as the UV sensitivity of spores of a B. subiilis strain 
which relies only upon SP lyase for DNA repair is enhanced 
when this strain is germinated on solid medium lacking iron 
(24). 

The above observations suggest that SP lyase may be an Fe-S 
protein, and further that class III anaerobic enzymes such as 
RNR. PFU or lysine 2,3-aminomutase from C. pasieurionum 
(reviewed in reference 33) could serve as experimental para
digms for eluddating the molecular mechanism of SP lyase 
action. An important step towards this goal is the puriftcaiion 
and physical characterization of SP lyase and an assay of its 
activity in vitro. To these ends, the present report describes the 
engineering of SP lyase containing an amino (N)-terminal his-
tidine tag, its expression in and purification from B. subiilis 
spores or from an E coli overexpression system, and prelimi
nary charaaerization of its properties in vitro. 

MATERIALS AND METHODS 

Btcltrial ttraiss, plMmidf, aod cnllitre coodflioos. & subtHu and £1 coU 
stninf used in ihit study are lisied in Table I. Ptasmids and cloned fragmencs are 
described in Table 2. Media used were Difco sporulation medium (DSM) (37) 
and Luria>Beruni medium (19). For strains carrying the thyAl ihyBI markers, 
thymidine was routinely addied to media to a Rnal concentration of 100 (if/mL 
When appropriate, antibiotia were added to media ai the foHowini (in^ eon> 
centrations: chloramphenicol. 3 »i|/ml: ampidllin. SO or 125 m/mU tetracycline. 
IS ti|/ml; erythromycuu I m/mk lincomyan. 25 (i|/ml (the cmnbination of eryth> 
romyan and lincomyan is hereafter referred to as MLS). Labellinf o( spore 
DNA tiy growth and sporulation of & stibttUs cultures m medium containinf 
(mrrAW>'H)thymidine was performed as descrft)ed previously (45). All Ikfuid cul* 
tures were incubated at 37*C with vigorous aeration, and optical density was 
monitored with a Klett*Summerson colorimeter htted with a na 66 (red) Alter. 
Spore iNoduction. purification, and germinatioa conditions have aQ been described 
previ<Misty (27). as have nMlhods for assaying spore UV resistance (12.13. 27). 

Ccnctk and molfcular biology tecfaaiqnca. Proration of competent coii or 
& ttibnhs ceils and their transformation with DNA were perfomwd as previously 
described (6.34). Large* and small-scale eitractions of chromoaomal DNA from 
B. subtiiis (9) and plasmid DNA from £ coG (5. 34) were accomplished by 
standard techniques. Extraction of SP'Containmg mrrAyf*-'H*labelled DNA from 
spores was previously described (45). Standard techniques were used throughout 
(or enzymatic manipulationt and agarose gel electrophoresb of DNA (34). for in 
vitro mutagenesis (12). and (or nucleotide sequencing (13.36). 

CoostmetioQ of N* and C-tcfmlMl SP lyases. SP lyaK carrying a Oterminal 
tag of 6 hntidine residues (6X His) was constructed by PCR ai^ifkatiofl of the 
apiB gene from plasmid pWN4I (Table 2) with a pair of oligonucleotide priimts. 
5 .GCTCrAGACGAAAACCATGTGCC-3* and S'-CCOTCCACTTACTGA 
TCCTCATCCTCATCACTCAAATATrCAAl 111 ICC 0-3*. followed by a 
aeries of cloning steps resulting in plasmid pWN376 (Table 2). SP lyase can^g 
an N*ierminal histtdine tag was constructed with a commercial kit (Altered Sites: 
Promega) by in vitro site^directed mutagenesis of the wiki*iype splAB operon 
doned in ptosmtd pALTER^l (plasmid pWNI60; Table 2) with the mutagenic 
oligonucleotide 5'-GCATCTCCC:ATCATCCA(p^1pKCCA1p\q:ATCA 
CAACCCATrrCTTCCC-3'. resulting in*plaŝ  pWN406. The spUB 

TABLE 2. Plasmids used in this study 

Plasmid Dexiipnon Source or reference" 

pALTER-I In vitro mutagenesis vector Promega 
pBCSC-« Integrational plasnu'd derived from pUC19 and p094 BGSC 
pOJOOl lOxHis-tagged SP lyase overexpression plasnu'd derived from pETlIb C Kinsland 
plX!368 amyE integration vector BGSC. 9 
pWN41 pBCSC-6 with 23-kb EraRI-ffindltl fragment of the pal-sptAB region 13 
pWN68 pBGSC-i with tJ6-kb EcoRI-iS/iAI fragment of ipUB 13 
pWNlM pALTER-1 with a 1.7S-kb £icaM-//tndUl fragment of splAB 12 
pWN375 pBCSC-6 with t.08-kb A&il-ja/I PCR product of sptB with C-terminal 6xHts tag This study 
pWN376 pALTER-1 with 1.47-kb £coRI-MndlK fragment containing jpUB with splB C-lerminal 6xHis ug This stu<^ 
pWN378 pDC368 with I.47-kb £teRl-//indlU jpUB fragment from pWN376 This study 
pWN4a6 pALTER-I with t.7S-kb &oRl-f/indtU fragment containing spMB with splB N-terminal 6xHis tag This stu(fc 
pWN4I3 pDC368 with I.7S-kb fcoRI-HihdUl sptAB fragment from pWN406 This study 

* BGSC BatHbts Genetic Stock Cditer Cohimbus. Ohio. 
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{ipcroftt wcrt insened into ihe amtH bicw uf & wMIr bjr tbetr removtl from 
ptasmids pWNJ76 and pWN4Qb and lifstion inlti EnM'HMXU-tiew/td plas> 
mid pDC^. resultiof in piwiniib pWN378 and pWN4t3, respectively (TaMe 
2). Ail Anal pfaumid omMructiim wcnr conlirmed nudcotide lequendns (36). 

SP lyiK pwrilkatinn and protein icdiniqacs. A tubiiBs WN417 (IL) was 
sporulated for 48 h in OSM ciKUainini 3 tif of chtoramphenkot and IQO of 
tl^ffntdine per mi. Spiirc» were harfcsied, pMrifted as described previously (27), 
heat iboeked at MfC tnr 10 min, and itored at 4X in water until use. The spore 
coat layer wa» rcmtmn) fnim purified spores by SDSsirea^thiothreitcrt (DTT) 
treatment u docribcil previausly (27), and wMhed deeooted spores were lysed 
by incubiiNin in MmicatitKi buffer (50 mM sodtum phosphate bttfer (pH. Si)). 
yn mM NaCL and ttl mM imidaz^) containini lysotyme (t mtfnA final con> 
cemraium) at 37*C for 30 min. Thereafter, the sample was keipt on ice or at 4*C. 
The wssxonicaied six times for tO'S intervals to lyse cells and shear DNA 
and ceniri(u|ed (lllOO x 20 min). and the cell>free extraa was loaded onto 
a nicfccl*ni(riloch«cetjc acid (^^^A) agarose column (Superflow. Qiagen Inc.) 
eituiiibnted in sonication buffer. The column was routinely washed with sonica* 
tion buffer contaming 20 mM imidazole, and the bound protein wu eluted with 
sonication buffer with 250 mM imidazole, and 0.5-ml fractions were coUeeted. 
The concentration of protein in each fraction wis determined by the Bradford 
assay (7) (Sigma). 

Immanologk tcchniqiMs. SP lyne containing an N*ierrainal lOxhistidine tag 
was overproduced in an £ coA' cxpresiion plastnid system (generously provided 
by C Kinsland and T. Begley) and purified by nicfcel>NTA agarose ^tomatog-
raphy as described above. Polydonal goat antiserum was prepared by the fol* 
lowing procedure <4). An adult male goat was immunized with OL5 mg ofSP lyase 
in RUn Adjuvant Sj^tem (Ribi ImmunoChem Research Inc) administered in-
tramuscularty in the hmd leg at two sites. A similar booster immunization of OJ 
mg of SP lyase m Ribi Adjuvant was administered 28 days later. Blood was 
collected on day 42. and antiserum was harvested from the clotted Mood. Pre» 
(fflmune serum collected in a similar manner prior to immunization did not 
demorotraie any reactivity to SP lyase (data not shown). Sodium dodecyl sulfate^ 
poiyaci>lamide get etecltophoresis (SDS-PAGE) and Western blotttng were 
performed oitentiaUy as described by Ausubel et aL (I). Immunostaintng of 
Western blots w«» p^ormed with rabbit anti-goat immunoglobulin G*pero»* 
dase conjugate (Kirltegaard ft Peny Laboratones, Inc.) as the secondary anti-
body. 

Pbyskwdwmkai ttcbniqtMs. UV^vistble spectroscopy of purified SP lyase 
frtNn the £. coft overeapnasion system (0.8 mg of protein/ml in SO mM Tris*HQ 
ipH 8.0|. 300 mM NaCU 250 mM imidazole) was performed with a Hewfett-
Padtard Model 8453 spectrophotometer by using the same buffer without protein 
as a blank. 

Chemicai determmation of iron, acid'labile sulfide, arvt flavin amtent of pu* 
rifted SP lyaK from the £ coii overexprcssion strain was performed as described 
by Nicben et al. (28). For iron analysis, aliquots of enzyme (800 lU containing 
various amounts of protein in 5 mM sodium phosphate (pH 6)) were mixed with 
100 ifcl of 8 M HQ. incubated for tO min at 0^ precipitated with 100 |U of 80% 
trichloroacetic acid (TCA) fc^ 10 min. and darifi^ by cenirifuption. The pH of 
800 111 of the supernatant WM adjusted to 4^ by addition of 200 tU of 75^ 
ammonium acetate followed by addition of 80 of 10% hydroxylamine hydro, 
chlorite and 80 lU of 4 mM tripyridyl^-triazine and incubation for 10 min. Iron 
WIS quantitated by measuring absorption at 593 nm. For determination of acid* 
laMlc sulfide, aliquots of enzynw (3^ containing various amounts of protein) 
were treated with 16% ZnfCH^^COO). and 0.75<% NaOH for 2 h; 100 lU of 0.1% 
A^/^-dimethyl^hphenytenediamine dissolved in 5 M HO and 40 ^ oM 1.5 mM 
FeOs in 0.6 MHO were added, and the solution was mixed by shaking for I min. 
Next. 320 iil of water was added, the sample wu clarified by ccntrifiigation. and 
ac^-labile sulfide waft det^rmiiWd by menuringy1*]|>. For determination of fiavin 
content, aliqtioa of enzyme were treated with 4% ammonitwi nilbte in 75% 
methanol. After pelleting the protein by centrifuption. the absor{Kiim spectrum 
of the supemaunt was determined and compared with those of purifi^ flavin 
mooonudeotide and flavin adenine dlmideotide (28). 

SP lyase assays. SP lyase assays from crude spore extracts were performed by 
a modification of the (votocol described for RNR by Ollagnier et aL (30). Stock 
solutions (prepared in 30 mM Tris*HO (pH 8.01) of dithicmite (100 mM). DTT 
(50 mM). AdoMet (32 mM). and NAO^ (10 mM) were purged of oxygen by 
bubbling a mature of 80% Nx-10% Hr>10% CO^ through them for ^ min. 
Spores of strain WN4t7 were decoated and lysed as described above in 30 mM 
Trts*Ha (pH 8.0). followed by deoxygenation of the cell-lree cttraa on ice for 
70 min. R^ion mixtures (200 )il total volume) were assembled on ice in the 
following orden to cell^free extract (120 |U. containit^ approximately 200 i&g of 
total protein) were added ((biat concentration) dithionite (I mM). DTT(5 mM). 
NADPH(t mM)*AdoMet(t mM).and5QinOcpmofSP<ontainii9spmDNA 
WMlled with (iiwf/iyf-'Htthi^idine. Reaaion mixtures were incubMcd in a 37*C 
water bath ovem^L Samples were precipitated by addition of iee<old TCA to 
10% final concentration and incubation on ice for 30 miiL The TCA precifNtttes 
were centrifuged. and the pellet was used for SP quantitation as desct^bed below. 

Assay of SP lyase activity with ercqrme purifirt on nickel-NTA agarose was 
performed by a slight modification of the procedure developed by Oujpuer et at 
(30) for the£ eoB anaerobic RNR. AD solutions were den^igenaied prior to use 
with 52% SB(*HiS'4a|ged SP lyase was purified from spores by 
nidusl-NTA chromatography as described ab^ and treated with 4 oiM OTT 
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FIG. 1. Spore UV resistance of & subitSs strains carrying various engineered 
allcla of SP lyase expressed from the amf£ kxus. Strains used were WN38S 
(vector iMi^ opM cirdes). WN386 (witd*type SP lyase; open trianglesK WN390 
(C*terminal histidinc'tag^ SP lyiK; do^ circles), and WN417 (t^termmal 
histidine'tagged SP lyase: dosed triangles). 

and 52% Hr-48% C0«. To deoxygenated enzyme (0.5 or 1.0 |ig of protein) and 
buffer the following were added (lUial concentration): sodium dithionite (3 mM). 
KQ (30 mM). sodium formate (5 mM)»5*adenosylnKthionine (2 mM; AdoMet). 
and 50.000 epm of (m«(M*'H{thymKline>labelle^ SP<ontaimng DNA. A sepa* 
rate and identical set of reaction mixtures lacking AdoMet was also prepared. 
After overnight incuhatkm at 37*C sampks were subjected to TCA precipitation 
and SP quantitation as described below. 

SP qoantltatioo. Germination umples and in vitro reaction mixtures were 
predpttaied on ice for 30 mm with 10% TCA and centrifuged. The pellets were 
resuq)ended in 0.5 ml trifluoroacetic add (TFA), sealed under vacuum in l(Kml 
glass ampules, and hydroJyzed at t55*C for 60 min. TFA was evaporated, and the 
dried contents in each ampule were resuspended in 100 of water and subjected 
to (tescending chromatography on Whatman na 1 paper with 80:12:30 (vol/voU 
vd) n^tanol-ocetic acid-water. The resultiiv chromatograms were cut mto 
l<m fractions, and SP (/¥^ 0.45) and thymine (ff^ 0.6) were quantitated by 
sdntillatioo counting as described in detail previously (!(). 26.45). 

RESULTS 

UV resistance of spores canytng engineered SP lyases ex-
pressed al amyE. Construction and characterization of K mb' 
litis WN3S6, which lacics NER and in which the spiMB operon 
has been deleted and replaced with an MLS resistance cas
sette, have been described in detail elsewhere (24). Plasmids 
pWN378 (encoding SP lyase with a C-terminal htstidine tag) 
and pWN4t3 (enc^ing SP lyase with an N-ierminal histidine 
lag) (Table 2) were inserted into the an^E locus by transfor
mation into competent cells of strain WN3S6, resulting in 
strains WN390 and WN4n, respectively (Table 1). The ability 
of the two engineered SP lyases to restore UV resistance to 
spores of strain WN3S6 was then tested (Fig. I). It was ob
served that SP lyase with a C-terminal histidine tag expressed 
from amyE (strain WN390) conferred only slightly more UV 
resistance to spores than did insertion of the vector alone into 
the amyE locus of strain WN3S6 (Fig. 1). In contrast, strain 
WN417, which from the amyE locus expressed SP lyase with 
the N-terminal histidine tag, produced spores whose UV re
sistance was virtually indistinguishable from that of spores of 
strain WN386, a strain which carries the wild-type splAB op
eron at amyE (24) (Fig. 1). This in vivo experiment indicated 
that SP lyase biological activity was nearly abolished by addi
tion of six histidines at its C-terminus, but was not significantly 
affected by addition of six histidines at its N-tenninus. There
fore. strain WN417 was used in subsequent experiments. 

Repair of SP during spore genniiiatibn by histidiiif I am J 
SP lyase. To confirm that the enhanced UV resistance ob-
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lOO a 

100 
minutes of germination 

RC. 2. Kinetics of SP repair duhn| gemtination of ipores of A 3$$bttlis 
WN35A (open ciides) and WN4I7 (ctnwd circles) in DSM coniainini 10 mM 
L-alanine. Before lermination, spores were irradialed with UV lo obuin ihe 
follawnt amounu of SP (apreued as pereenu|e of total thymine); WN35ft. 
1.1% and WN4I7. ll'r. Results shown are the averages = sundard deviations 
of ma (WN33fe) or three (WN4I7) independent etperimenls. 

served in spores of strain WN4I7 (Fig. 1) was indeed due to 
DNA repair by SP lyase carrying the N-terminal histidine tag, 
SP repair was assayed during germination of UV-lrradiated 
spores of strain WN4I7 and its parent strain WN3S6 (Fig. 2). The 
DNA in spores of strain WN4I7 and its parent strain WN3S6 was 
labelled by growth and sporulation in DSM supplemented with 
[mrrA>r/-''H|thymidine, spores were irradiated with UV to pro
duce SP, and the kinetics of SP repair during germination was 
monitored (Fig. 2). It was observed that strain WN3S6, lacking 
NER and SP lyase, was unable to remove SP from germinating 
spore DNA. whereas strain WN417. carrying the N-terminal his-
tidine-tagged SP lyase expressed from amyE. removed approxi
mately 65% of SP from DNA during the iirat 90 min of ger
mination (Fig. 2). Therefore, it appeared that SP repair during 
germination, and hence UV resistance, of strain WN4t7 were 
due to the activity of N-terminal histidine-tagged SP lyase. 

Purification of histidine-tagged SP lyase. Dormant spores of 
strain WN4t7 were disrupted. Ihe cell debris was removed by 
centrifugation. and the cell-free extract was passed through a 
nickel-NTA agarose column. Because SP lyase is present at 
very low quantities in dormant spores, SP lyase was visualized 
during purification by Western blot analysis with polyclonal 
antiserum raised against purified SP lyase from an E. coU over-
expression system. Decoated, lysed spores of strain WN4I7 
exhibited a 4I-kDa protein which reacted with anti-SP lyase 
antiserum (Fig. 3, lane 2) and whose mass corresponded very 
closely to the calculated molecular mass of N-terminal histi
dine-tagged SP lyase (40347 Da). The 41-kDa protein was 
absent from decoated. lysed spores of the parental strain 
WN3S6 (Fig. 3, lane 1). llie 41-kDa protein band persisted in 
the cell-free extract after the spore lysate of strain WN417 was 
clarified by high-speed centrifiigation (Fig. 3. lane 3), and the 
protein bound to a nickel-NTA agarose column, as it was 
absent from the flow-through fraction at 20 mM imidazole 
(Fig. 3. lane 4) but was present in the 2S0 mM imidazole eluate 
from the column (Fig. 3. lane S). The lOxHis-tagged SP lyase 
overexpressed in E. coti and isolated by the same procedure 
was essentially pure, demonstrating a single 43-kDa band on 
Coomassie blue-stained SDS-PAGE gel which (i) reacted with 
anti-SP lyase antibody on a Western blot and (ii) when sub
jected to automated N-terminal sequencing was found to 
have a sequence that perfectly matched the predicted amino 

J. BACTERIOL. 

TABLE 3. Detemiinalion of iron and sulfur content 
of purified His-tagged SP lyase 

Sample 
no. 

Protein 
content 
(nmoiy 

Fe ccmtent 
(nmoiy^ 

S content 
(nmolf 

Iron/protein 
or sulfur/ prcv 

tein rat^ 

Iron 
1 83 0.155 8.0 a97 
2 5J!9 0.080 3.7 0.70 
3 3.40 0.083 3.8 1.12 
4 1.89 0.059 15 !J2 

Sulfur 
I 4.96 0247 7.72 1.56 
2 148 0.129 4.03 1.63 

* Determined by Bradford assay of protein omcentration and the deduced 
molecular mass of Ihe lOxHIs-iaBied SP lyase from the £ cofi ovcmpression 
system (42J53 Da). 

"^^•5 of 1 nmol of Fe « 0.033. 
• /l.m of I nmol of - aa32 (28). 
' Aveiages : SDs: iron/protein ratio. 1.03 : 0J6: sulfur/prolein ratio. I.M : 

aa5. 

acid sequence of the engineered lOxHis-tagged SP lyase (data 
not shown). 

PuriHed SP lyase contains iron and sulhir. During purifica
tion of the lOxHis-tagged SP lyase overexpressed in E. coti, it 
was noted that as the cell-free extract was allowed to flow 
through the nickel-NTA agarose column a reddish-brown band 
appeared at the top of the column, which remained after wash
ing the column with sonication buffer containing 20 mM Imid
azole (reference 2 and our unpublished results). Upon appli
cation of a linear 2S lo SOO mM imidazole gradient, the colored 
band eluted at approximately 120 mM imidazole, along with SP 
lyase (data not shown). This observation, along with the char
acteristic smell of sulfide upon treatment of the purified SP 
lyase with acid, was consistent with SP lyase containing an Fe-S 
cluster. As we were unable to purify sufficient quantities of SP 
lyase from dormant B. subiilis spores to peiform chemical 
analyses, we assayed the purified lOxHis-tagged SP lyase ob
tained from the E. coli overexpression system for iron, acid-
labile sulfide, and flavin content (28) (Table 3). The SP lyase 
purified from E. coli was found to contain 1.03 t 0.26 mol of 
iron and US - 0.04 mol of add-labile sulfide per mol of 
protein (Table 3). As no spedal care had been taken to ex
clude oxygen from these enzyme preparations, the above 
values are probably underestimates of the in vivo stoichiometty 
of Fe and S. No flavin cofactors were detected by chemical 
assay of the SP lyase overexpressed from £. coli (data not 
shown). 

UV-vtsible absorption spectrum of SP lyase. UV-visible ab
sorption spectroscopy was performed on the lOxHis-iagged 

1 2 3 4 5 

43-> <-43 

30-> <-30 

RC. 3. PAGE-Westem blot analysis of SP ly^ purificaikm. The 
and 3<MtDa protein mokcutar mass markers were visualized by staining with 

Ponceau S. Lane I. lysed spores of strain WN356; lane 2. lysed spores nf stram 
WN417: lane 3. cell*free extract o( strain WN417 afler dahtkaiion by high-speed 
centrifugation: lane 4. flow>thruugh from niclcei't<TA column; hine 5. eluate 
from nickel'NTA column with 250 mM imidaznic. 
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ml) purified from tl« £ coA overespreoion syiiem before (thick line) and after 
(thin line) treatment with I mM dithionite ((fC 30 min). 

SP lyase purified from E. coli in order (o gain information re
garding unusual structural features or the potential presence of 
UV-at^rbing cofaaocs. The reddish-brown form of SP lyase 
obtained directly from the nickel-NTA agarose column exhib
ited a spectrum characteristic of an Fe-S protein (1 la, 17,4Sa), 
with peaks centered at 340,400, and 472 nm (Fig. 4). Absorp
tion peaks characteristic of potential chromophores, such as 
flavins, expected to be visualized at 377 and 4S2 nm (28) were 
not detected (Fig. 4). Upon addition of I mM (final concen
tration) dithionite to the purified SP lyase, the reddish-brovm 
color immediately disappeared and the UV-visible absorption 
spectrum of the dithionite-treated SP lyase (30 min on ice) 
exhibited a dramatic shift (Fig. 4; see Discussion). 

In vitro assay of SP lyase activity. Numerous previous at
tempts to detect SP lyase aaivity in vitro have been unsuccess
ful; however, the homology observed between SP lyase and the 
anaerobic RNR and PFL enzymes (24). coupled with the spec
troscopic data indicating that the Fe-S cluster in SP lyase was 
partially oxidized upon purification (Fig. 4), presented the pos-

B 
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AdoMet: - - + - + 
NADPH: - - - + + 

FIG. 5. In vitro assay of SP lyase activity from eelWfree extracts of strain 
WN417 spores. Awiys were performed as described in Materials and Method*, 
and results are reported as averafes : sundard errors of the means (it • *). 
Differences in SP level in reaaion mixtures to which cofactors were added 
compared to the control reaction mixture with extraa added alone were sifnif-
icantat^« O.QSl*).P« 0.01 (••}. or P • 0.001 (•••) as determined by analysis 
of variance. 
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FIG. b. In vitro repair of SP by bxHi>>taggcd SP lyase pun fed from A ju6> 
n/is spores as a function of enzyme added in the absence (open circles) or pres* 
ence (dosed cirdes) of Z mM AdoMet. Data are reported as averages s starKtard 
erron of the means (n • 2). 

sibility that SP lyase would require at least reducing, if not 
anoxic, conditions for its activity. To assay SP lyase in vitro, 
we therefore modified conditions which were previously used 
to achieve in vitro activity of the anaerobic RNR of E. coli (29. 
30). SP lyase activity was detected in vitro with cell-free spore 
extracts from strain WN417. encoding the N-terminal 6xHis-
tagged SP lyase (Fig. S), but not from the parental strain 
WN3S6 treated in an identical manner (data not shown). 
When cell-free extracts prepared from strain WN417 were 
incubated under reducing conditions with SP-containing DNA, 
a paradoxical increase in SP was obsen/ed (Fig. S), apparent
ly due to enhanced TCA precipitation of small SP-contain-
ing ONA fragments bound by SP lyase (data not shown). 
Addition of either AdoMet or NADPH to the reaction mix
ture enabled the WN417 cell-free extract to correct approxi
mately 20 and 25% of the SP present in the substrate DNA. 
respectively (Fig. 5). The two cofactors added in combination 
also stimulated SP repair activity in vitro, but not as effectively 
as either added alone (Fig. S). 

As was observed with the £1 coli anaerobic RNR (30). in the 
cell-free extraa SP lyase could apparently be activated by re
duction with NADPH. However, it was previously demonstrat
ed that reduaive activation of purified RNR could be accom
plished by a number of different chemical routes (30). The 
6xHis-tagged SP lyase purified from B. subtilis spores by nick
el-NTA chromatograpl^ and aaivated by treatment with DTT 
and dithionite in a reducing atmosphere (30; see Materials and 
Methods) was able to cleave SP in vitro (Fig. 6). A direct linear 
relationship was obtained between the amount of SP lyase 
added and the degree of SP repair, and aaivity of the purified 
en^nne was absolutely dependent on AdoMet (Fig. 6). Under 
identical pretreatment and assay conditions, the lOxHis-
tagged SP lyase purified from the E. coli overexpression system 
showed no aaivity (data not shown). 

DISCUSSION 

Repair of UV-induced DNA damage by SP lyase during 
spore germination is an important determinant of baaerial 
spore UV resistance (reviewed in references 14. 25.42. and 
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49). We have shown in this report that SP lyase from B. subiiUs 
is an Fe-S protein which requires reducing conditions and 
AdoMet for its activity, in a fashion similar to en^mes such as 
class III anaerobic RNR and to PFL. 

The 6xHis-tagged SP lyase was expressed in B. subtilis from 
the amyE locus by using its native transcriptional and transla-
tional signals; therefore, its level in the dormant spore is prob
ably similar to that of native SP lyase. Calculation of the yield 
of the purified 6xHis-tagged SP lyase from spores (approxi
mately 1 tig of protein per 1.2S x 10" spores) corresponds to 
approximately 100 to 200 subunit copies per spore. Because SP 
lyase is present at such a low concentration in spores, some of 
the physicochemical data reported here were derived from the 
splB gene product overexpressed in £. coU. Chemical extrac
tion of flavin and spectral analysis (28) of the lOxHis-tagged 
SP lyase purified from E. coli failed to detect flavin-containing 
compounds, consistent with the absence of absorption peaks 
characteristic of flavins in its UV-visible spectrum (Fig. 4). 
Chemical analysis of iron and add-labile sulfide content (28) of 
the lOxHis-tagged SP lyase purified from the E. coli over-
expression system indicated 1.03 mol of iron and 1.60 mol of 
sulfide per mol of SP lyase subunit (Table 3), strongly sug
gesting that SP lyase contains an Fe-S center. The obKrved 
iron and sulfur stoichiometry of the purified lOx His-tagged SP 
lyase overexpressed in E. coli is probably an underestimate of 
the in vivo stoichiometry, as the protein was isolated under 
nonreducing conditions. The UV-visible spectrum of the 
lOx His-tagged SP lyase from £. coli (Fig. 4) is also charac
teristic of a protein containing an Fe-S duster, the presence of 
absorption peaks in the SP lyase spectrum at 340,400, and 472 
nm are reminiscent of 2Fe-2S proteins such as biotin synthase 
(lla) and ferredoxin (4Sa). The dramatic shift in UV-visible 
spectrum of SP lyase upon reduction with diihionite is similar 
to that seen in 2Fe-2S to 4Fe-4S cluster conversion upon di-
thionite reduction of biotin synthase (lla). While definitive 
determination of which type of Fe-S cluster is contained by SP 
lyase awaits further charaaerization, the spectroscopic and 
chemical analysis data are consistent with the previous ob
servation that the amino acid sequence of SP lyase contains 
a constellation of cysteine residues arranged in a manner 
highly homologous to the regions of the anaerobic RNR and 
P^ proteins which partidpate in 4Fe-4S cluster formation 
(24). 

By using a modification of conditions used for assaying RNR 
activity (S; see Materials and Methods), SP lyase aaivity was 
detected in a cell-free extract prepared from dormant spores of 
strain WN4I7 (Fig. S). This represents the first in vitro dem
onstration of SP lyase enzymatic activity, a significant first step 
toward characterizing the enzymatic mechanism of SP lyase in 
detaiL Oeoxygenated cell-free extract from strain WN417 dor
mant spores could not by itself repair SP in vitro, but activity 
was obtained by addition of either AdoMet or NAOPH (Fig. 
5). That AdoMet stimulated SP lyase aaivity seems reasonably 
based upon the analogy with RNR and PFU both of which re
quire AdoMet for activity (29). Stimulation of SP lyase activity 
by NAOPH addition to the cell-free extract from strain WN417 
dormant spores may indicate that the reduced form of 
NADPH could be involved in a redox system used in vivo for 
regeneration of aatve-site cysteines, as seen in other RNRs 
(33). Interestingly, although dormant spores contain amounts 
of pyridine nudeotides comparable to vegetatWe cells, almost 
none s in the reduced form (43). 

Chemical reduction of the 6X His-tagged SP lyase purified 
from B. subtilis spores with formate resulted io activation of the 
enzyme such that it required only AdoMet for activity (Fig. 6). 
However, we were unable to detect activity from the lOxHis-
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tagged SP lyase purified from the E. coli overexpression system 
pretreated identically. This result suggests either that the loss 
or inaaivation of some essential factor(s) occurred during pu
rification of the E. coli ttayme or that the cloned splB locus by 
itself expressed in E coli does not encode the entire SP lyase 
holoenzyme. By analogy to RNR or PFL, what we call SP ly
ase enci^ed by splB would correspond only to the Pj activating 
subunit of an aiP; tetrameric holoenzyme. In anaerobic RNR 
and in PFL, the aaivating subunits are homodimers which as
sociate through a 4Fe-4S cluster (30); separate genetic evi
dence suggests that SP lyase may also be active as a homodim-
er (24). The possibOity therefore presents itself that while the 
B. subtilis WN4I7 spore contains the putative SP lyase holoen-
^e, the £. coli system expresses orUy the splB-encoded aai
vating subuniL Ex|xriments are currently underway to identify 
the putative second subunit. 

Fe-S dusters have been shown lo be ubiquitous and impor
tant determinants of protein structure and enzymatic aaivity 
(reviewed in reference 3) and have been shown to operate by 
such diverse mechanisms as stabilization of the ONA binding 
site, as in the endonuclease III of E coli (46); behaving as a 
sensor of oxidative stress by changes In oxidation state, as in 
the SoxR protein of£. coli (IS, 16); or regulation of DNA bind
ing through oxidative assembly-disassembly of an Fe-S cluster 
holding together two identical subunits, as in the E. coli an
aerobic transcriptional aaivator FNR (3,17). Because SP lyase 
was found by an amino add sequence homology search to re
semble the .activating subunits of anaerobic RNR and PFL (24), 
these enzymes are being used as models for probing in vitro 
SP lyase aaivity. The enzymology of RNR and PFL is rather 
complex. Both enzymes are aaive as a]^2 tetrameis (29). En
zymatic aaivity is dependent upon generation of an oxygen-
labile glycyl free radical in the larger oj catalytic subunit. The 
smaller p, aaivating subunit dimerizes through an oxygen-
labile 4Fe-4S cluster which in its reduced form partidpates in 
splitting AdoMet into methionine and a S'-deoxyadenosyl rad
ical which then generates the glycyl radical in the aj catalytic 
subunit by abstraaing a hydrogen atom from the a-carbon of 
glydne. AdoMet is thus required for activity (20). In AdoMet-
requiring enzymes which cleave C—H or bonds, such as 
PI^ anaerobic RNR, lysine 23-aminofflutase, biotin synthase, 
and lipoic acid synthase, a common theme appears to be oxi
dative degradation of subunit-bridging 4Fe-4S clusters during 
purification to 2Fe-2S clusters (lla). "^e 4Fe-4S cluster in the 
P; subunit of RNR can be reduced in vitro by treatment with 
either (i) flavodoxin, flavodoxin reduaase, and NADPH; (ii) 
photochemically reduced S-deazaflavin; or (iii) dithionite (29). 
By analogy to these enzymes, the Fe-S cluster in SP lyase also 
appears to share these properties (Fig. 4). The results reported 
above vrith SP lyase are important steps tovrards determination 
of the physical organization and reaaion mechanism of this 
unique DNA repair enzyme. 
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Spore Photoproduct (SP) Lyase from Bacillus subtilis Specifically 
Binds to and Cleaves SP (5-Thyminyl-5,6-Dihydrothyraine) but 
Not Cyclobutane Pyrimidine Dimers in UV-Irradiated DNA 

TONY A. SUEMAN.t ROBERTO REBEIL. AND WAYNE L_ NICHOLSON' 

Dtpanment of Veterinaiy Science and MicmhMogy, Universiiy of Arizona, Tucson. Arizona 85T21 

Rcceivinl 17 April 2nn(VAcccpleii 22 August 200(1 

The predominant photolesion in the DNA of UV-Irradiated dormant bacterial spores is the thymine dlmer 
S-thyminyl-5,fi^lhydrothymine, commonly referred to as spore photoproduct (SP). A mitior determinant of SP 
repair during spore germination is its direct reversal by the enzyme SP lyase, encoded by the iplB gene in 
Bacillus sublilis. SplB protein containing an N-terminal lag of six histidlne residues ((6Hls)SplBl was purified 
from dormant B. sublilis spores and shown to efficiently cleave SP but not cyclobutane cit^n thymine-thymine 
dimers in vitro. In contrast. SplB protein containing an N-terminai IO.his(idine tag [(lOHis)SplBI purified 
from an Eschtriehia coli overexpresslon system was incompetent to cleave SP unless the 10-His tag was first 
removed by protealysis at an engineered factor Xa site. To assay the parameters of binding of SplB protein to 
UVniamaged DNA, a 35-bp double-stranded oligonucleotide was constructed which carried a sin^e pair of 
a^iacent thymines on one strand. Irradiation of the oligonucleolide in aqueous solution or at 10% relative 
humidity resulted in formation of cyclobutane pyrimidine dimers (PyOPy) or SP, respectively. (lOHis)SplB 
was assayed for oligonucleotide binding using a DNase I protection assay. In the presence of (lOHis)SplB, the 
SP^ontaining oligonucleotide was selectively protected from DNase I digestion (half-life. >60 min), while the 
PyOPy-containing oligonucleotide and the unirradiated oligonucleotide were rapidly digested by DNase I 
(half-lives, 6 and 9 min, respectively). DNase I footprinting of (10His)SplB bound to the artificial substrate was 
carried out utilizing the '*'P end-labeled 35-bp oligonucleotide containing SP. DNase I footprinting showed that 
SplB protected at least a 9-bp region surrounding SP from digestion with DNase I with the exception of two 
DNase l-hypersensitive sites within the protected region. (lOHIs)SplB also caused significant enhancement of 
DNase 1 digestion of the SP-containing oligonucleotide for at least a full helical turn 3' to the protected region. 
The data suggest that binding of SP lyase to SP causes significant bending or distortion of the DNA helix in 
the vicinity of the lesion. 

Endosporcs uf Bacillus subtilis. as well as other Bacillus and 
Clostridium spp.. arc significantly more resistant to 254-nm-
wavelength UV radiation than are (heir exponentially growing 
counierpartji. Spore UV resistance is due (o the unique UV 
photochemistry of spore ONA and (he cSicient repair of spore 
DNA damage during germination (reviewed in refercnccs 14. 
IS. and 23). in ihe spore or in vitro, binding of spore DNA by 
small, acid-soluble spore proteins (SASP) of Ihe a/3 cla.ss re
sults in an alteration of the helical conformation of dormant-
spore DNA from the B form to an A-like form (10). UV 
irradiation of either spores (1,22) or SASP-DNA complexes in 
vitro (16) favors production in DNA of the unique spore phtv 
toproduct (SP) S-thyminyl-S.6-dihydrothyminc and suppres
sion of cyclobutyl pyrimidine dimer (PyOPy) formation (ref
erences I and 16; reviewed in references 23 and 24). 

An important determinant of SP repair during spore germi
nation is its direct reversal to two thymines in DNA by the 
enzyme SP lya.se (II. 12). encoded by the splB gene in B. 
sublilis (2). SplB was first characterized as a 40-lcDa protein 
with limited similarity to members of the DNA photolyase/ 
(6-4) photolyase/blue-light reccptor protein family (2. 14. 27) 
but did not appear to he a true photolyase, as repair of SP by 

* Coticspunding author. Mailing address: Dcpanmcm of Veteri
nary Scicncc and Miciubiolost. Untvcrsily of Arizona. Tucwn. AZ 
85^1. Phone; (S2I)) 62l-2]57. Fax: (521)) 621-<i3fi6. E-mail: wln<rru 
jirizonaxdu. 

t Prescni address: Department of Biology. Momingsidc College. 
Sioux Cty. lA StlOO. 

SP lyase during spore germination proceeds in the absence of 
photoreactivating light (11.12). The first clue to the enzymatic 
mechanism of SP Imse came from examination of the dcduccd 
amino acid sequence of the B. sublilis SplB protein. The 342-
aminu-add sequence of SplB was observed to contain only four 
cysteines, three of which were tightly clustered at residues 91. 
95. and 98 (2). The SplB sequence surrounding residues C91. 
C9S. and C98 was found through sequence database searching 
to be highly similar to the amino acid signature for the [4Fe-4S) 
clusters of a family of 5-adenosylmethionine (SAM)-depen-
dent. radical-utilizing enzymes represented by anaerobic (type 
III) ribonucleotide reductase, pyruvate-formate lyase, lysine-
2,3-aminomutasc. biotin synthase (BioB), and lipoic acid syn
thetase (UpA) (13, IS. 20). 

SP lyase aaivity was purified from B. subtilis spores express
ing an engineered splB gene encoding a tag of six histidine 
residues at its amino terminus |(6His)SplBl (20). (6His)SplB 
was able to cleave SP in vitro, and its activity was dependent 
upon reducing conditions and SAM. but the protein was 
present in spores in exceedingly small quantities (20). Another 
version of SplB containing a more complex N-terminal tag 
consisting of 10 histidines and a factor Xa cleavage site, called 
here (IOHis)SplB. was engineered, overproduced, and purified 
in large amounts from Escherichia coli (20). The purified 
(10His)SplB protein was shown to contain an intact FeS cluster 
but was incapable of cleaving SP in vitro (20); furthermore, 
until recently the lO-His tag was refractoty to proteolytic clcav-
age with factor Xa. In this communication, we report that 
successful cleavage of (taHt.s)SplB by factor Xa restores (he 

6412 



70 

BINDING AND CLEAVAGE OF SP BY a SUBTIUS S? LYASE 6413 VOL. 182,2000 

etayme to an active conformation; titus, active SP lyase con
sists of only SplB protein. Furthermore, SP binding and SP 
cleavage activities can be separated by the presence of the 
lO-His tag on SplB. 

In order to better understand at the molecular level how SP 
lyase binds to SP, we report here the construction of a synthetic 
3S-bp double-stranded oligonucleotide which contains a single 
pair of adjacent thymines which can be manipulated to form 
either TOT or SP. We report that (IOHis)SplB protein pu
rified from an E. eoli over^ression system (i) binds spe^-
cally to the oligonucleotide containing SP, (ii) protects SP from 
digestion with DNase I, and (iii) dramatically alters the DNase 
I footprint of the SP-containing oligonucleotide. 

MATERIALS AND METHODS 

Soorccs of SplB protcio nd SP IjftM ttMjr. (6Ktf)SpU3 wts purified from 
domiMl ipOTM of A mbtihs main WN417 (,metCJ4 sut A(9£i40)nennC 
splA-(i/tts)splB:Mny£ On' AyAl opC2) u described in det^ previously 

to the exeeedinghr nnall quanUty of the pnMem present in dormani 
ipores» purificanon of (6Hii)SplB was moniiored by Western blot analysis u 
described in detail previousty (20). Hie hMenntnai amino add sequence of 
(6His)SplB wu detomined to be AfHHHHHHQNffK by nucleotide aequeoc* 
ing of the doned engineered gene (tlie italkEed residues denote the natural 

sequence (2]}. 
(]OHis)SplB was overeipressed and purified from £ cofi strain AD494(DE3) 

carrying plasmid pCLK20t essentially as desoribed previously (20)» with the 
modifications rtcscribcd below in the case of itt preparation for factor Xa deav* 
age. TTK pttrified protein was judged to be >99% pure on Coomasaie blue* 
stained sodium dodecyl sultete*^lyactylamide gel electrophoresis (SDS>PAGE) 
gels (data not shown). The H*(erminal sequence of (10His)Sp(B was determined 
by Edman degradatkm to be MCHHHHHHKHHHSSGHffiCE/HMQNPf^ 
(the underlined residues and shilt indicate the factor Xa cleavage site; the 
italicized residues denote the natural SplB sequence [2]). 

The purified enzymes were subjected to activation of their FeS dusters and 
were assayed for SP cleavage essentially tt described previously (20). enept that 
moist irgon gas replaced the hydrogen^COj mboure used previously and the 
assays were performed in sealed septum vials. 

Factor Xa ckavage of (IfiHis)SplB. When nposcd to oxygen at high protein 
coneentratioos, SplB rapidly iggregates and prsipitates from solutiotL There* 
fore, in order to suceessfolly deave (10His)S^ vHth fictor Xa, all procedures 
were performed under anaerobic conditioos. (10His)^lB was purified by nidtel> 
nitrilotriacetic add chromatography from a eeU extract of £L coU strain 
AD494{DE3| which had been tPTO (isopropjri*9-tHhiogaIactopyranaaide) in* 
duced. The high-eoocentratioo imidaiole duate of (10t&)SplB was colk«ed 
and incubated under moist argon with lactor Xa at room teinperature for 4 h. 
Under these conditions, the lO>His tag was removed from approximately 20% of 
the SplB moleculest as judged by SDS>PACE (daa not shown). The resulting 
protra was activated and assayed for SP lyase activity as described above and 
previously (20). 

Sources for assay.A wMfit chromosomal DMA wu labeled by growth 
and sponilation of strain WN17S {metCi4sptBl mttkfAl tkfBt opC2 uwB42) in 
the presence of S-methft {^H]thymidine. Chromosomal DKA of B, mftffffr strain 
WN175 either SP or PyO^ was prepared from UV>trradiated 
ipores or vegetative cells, respectively, as deacrfoed previously (26). Hie DMA 
eoncentratioo was determined by fiuoreaeence assay using PieoCreen reagent 
(Molecular Probes). Quantiution of SP or PyOPy in UV*tteated DNA was 
performed as deaeribed below. 

CoostructiQo and labeUng of the 3S-bpoli|oauckotide.T>wo complementary 
3S-mer oUgomideotides were synthesized (GenoqfS, Inc.), one of wtrich CWK 
tained a single pair <d adjacent thymines (denied in bolitfice type): 5**CCCC 
GGGATCCrCTAGAGITCACCrCCACXjCATGOS' and S'-GCATGCXTC 
CACGTCAACrCrACAGGATCCCCCGG-3'. The oligonucleotides were 
rcsuycndcd in surile distilled water, quantitated by thatA^ vahiea (21), and 
Iqrbridized by miinng them in equimolar proportions, heating them to 90^ and 
oooliog them slowly co room tentpoaftire m a water bath. Thymine residues in 
the 35*bp dOttble><tranded oligoimdeotide were radiolabeled in a PCR ampUfio 
cation reaction usint the PGR primers S'*CCCCCXjCATCCTCr*3' and S'*GC 
ATCCCTCCA(X^3*. thermostable DNA polymerase (Deep Vent; New En» 
gland BioUbs), and unlahclcri dATP, dCTP, dGTP, TTP, and 5-mct^ t^hjnr 
(Amersham). Tlie PCR product* were quanttettd by sdntOlatioo coontiog and 
by fluorescence assay DNA (PtooGreen; Molecular Probes) in a Turner 
Model 430 specuofliMtoinetcr. 

UV irradiattoa raniflllans All UV treatments were peifoiineU using a short* 
wave UV lamp (Model UVS-11; UV Products) whkh emits mainly monochro> 
matie 254»nm«wavcfcngth UV l^t. Tlie lamp output was determined using a 
UVX radiometer (UV Products). AO oligonudeotide samples were irradiated to 
a final dose of 16 U/m'. The double-ttraoded 3S4}p oUgonudeotide was irradi* 
ated in water to proAicc qfflnhtinnr pyrimidine rtimen (PyOPy). To produce 

SP, the double>siranded oligonucleotide was first air dried from water onto a 
single layer o( Saran Wrap, which transmits approximately 80% of incident 
254<«m>wavelength radiation (29). The sample was inverted over a saturated 
solution of ZnO), sealed, allowed to equilibrate to 10% relative humidity (RH) 
over a period of 4 to 7 days (19), irradiated through the Saran Wrap, and 
resuspended from the dried state into water. 

Identlficaffai of DNA photopradacts. Photoproducts were identified essen-
tial^as follows <2^ UV*irradiaied ^•labeled double*straoded ol%oaueleoiides 
(l(r cpm) were dri^ in a Speedvac, resuspended in 0.5 ml of trilluoroaceticadd 
(1TA) (>99.5% pure high»performance liquid chromatography grade; Pierce), 
and tra^erred to glass ampoules which were Same sealed under vacuum. TFA 
hydrolysis was carrM out at ITTC for 60 min, the TFA was removed from the 
opened vials by evaporation, and the hydrolysates were resuspended in water and 
subjected to descetwling dtrtwiatography on Whatman no. 1 paper using n* 
butaiwl act tic add water (80:12J0) as the soNent The chromiMgram was air 
dried and cut into l<m fractions; each fraction was ehit^ into water and 
counted in aqueous srintilhtion mriffail, and the photoproducts were identified 
by their /Lvahies (1,26). 

DNase I protcetioo experimsnts. Unlabeled 35-bp double*straoded oligonu* 
deotide containing dther no photoproduct, or SP (2JS itg) was mixed 
with freshly prepared purified (10His)SplB protein (5 Hg) in a total volume of 20 

of 100 foM Tris>HQ (pH 8.0), 20 mM MgOj^ and 20 mM dithiotbratoU 
resulting in a 1:1 molar rate of prMdn to DNA. After pretocobatioo at 37*C for 
15 min, DNase I (1U) (Proo>^ Madison, Wis.) was added to the mixiure and 
tncubatiott was continued at 17*C At0,5,10,20,30,and60min after DNase I 
addition, the reaetioos were stopped bf iddftion of NaxEDTA to a final con
centration of 25 mM. Samples were dectrophoresed through nondenaturing 
12% PAGE, stained with ethidium bromide, ilcstiinfrt with ix Tris acetate-
PiYTA mttH wtof hy t,tv (21). Neg
ative digital iinages of the gels were scanned, and band intenairies were quanti
tated using NIH Image software (National Institutes of Health, Bcthesda, Md.). 

DNase I foofprlntlBg tipsilments. The 35>base iingle<4tranded oligonucleo
tide containing two adjacent thymines was S'̂ end-labeled with 125 t^Q of 
{ir''P)ATP and T4 polymideotide kinase (Promep). The labeled strand was 
then hybridized to its complementary strand, air dri^ and equilibrated (or 2 to 
4 days in the presence of saturated ZnOj as described above. The labeled 
oligonucleotide was irradiated at 10% RH 254-ftm-wavelength UV to prt>-
duce SP and purified after elecuophoiesis throu^ a 12% nondenaturing poly-
acrylamide gd (21). The footprinting reactioo mixtures (20>tU total vohime) 
contained 100 mM Tris-HQ (pH 8.0), 20 mM MgOa* 20 mM dithiothreitol, and 
280 ng of ^ end>Ubelcd 35-bp SP<nnnining double-scraodcd oligonucleotide. 
Freshly>prepared (10His)SpIB (0.5, 2.5, and 5 ifcg of protein) was added and 
prebound to the oligonudeotide at 37*C for 15 min, a^ then DNase I (0.5 U) 
was added and tte reactioo mixtures were incubated again at 3T*C for 15 miiL 
DNase I digestion was stopped by adding Na^CDTA to a final eoneencracioo of 
25 mM. The DNase 1 digsRioQ products were precipitated by the addition of 1 
(il of glycogen (20 mg/i^ ^ ^ of 4 M llthiim chloride, and 03 ml of 95% 
ethanol and incubation at •70*C for Ih. The DNA precipitate was harvested by 
centrifugation (12,000 x g; 30 min; 4*C), air dried, and resuspended in 5 id of 
DNA sequencing buffer (U.& BiochenUcal, Cleveland, Ohio). T%e DNA was 
dectroptoresed through 12% polyacrytamide sequencing gels in paralld to the 
G- and OT-spedfic chemical seqimcing reactions (7a) performed in parallel 
on the oligonucleotide. Tlie elecuophoiesis products were visualized by autora
diography and jcannrd. and band intensities were quantitated using NIH Image 
software. 

RESULTS AND DISCUSSION 

Activation or SP lyase activity in (10Hl8)SplB by proteolytic 
removal of its 10-His tag. (6His)SplB protein purified from 
spores of B. subtUis strain WN417 efficiently monomerized SP 
in UV-irradiated spore DNA in a concentration-dependent 
manner (20) (Fig. 1). In contrast, (lOHis^plB purified from 
the E, coU overexpression system was inactive in cleavage of SP 
(Fig. 1), and it was further noted that the 10-His tag was 
refractory to proteolytic removal from SplB. However, by per
forming faaor Xa deavage of (10Htt}SplB under anaer^c 
conditions, we were able to remove the 10-His tag from ap
proximately 20% of the SplB molecules purified ^m the £. 
CO& overexpression system. The restilting factor Xa-treated 
SplB preparation was then assayed for SP lyase activity and was 
shown to cleave SP, also in a concentration-dependent manner 
(Hg. 1). The results clearfy mdicated that the presence of the 
10-His tag was preventing (10His)SplB from expressing SP 
fyase activity. Because (10His)SplB was the only BL subiUis 
protein overexpressed and purifi^ from the £, co& system, the 
results also clearly indicated that SP lyase activi^ derived 



71 

>uu M IIMAN irr Al_ 

M 

* 

total prMda (|i|) 

FIG. I. Amy of SP detmie Ktivily on SP^onummi B. suboBt diraitio-
(ooul DNA fnm UV-inidiued ipom. The prauint UMjfCd were (6Ki>)S|ilB 
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produced in uid ootaied fiom £ coB (open circia), ind (tOHi>)S^B purified 
fiom £. cofi and cloved with factor X* (wlid drda). The diu we menia : 
nuidard deviation of duplkaie deletminaiiom. 

solely from the splB gene product after removal of iu lO-His 
tag. 

SP lyase dlMriminates between SP and PyOPy. In order to 
test whether SP lyase spectficaJly recognizes and cleaves SP. 
(IOHIs)SplB protein isolated from the E. coU overexpression 
system and cleaved with factor Xa was incubated with a sub
strate consisting of B. subtUis chromosomal DNA which con
tained a mixture of cis^ TOT, citjyn COT, and SP. 
Quantitation of chromatograms of the ITA hydrolysates re
sulting from the reactions showed clearly that proteolyticaify 
treated (10His)SplB protein cleaved only SP and not cis^yn 
TOT or cisjyn COT (Table 1), indicating that SP lyase 
exhibited spediicity for SP in vitro. This notion was confirmed 
in a time course experiment, where (6His)SplB isolated from 
dormant spores of B. lubtUis strain WN417 was shown to cleave 
SP, but not ds^ TOT, in a time-dependent manner (Fig. 2). 

UV phaiochemistty of (he 35-bp double-sirandcd oiigona-
cleotlde. In order to study the interaction of SplB protein with 
SP in DNA, a synthetic 35-bp double-stranded oligonucleotide 
was designed and constructed as described in Materials and 
Methods. Thymine residues in the 3S-bp double-stranded oli
gonucleotide were labeled with at their S-methyl positions 
by PCR amplification, and the UV photochemistiy of the syn
thetic 3S-bp double-stranded oligonucleotide was probed by 

TABLE I. Spedfidty of SP lyase for SP in vitraf 

Fhotoprodua SplB added 
(»() 

Amt of 
photoproduct* 

% 
Repair 

SP 0 3 jg i 0.13 
SP 0.63 3.13 i 0.13 iiy 
cisjyn TOT 0 3.81 £ 0.38 
dsjyn TOT 0.63 4.10 ± 0^1 US' 
ca,qn COT 0 0i9 i ao6 
cit,iyn COT 0.63 0.60 £ 0.00 NS 

* Factor X»<leaved(10His)SplB proteto purified from IbeSeaf ottsupiu-
son system (3.12 lit of uxal protein coatainint Oi63 i>f |20%| of active SplB) was 
incubated 4J |>( of & aitUSs dmmoaomal DNA containing a mitture of 
SP, cajyn TOT. and eajyn COT for 60 min at SVC. The results are 
averages of duplicate detertniiatioiu. 
' Eipteaaed at percentage of total thymine £ standard deviation. 
' Significant decrease in SP by ANOVA (P • aOT). 
^ ^^S. not lignifcanily difefmi from eonirol by ANQVA. 
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FIG. 2. Kinetics of reversal of SP (solid circles) or cmyn TOT (open 
aides) by (6His)SplB protein (2 |ig) purified fiom spores of & pMlis strain 
WN417. TIK initial amounu of photoproducts in each reactioa mtsture were 
168% SP and 2.72% TOT (espressed as a perceniage of total thymine). 

assaying thymine-containing photoproducts produced after 
UV irradiation either in aqueous solution or at 10% RH. 
Quantitation of the TFA hydrolysis products after their sepa
ration by chromatography revealed that the unirradiated 35-bp 
double-stranded oligonucleotide contained no photoproducts 
while the 3S-bp double-stranded oligonucleotide irradiated in 
aqueous solution accumulated PyOPy in the form of eisjyn 
TOT, imns^ TOT, and UOT (the TFA hydrolysis 
breakdown prtidua of COT) (1,16) at 0.6,0.SS, and 0J% of 
total thymine, respectively. In sharp contrast, UV irradiation of 
the 3S-bp double-stranded oligonucleotide at 10% RH re
sulted in formation of SP to approximately S.0% of total thy
mine. To confirm that the SP-containing oligonucleotide did 
not contain PyOPy, it was 5' end labeled with ["P]ATP and 
polynucleotide kinase and treated with T4 endonuclease V 
(Epicentre, Madison, Wis.), which cleaves the phosphodiester 
backbone 5' to cyclobutane dimers (2a), and the reaction prod
ucts were analyzed by autoradiography after electrophoresis 
through a 12% sequencing gel. No phosphodiester backbone 
cleavage of the oligonucleotide by T4 endonuclease V was 
detected (data not shown), indicating that (i) no significant 
quantities of PyOPy were formed concomitant with SP by UV 
irradiation of the 3S-bp oligonucleotide at 10% RH and (ii) T4 
endonuclease V either does not recognize SP or its AP endo
nuclease activity does not function on SP. 

(lOHis)SplB specifically protects SP-ctmlaining DNA from 
DNase L Previous attempts to detea (10His)SplB binding to 
SP-containing DNA by gel retardation analysis were unsuc
cessful (data not shown). Therefore, in order to assay 
(10His)SplB protein for DNA binding activity, a DNase I pro
tection assay was devised. Unlabeled 3S-bp double-stranded 
oligonucleotides carrying no damage, PyOPy, or SP were 
prepared as described above and used to test (10His)SplB 
binding affinity. Purified (10His)SplB protein was incubated 
with double-stranded oligonucleotide at a 1:1 molar ratio, and 
then the mixture was probed for protein-DNA complex for
mation by protection ^m DNase I digestion as described in 
Materials and Methods. When the double-stranded oligonu
cleotides remaining after DNase I treatment were visualized by 
nondenaturing 12% PAGE, it was observed that the double-
stranded oligonucleotides containing no photoproducts (Fig. 
3A) or PyOPy (Rg. 3B) were rapidly deeded by DNase 1 
but the SP-containing double-stranded oligonucleotide was 
protected from DNase I degradation (Fig. 3Q. Quantitation of 
the remaining 3S-bp double-stranded oligonucleotides by scan
ning densitometry of negative digital images obtained fit>m 
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RC. }. DNuc t piMcction aperimeni. The 33^ douUe-nnnded a<i|oniiclco(ide canyiDF no dimer (A). PyOPjr (B). or SP (O «u picincubiied ciihet with 
(Mlid lymbob) or without (open lymboU) (iaHii)SplB ind then mted with DNue 1 and qiuuiiitited is deiaibed in Muerali uid Metlxidi. The dau ue repreiemed 
u ivetaiet : standard deviainnt of three independent esperimeno. The horizanial daahed line reprexnis 50% deiradation. 

three separate experiments allowed us to determine the half-
life for each double-stranded oligonucleotide in the presence 
of (10His)SplB and DNase I. The 3S-bp double-stranded oli
gonucleotides containing no photoprixlucts or containing 
PyOPy were degraded rapidly, exhibiting half-lhres of 6.1 £ 
I.IS and 9.6 £ 4.25 min, respectively, while the SP-containing 
double-stranded oUgonucleotide was degraded much more 
slowly, demonstrating a half-life of S8J ± 19.8 min. The dif
ferences in the half-lives of all of the double-stranded oligo
nucleotides were a direct consequence of their interactions 
with (lOHis)SplB and were not due (o intrinsic differences in 
their DKase I susceptibilities, because in control reactions 
performed in the absence of added (10His)SplB protein, the 
double-stranded oligonucleotides containing no damage, 
PyOPy, or SP were all degraded rapidly, exhibiting half-lives 
of 6.2 - 2.S6,8.5 ± 0.90, and 6.2 * 1.15 min, respectively (Fig. 
3). By analysis at variance (ANOVA), the half-lives of the 
double-stranded oligonucleotides containing either no damage 
or PyOPy were not significantly increased in the presence of 
(10His)SplB, but the increased half-life of the SP-containing 
double-stranded oligonucleotide bound lo (10His)SplB was 
highly significant ANOVA (P = 0.010). Therefore, despite 
the fact that (10His)SplB was inactive in cleaving SP (Fig. 1), 
the protein bound tightly and specifically to SP-containing 
DNA (Fig. 3). 

Binding of (lOHis)SplB to the SP-conlainlng oligonucleo
tide dramatically alters its DNase 1 fooiprinL In order to 
explore SplB binding to SP-containing DNA at a higher level 
of resolution, the SP-containing 3S-bp double-stranded oligo
nucleotide was S'-end-labeled with on the SP-containing 
strand and complexed with (10Hi$)SplB, the complexes were 
subjeaed to limited DNase 1 digestion, and the resulting 
DNase I footprints were analyzed. A typical autoradiogram 
(Fig. 4A) showed that addition of (10^)SplB dramatically 
altered the DNase I cleavage pattern of the SP-containfang 
oligonucleotide and that the alteration occurred in a manner 
dependent upon the amotmt of (10His)SplB added. To quan-
titate the effea of (lOHis)SplB binding on the DNase I foot
print, a digital image of the autoradiogram was sutqected to 
densitometry (Fig. 4B), and the intensity of each band was 
quantitated using the program NIH Image (Fig. 4C). Analysis 

of the data indicated that (lOHis)SplB protected a region of at 
least 9 nucleotides (nt) extending from T14 to AZl on the 
SP-containing strand of the oligonucleotide from DNase 1 di
gestion (it was not possible to assess protection of DNA 5' to 
this point due to limitations in the resolution of the sequencing 
gel). In sharp contrast, DNase I digestion was dramatically 
enhanced on the 3' side of the protected region for at least a 
full helical turn from C23 to T33 (Fig. 4C), indicating that 
binding of (10His)SplB to the oligonucleotide induced bending, 
unwinding, or distortion in DNA adjacent to the (10His)SplB 
binding site, reminiscent of that obs^ed in the DNase I foot
prints of £ eoU DNA photolyase on double- and single-
stranded DNA containing TOT (5) and in the nontranscribed 
strand of DNA entering vacdnia virus RNA polymerase (4). 
Interestingly, within the 9-nt protected region extending from 
T14 to A^ binding of (10His)SplB led lo an enhancement of 
DNase I cleavage at two positions; CI9 immediately 5' to SP 
and T20, the 3' T within SP itsell DNase I-hypersensitive sites 
have been detected within the DNase I-protected regions in a 
number of systems and are generally also attributed to bending 
or distortion in the DNA helbc as a result of protein binding 
(3-6,17,30). Thus, it appears that binding of SP in DNA by 
(10His)SplB leads to significant distortion of the phosphodi-
ester ba^bone, as manifested by alterations in the DNase I 
cleavage pattern on the damage-containing strand and the 
appearance of DNase I-hypersensitive sites within the pro
tected region. 

Because enzymes causing direct reversal of pyrimidine 
dimers, such as SP lyase, probably recognize their cognate 
DNA damage in every sequence context (5), it was not ex
pected that SP lyase would make specific hydrogen bonds 
within either the major or minor groove within the DNase 
I-protected region. To explore ths point fiirther, dimethyl sul
fate (DMS) footprinting was performed on complexes of 
(10His)SplB and tile SP-containing oligonucleotide in parallel 
with the DMS reactions, giving rise to die "G ladder" used for 
identification of base positions within the oligonucleotide. 
Binding of (IOHis)SplB to the end-labeled SP-containing oli
gonucleotide resulted in no significant alteration in its DMS 
digestion pattern (data not shown). 

In sunmiary, the in situ reversal of SP by the novel DNA 
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rtrpair enzyme SP lyase during germination of UV-irradiatcd 
B. subrilis spores is a major determinant of spore UV resistance 
(14. tS), and an essential first step in SP repair ijs accurate 
recognition of and binding to the adduct. In this communica
tion. we showed that (lOHis)SplB protein puriKed from an E. 
coli overexpression system bound to a 3S-bp double-stranded 
DNA oligonucleotide containing a single SP but was unable to 
complete catalysis unless its N-terminal 10-His tag was first 
proteolytically remiwed at the engineered factor Xa site (Hg. 
1). Thus, the SP-specific binding and cleavage functions of SP 
lyase are separable. Factor Xa-cleaved (10His)SplB was able to 
complete catalysis and specifically cleaved SP but not cisjyn 
TOT. DNase I protection experiments revealed that the lack 
of SP lyase activity of (10His)SplB un cyclobutane dimers is 
most likely due to the fact the (10Hi$)SplB does not bind to 
PyOPy-cuniaining ONA with high affinity (Fig. 3). 

From this communication and previous data (13, 20), the 
fallowing working model for SP tyiuc is proposed (Fig. S). SP 
lyase specifically recognizcs SP in DNA. Recognition is prob
ably sequence context independent, as binding of (10His)SptB 
did not after the DMS cfeavage pattern of the SP-containing 
3S-bp double-stranded oligonucleotide. Although the three-
dimensional structure of DNA containing SP has not yet been 
cluddated. it is known that cisjyn TOT distorts ONA (8.18). 
produdng a helical kink of 27° and unwinding of 19.7° (18). 

Because SP lyase binds SP but not PyOPy with high affinity, 
it presumably recognizes an SP-spedfic helicaf distortion in 
DNA which differs in its geometry from the distortion caused 
by cisjyn TOT. Binding of SP lyase to SP apfnremly intro
duces additional distortion in the helix, as manifested by the 
appearance of DNase l-hypenensitive sites both within and 
3' to the protected region. Enhancement in distortion of 

SPiyaaa 

RG. 5. Propmed sequence of evenci in SP deavafc tiv SP lyase. Abbrevw-
linns: Ado. aUenostne: FeS. iron-suirur cluster; met. methionine. See the ten for 
deiiub. 



74 

VOL. 182,2000 BINDING 

PyOPy-coniatmng DNA by binding of DNA repair proteins 
has also been observed in (he Uvr(A)BC excinuclease (2S), 
DNA photolyase (S), and phage T4 endonuclease V (7). Once 
SP-specific binding occurs, the [4Fe-4S] cluster of SP lyase (13, 
20) interacts with SAM, presumably resulting in the creation of 
a S'-adenosyl radical (28) which participates in reversal of SP 
to two thymines, likely by radical fragmentation (9). 
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ABSTRACT 

The major DNA photoproduct of dormant, UV-irradiated Bacillus subtilis spores is 

the thymine dimer 5-thyminyl-5,6-dihydrothymine ("spore photoproduct"; SP). During 

spore germination, SP is reversed to two intact thymines in situ by the DNA repair 

enzyme SP lyase, an 5-adenosyimethionine (S-AdoMet)-dependent iron-suifur ([Fe-S]) 

protein encoded by the splB gene. In the present work, cross-linking, SDS-PAGE and 

size exclusion chromatography revealed that SplB protein dimerized when incubated with 

iron and sulfide under anaerobic, reducing conditions. SplB isolated under aerobic 

conditions generated an EPR spectrum consistent with that of a partially-degraded [3Fe-

4S] center, and reduction of SplB with dithionite shifted the spectrum to that of a [4Fe-

4S] center. Addition of S-AdoMet to SplB converted some of the [4Fe-4Sl centers to an 

EPR-silent form consistent with electron donation to S-AdoMet. High-performance liquid 

chromatography and electrospray ionization mass spectroscopic analyses showed that SP 

lyase cleaved S-AdoMet to generate 5'-deoxyadenosine. The results indicate that: i) SP 

lyase is a homodimer of SplB; ii) dimer formation is coordinated by a [4Fe-4S] center; 

and iii) the reduced [4Fe-4S] center is capable of donating electrons to S-AdoMet to 

generate a 5'-adenosyl radical that is then used for the in situ reversal of SP. Thus, SP 

lyase belongs to the '^Radical SAM" superfamily of enzymes that utilize [Fe-S] centers 

and S-AdoMet to generate adenosyl radicals to effect catalysis. SP lyase is unique in 

being the first and only DNA repair enzyme known to function via this novel enzymatic 

mechanism. 
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INTRODUCTION 

An important property of bacterial endospores is their ability to survive high 

doses of ultraviolet (UV) radiation, which is due to the packaging of DNA and the unique 

photochemistry that this imparts on dormant spores (1-3). The major photoproduct in 

DNA of UV-irradiated dormant spores is the unique thymine dimer 5-thyminyI-5,6-

dihydrothymine, informally called spore photoproduct or SP (4, 5). SP can be removed 

from DNA during spore germination by the general nucleotide excision repair (NER) 

pathway (6, 7). In addition to NBR, spores possess an SP-specific enzyme called SP 

lyase which can directly reverse SP to two thymines in situ without excision from DNA 

(6, 8, 9). Analysis of the deduced amino acid sequence encoded by the SP lyase gene 

{splE) cloned from Bacillus subtilis revealed a limited region with similarity to DNA 

photolyases (10), although early indirect experiments indicated that SP lyase caused 

direct reversal of SP back to two thymines in situ in a light-independent process (8, 9). 

These observations led to the question as to the mechanism SP lyase utilizes to reverse 

SP to two thymines. Inspection of the 342-amino acid deduced SplB sequence (10) 

revealed that the protein contains 4 cysteines, three of which are clustered at residues 91, 

95, and 98, and 141. The region from C91-C98 was similar to the signature cysteine 

clusters present in the recently-dubbed "Radical SAM" protein superfamily (11), which 

includes enemies such as anaerobic hbonucleotide reductase (RNR), pyruvate formate-

lyase (PFL), lysine-2,3-aminomutase (KAM), and biotin synthase (BioB) (12). In Radical 

SAM enzymes, the clustered cysteines serve as ligands in the formation of iron-sulfiir 

([Fe-S]) centers, and these enzymes use S-adenosylmethionine (S-AdoMet) as a cofactor 
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to generate an adenosyl radical (13-16). We constructed a version of SplB protein 

containing an N-terminal tag of 10 histidines [(lOHis)SpIB] and subsequently 

determined that (lOHis)SplB; (i) contained both iron and acid-labile sulfur in a 

stoichiometric ratio of 1-2 atoms of iron or sulfur per (lOHis)SplB subunit (17); (ii) 

exhibited a UV-visible absorption spectrum consistent with other [Fe-S] proteins (17); 

(iii) required both anaerobic, reducing conditions and S-AdoMet for activity in vitro (17, 

18), and; (iv) was inactive for SP cleavage unless its (lOHis) tag was first removed 

proteolytically (17,18). The above evidence led us to the hypothesis that SP lyase carries 

out catalysis using an [Fe-S] center to cleave S-AdoMet, thus generating a 5'-adenosyl 

radical which could participate either directly or indirectly in SP cleavage. Support for 

this hypothesis has recently been obtained by Mehl and Begley (19). Using synthetic 

analogues of SP, they proposed a mechanistic scenario for SP reversal to two thymines in 

which the radical generated from S-AdoMet cleavage by electron donation from the [4Fe-

4S] center can abstract a proton from C6' of SP, effectively generating an SP radical that 

fragments readily back to two thymines (Fig. 6) (19). The experiments presented in this 

commimication support this model for catalysis, and provide evidence indicating that SP 

lyase is a dimer of SplB subunits associated through a single oxygen-labile [4Fe-4S] 

center. 

EXPERIMENTAL PROCEDURES 
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Purification of (10His)SplB—Stxaxa WN434, an Escherichia coli strain that 

overexpresses B. subtilis (lOHis)SplB in response to isopropyl-P-D-

galactopyranoside (IPTG) (17) was cultivated with shaking in IL of LB medium (20) at 

37°C to an optical density at 660 nm of 0.6. IPTG was added to 1.0 mM and cultivation 

continued at room temperature (ca. 25°C) for 12 hr. (lOHis)SplB was performed as in 

(17) with modifications. IPTG-induced cells were harvested by centrifugation, the cell 

pellet was washed once, resuspended in 40 ml of 50 mM sodium phosphate (pH=8.0), 

300 mM NaQ, 10 mM imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSEO, and 

lysozyme (1 mg / ml), and incubated on ice for 30 min. After sonication and 

centrifugation (12,100 xg, 20 min., 4'C), the lysate on ice was introduced into an 

anaerobic chamber (Bactron IV, Sheldon Manufacturing, Cornelius, OR) containing a 5% 

C02:5% H2:90% N, atmosphere, and 25'C internal temperature. The lysate was passed 

through a nickel-nitrilotriacetic acid (Ni-NTA) agarose column (Superflow, Qiagen), 

previously equilibrated with 50 mM Tris-HCl (pH=8.0), 3(X) mM NaCl, 10 mM 

imidazole, washed with 15 ml of the same buffer containing 30 mM imidazole, and 

(lOHis)SpiB eluted from the column using the same buffer containing 200 mM 

imidazole. All biiffers and solutions were degassed under vacuum, introduced into the 

anaerobic chamber and allowed to equilibrate with the internal atmosphere before use. 

[Fe-S] center reconstitution— Purified (lOHis)SplB was treated with 

dithiothreitol (DTT) to a final concentration of 10 mM, then Fe(NH4)j(S04)2 and Na^S 
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were added to a final concentration of 0.1 mM each. Treated (lOHis)SpIB was then 

incubated anaerobicaily for 12 or 24 hrs. at 4'C, 

Cross-Unking—{lOlUs)SplB cross-linking was performed as described (21). 

(lOHis)SplB protein (1 mg/ml) in 50 mM HEPES-HCl (pH=8.0), 300 mM NaQ, and 200 

mM imidazole was treated with dimethyl suberimidate (DMS) (2.5 mg /ml, 20 min, 

25°C). The reaction was stopped by the addition of 250 ^1 SDS-PAGE sample loading 

buffer, and analyzed by SDS-PAGE and Western blotting as described (17). 

Size exclusion chromatography—Purified (lOHis)SplB was chromatographed 

through a Bio-Gel P-lOO column (Bio-Rad, 1.0 cm X 50 cm) at 4°C in 50 mM Tris-HCl 

(pH 8.0), 300 mM NaCl, 200 mM imidazole. The buifer was degassed under vacuum and 

sparged with argon gas prior to use. (lOHis)SplB elution was monitored with a flow-

through 280-nm UV photodetector, reltive to standards of bovine serum albumin (66.2 

kDa) and lysozyme (14.4 kDa). SpIB antigen detection by Western blotting and iron 

assay of each fraction was performed as described (17). 

EPR spectroscopy—hof! temperature EPR spectral analyses were performed on 

an ESP 300E CW X-band Bruker EPR spectrometer equipped with an Oxford Helium 

Flow Cryostat. Samples (0.2 ml) of purified (lOHis)SplB isolated under aerobic 

conditions in 50 mM Tris-HQ pH=8.0,300 mM NaCl, 200 mM imidazole, 10% glycerol 

were degassed under vacuum, placed into quartz EPR tubes and frozen in liquid nitrogen 

before analysis. 
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Cleavage of S-AdoMet by SP lyase. SP lyase reaction conditions were performed 

as described (17) with the following modifications. Reaction mixtures (260 [il total 

volume) were prepared in the anaerobic chamber containing 400 (ig of purified 

(lO(iis)SplB, plus parallel control reactions lacking protein. All reaction mixtures and 

controls were then treated with iron, sulfide, and dithionite as described above. To one 

sample containing protein and one control were added 0.435 mM S-AdoMet (final 

concentration). To a second protein sample plus control were added 0.435 mM S-AdoMet 

and 1.63 [ig spore chromosomal DNA containing ca. 5% of total thymine as SP. The 

reactions and controls were incubated at ca. 25'C for 60 min, frozen rapidly in a dry ice-

ethanol bath and stored at -20''C. All samples were thawed and centrifuged to remove 

precipitated protein before injection into the HPLC column. 

High-Pressure Liquid Chromatography (HPLC) Analysis—Isocntic reverse 

phase 

HPLXT was performed on a Luna 5{i C,g column (250 mm x 3 mm) (Phenomenex, 

Torrance, C!A) at 38.5*0 with 20% acetonitrile in water at a flow rate of 0.5 ml/min. 

Peaks were monitored by Ajgo and collected manually for further analysis. 

Electrospray Ionization Mass Spectrometry (ESl-MS) Analysis- ESI-MS 

analysis was performed using a Hnnigan LCQ system fitted with an ion trap. The mass of 

the compound isolated was determined as well as the mass of the fragments generated by 

collision. The mass and fragmentation patterns were then compared to those of purified 

S-AdoMet and 5'-dAdo (Sigma). 
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RESULTS 

SP lyase forms a dimer of (lOHis)SplBsubunits under conditions favoring 

[FeS] center formation. In order to elucidate the subunit structxire of SP lyase and the 

role of the [Fe-S] center in its formation, purified (lOHis)SplB was incubated under 

conditions favoring [Fe-S] cluster formation (16) then chemically crosslinked with DMS. 

Products of the reaction were analyzed after electrophoresis through denaturing SDS-

PAGE and Coomassie blue staining (Fig. lA) or Western blotting using polyclonal 

antibodies directed against purified (lOHis)SplB (Fig. IB). SDS-PAGE of untreated 

(IOHis)SplB showed SplB monomers (Mr ~ 41 kDa) as well as a Mr ~ 34-kDa product in 

both the Coomassie stained gel (Fig. 1, lane 1) and the Western blot (Fig. 1, lane 4). N-

terminal amino acid sequencing of the Mr ~41 kDa protein confirmed that it was indeed 

(lOHis)SplB (data not shown). N-terminal amino acid sequencing of the ~ 34-kDa 

protein revealed that this species was also (lOHis)SplB, lacking a ~7 kDa fragment from 

its C-terminus (data not shown). A minor band was detected in the Coomassie-stained 

gel that corresponded to a protein of Mr ~ 62 kDa (Fig. 1, lane 1), but which did not 

cross-react with anti-(10His)SplB antibodies (Fig. 1, lane 4). Treatment of (lOHis)SplB 

with DMS resulted in some smearing of the bands corresponding to the 41-kDa and 34-

kDa forms of (lOHis)SplB, consistent with internal crosslinking. In addition, a new band 

was observed that migrated at Mr ~ 64 kDa (Fig. 1, lane 2) which cross-reacted with 

anti-(10His)SplB antibodies (Fig. 1, lane 5). Incubation of (10His)SplB under conditions 

that promote the formation of [Fe-S] centers followed by crosslinking with DMS showed 
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a pattern very similar to (lOHis)SplB treated with only DMS, but with an additional new 

Mr ~ 72-kDa band in the Coomassie blue-stained gel (Fig. 1, lane 3) which cross-

reacted with anti-(10His)SplB antibodies (Fig. 1, lane 6). Because the new Mr ~ 72 kDa 

species migrated at approximately twice the predicted molecular weight of (lOHis)SplB 

monomers, and its appearance was dependant upon treatment of (lOHls)SplB under 

conditions favoring the formation of [Fe-S] centers, it is reasonable to propose that SP 

lyase is a homodimer of SplB, and that dimer formation is coordinated by the [Fe-S] 

center. No higher molecular weight crosslinked species were detected that could 

correspond to a different subunit arrangement of SplB (Fig. 1 and data not shown). The 

species migrating at a calculated weight of ~64 kDa could be due to the formation of 

dimers of the ~34-kDa degradation product (-68 kDa predicted weight), as the cysteines 

potentially required for the coordination of the [Fe-S] center at residues 91, 95, 98, and 

141 would still be present in the ~34 kDa fragment and could still potentially form an 

[Fe-S] cluster, thus allowing dimerization to occur. 

In order to corroborate the results of the DMS cross-linking experiments 

described above, (lOHis)SplB was also analyzed by size exclusion chromatography. 

(lOHis)SplB protein chromatographed on Biogel P-1(X) immediately after its purification 

from Ni-NTA agarose exhibited a single UV-absorbing protein peak with an Mr of ~50 

kDa (Fig. 2A). The ~50 kDa protein cross-reacted with anti-(lOHis)SplB antibodies (data 

not shown), and prestmiably represented (lOHis)SplB monomers. C!hromatography of 

(lOHis)SpIB pretreated with 10 mM DTT, 0.1 mM NajS, and 0.1 mM Fe(NH4)2(S04)2 for 
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24 hr at 4'C, revealed both the ~50-kDa peak and a new peak of Mr ~65-70 kDa (Rg. 

2B) which also cross-reacted with anti-(10His)SplB antibodies (data not shown). 

Fractions from the chromatogram depicted in Fig. 2B were assayed for iron, and only the 

~65-70 kDa peak contained a significantly higher iron concentration (Fig. 2C). Thus, it 

appeared that the ~ 65-70 kDa iron-containing peak consisted of (lOHis)SplB dimers 

associated through an [Fe-S] cluster. To test this notion, purified (lOHis)SplB was 

incubated under conditions favoring [Fe-Sl cluster formation, crosslinked with DMS for 

30 min., then injected into the size exclusion column. The DMS-crosslinked 

(lOHis)SplB protein sample exhibited a chromatogram essentially identical to that shown 

in Fig. 2B (data not shown). Fractions corresponding to the ~ 65-70 kDa peak were 

pooled, precipitated with ice-cold acetone, analyzed on a 10% SDS-FAGE gel stained 

with Coomassie blue. The ~65-70 kDa peak was found to be composed of cross-linked 

(10His)SplB species of Mr ~ 64 kDa and Mr ~ 72 kDa, as well as (lOHis)SplB monomers 

and some degradation products (data not shown). Taken together, the above experiments 

indicate that SP lyase consists of a homodimer of SplB subunits, and that (lOHis)SplB 

dimerization occiu^ under conditions that favor [Fe-S] center formation. 

SP lyttse is a [4Fe-4SJprotein—To further probe the [Fe-S] configuration in SP 

lyase, (lOHis)SplB was analyzed by EPR spectroscopy. The EPR spectrum obtained from 

(lOHis)SplB purified under aerobic conditions (Fig. 3A) was virtually identical in shape 

and g-value (g = 2.025) to that of the oxidized form of the [3Fe-4S] center of the 

Escherichia coli anaerobic RNR activase (16, 22). In contrast, purified (lOHis)SplB 
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treated on ice for 20 min. with 10 mM sodium dithionite prior to EPR spectroscopy 

exhibited a spectrum characteristic of a reduced [4Fe-4S] center, with g„ = 2.027 

and gx = 1-93 (Rg. SB), in good agreement with the literature values for [4Fe-4S] clusters 

(16, 22, 23). Conversion of the [3Fe-4S] form to the [4Fe-4S] form was accomplished 

simply by dithionite treatment without exogenously-added iron or sulfur. 

Reversal of SP to two thymines in DNA by SP lyase is absolutely dependent on 

S-AdoMet (17,18). A conunon theme in the reaction pathway of Radical SAM enzymes 

is cleavage of S-AdoMet by electron donation from a [4Fe-4S] cluster to generate 

methionine and a 5'-adenosyl radical (12,13-16), which would be predicted to result in a 

reduction in EPR signal strength. To test this notion, purified (lOHis)SplB was treated on 

ice for 20 min. with 10 mM dithionite and 1 mM S-AdoMet prior to EPR spectroscopy. 

(lOHis)SplB again exhibited an EPR spectrum typical of a [4Fe-4S] cluster, with the 

same g,, and g^ values as the protein incubated with only dithionite (Rg. 3B), except that 

the intensity of the signal was reduced by more than half (Rg. 3C), supporting the 

hypothesis that the [4Fe-4S] center of SP lyase donates an electron to S-AdoMet during 

catalysis. 

SP lyase cleaves S-AdoMet to generate S'-deoxyadenosine. The current catalytic 

model of Radical SAM enzymes (22, 24) predicts the formation of 5'-dAdo as a product 

of the S-AdoMet cleavage by SP lyase. To detect 5'-dAdo, isocratic reverse-phase 

HPLC was utilized. On HPLC, S-AdoMet and 5'-dAdo standards produced peaks with 

characteristic retention times (RT) of 2.25 min and 337 min, respectively (Rg. 4), Other 
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components of the SP lyase reaction mixtures did not absorb significantly at 260 nm (data 

not shown). HPLC analysis of a control reaction containing all reagents except 

(lOHis)SplB protein exhibited only the absorption peak characteristic of S-AdoMet 

(RT=2.25 min)(Rg. 4A). Addition of (lOHis )Spl, pretreated to favor [4Fe-4S] 

formation, to the reaction mixture resulted in appearance of a new absorption peak on 

HPLC with an RT of 337 min, presumably 5'-dAdo (Fig. 4B). HPLC analysis of an SP 

lyase reaction containing (lOHis )SplB protein, S-AdoMet and SP-containing B. subtilis 

chromosomal DNA exhibited slightly greater conversion of S-AdoMet to the new peak 

with an RT of337 min (Fig. 4C). 

To confirm that the peak observed on HPLC with an RT of 337 min. was indeed 

5'-dAdo, ESI-MS analysis was performed. The peak with an RT of 337 min was 

obtained by HPLC and subjected to positive ESI-MS, resulting in a mass / charge (m/z) 

ratio of 252.0. (Fig. 5A). When this molecule was fragmented, ESI-MS revealed a 

predominant fragment with a m/z = 1363 (Fig. 58). ESI-MS analysis performed on 

purified 5'-dAdo (Sigma) also exhibited a strong predominant peak with an m/z = 252.0, 

and fragmentation of 5'-dAdo revealed a single fragment with an m/z = 136.1 

corresponding to adenine (data not shown). [In positive ESI-MS, the amino group on 

adenine is the only charged group, resulting in only a single peak observed in the 

fragmentation analysis (Fig. 5).] Thus, it is likely that the identity of the compound 

comprising the peak in the HPLC experiment with an RT of 337 min. (Rg. 4) is indeed 

5'-dAdo. 
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Integration of tiie area under the peaks corresponding to S-AdoMet and 5'-dAdo 

from the HPLC chromatogram performed in the absence (Rg. 4B) or presence (Rg. 

4C) of SP-containing DNA indicated that approximately 8% and 10.6%, respectively, of 

the S-AdoMet present in each reaction was converted to 5'-dAdo. Based on the amount 

of (lOHis)SplB protein added to each reaction (400 |ig), approximately 1.8 and 2.4 

molecules of 5'-dAdo were generated per molecule of (lOHis)SplB dimer (Jhis value 

assumes that all the protein present was in the form of a dimer and was capable of 

splitting S-AdoMet). Similarly, Ollagnier et al. (22) observed approximately 3 S-

AdoMet molecules were cleaved per dimer of the activase subunit of E. coli type III 

RNR. 

V 

DISCUSSION 

Previous genetic evidence suggested that SP lyase was composed of more than 

one SplB subunit (12), and the present study is the first to provide clear evidence related 

to the homodimeric structure and assembly of SP lyase. Chemical cross-linking, SDS-

PAGE (Fig. 1) and size exclusion chromatography (Fig. 2) revealed that when 

(lOHis)SplB was incubated under anaerobic conditions which favor the formation of [Fe-

S] centers, a new species with the apparent eletrophoretic mobility and elution 

characteristics of [(10His)SplB]2 was formed, supporting the model that SP lyase 

fimctions as a homodimeric en^one and that SplB dimerization occurs concomitant with 

pe-S] center formation. In this respect, SP lyase resembles several other well-
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characterized Radical SAM proteins which have also been demonstrated to dimerize via 

single [4Fe-4S] clusters, such as KAM, BioB, and the activase subimits of type HI 

RNR and PFL (13-16). This conclusion is supported by previous chemical (17) and 

atomic absorption analyses (data not shown) which have indicated a stoichiometry of 

between 1 and 2 iron or sulfur atoms per (lOHis)SplB subunit. 

Analysis of the deduced amino acid sequence of SplB (10, 12) revealed three 

closely-spaced cysteine residues (C91, C95, and C98) within a short region 

demonstrating a high degree of similarity to proteins belonging to the Radical SAM 

superfamily (11, 25-28). Radical SAM enzymes contain oxygen-labile [4Fe-4S] clusters 

which readily degrade to an oxidized [3Fe-4S] form; the oxidized and reduced forms 

generate distinct EPR spectra. UV-visible spectroscopy and chemical analyses suggested 

that SP lyase also may contain a [4Fe-4S] center (17), and the results obtained from EPR 

spectral analyses presented here (Fig. 3) are in agreement with this notion. It is 

interesting to note that conversion of the [3Fe-4S] cluster in SP lyase to a [4Fe-4S] 

cluster occurred simply by chemical reduction with 10 mM dithionite in the absence of 

exogenously-added iron (Fig. 3), suggesting that the fourth iron atom lost from the cluster 

by oxidation may remain associated with the enzyme. An analogous EPR spectral shift 

has also been observed with the anaerobic RNR activase (23). Although there is no 

published data indicating the oxygen tension inside germinating spores, the presence of 

an oxygen-labile [4Fe-4S] cluster in SP lyase was originally unexpected considering the 

fact that in order to detect SP repair in vivo, spores are usually germinated with vigorous 

aeration (17). B. subtilis has also been shown to produce another Radical SAM enzyme. 
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KAM encoded by the yodO gene, which is 62% identical to its homologue found in the 

strictly anaerobic bacterium Clostridium subterminale, interestingly, the purified B. 

subtilis KAM appears to be much more aerotolerant than the C subterminale enzyme 

(29). 

Addition of S-AdoMet to (lOHis)SplB containing a reduced [4Fe-4S] center 

decreased its EPR signal intensity by more than one-half (Fig. 3), consistent with a model 

in which some of the reduced [4Fe-4S] centers donated electrons to S-AdoMet, thus 

yielding EPR-silent [4Fe-4S] clusters with all the iron atoms in a Fe'*^' state (23,30). Fig. 

3C represents only a single time point in the process of electron loss from the [4Fe-4S] 

cluster to S-AdoMet. Analogous experiments performed on the RNR activase showed 

that EPR signal loss over time continues when the enzyme is incubated with S-AdoMet 

until all [4Fe-4S] clusters are depleted of electrons and no EPR signal is detected (22). 

When treated under in vitro conditions which lead to repair of SP (17, 18), SP lyase 

generated from S-AdoMet a new molecule with HPLC elution (Fig. 4) and mass spectral 

(Fig. 5) characteristics essentially identical to those of of 5'-dAdo. Taken together, the 

HPLC and ESI-MS data demonstrate that SP lyase generates 5'-dAdo from S-AdoMet, 

since there are no degradation products or metabolites with similar m/z ratios to the 

compounds isolated (31). 

What is the mechanistic pathway of SP lyase? The Radical SAM enzymes 

characterized to date can be divided into two subgroups. In one group, typified by KAM 

and BioB, both [4Fe-4S] and catalytic domains are contained on the same dimeric 
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enzyme, and reduction of S-AdoMet generates a 5'-dAdo radical that is used directly in 

catalysis. A second group, typified by enzymes like anaerobic RNR and PFL, are 

a2P2 enzymes in which the P2 "activase" subunit dimerizes via a [4Fe-4S] cluster and 

splits S-AdoMet to generate a 5'-dAdo radical. Radical transfer proceeds from 5'-dAdo 

to an active-site glycine carried on the a: subunit within the amino acid sequence 

RV(C/S)GY (32); notably, this pentapeptide sequence is absent from the SplB amino acid 

sequence (10). The evidence presented above and in previous communications (12, 17, 

18) that SP lyase is an (SpIB)2 enzyme tends to place it into the BioB / KAM subgroup, 

but further studies are needed to support or refute this placement. The evidence to date 

lead us to propose the following model for SP cleavage to two thymines in situ by SP 

lyase: 1) two subunits of SplB dimerize through the formation of a reduced [4Fe-4Sl 

center to form SP lyase; 2) the [4Fe-4S] center donates electron(s) to S-AdoMet, splitting 

it to generate methionine and a S'-dAdo radical; 3) the 5'-dAdo radical is used either 

directly or indirectly to abstract a proton from C6' of SP (Fig. 6), which Mehl and Begley 

(19) have proposed would lead to p-scission of the bond linking the thymines and 

completion of the cleavage reaction by back transfer of the proton. 

In addition to the preceding series of events, SP lyase also specifically recognizes 

and binds to DNA contaimng SP (18). Binding of SP lyase to DNA causes significant 

distortion to the DNA surrounding the SP lesion, possibly due to "flipping out" of the 

thymine dimer from the interior of the helix (18). Future experiments are directed toward 

integrating the SP binding and catalytic aspects of the SP lyase reaction into a unified 
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pathway. In particular, the data presented here indicate that SP lyase can cleave S-

AdoMet in the absence of SP binding [although S-AdoMet cleavage may be 

somewhat stimulated in the presence of SP-containing DNA (Fig. 4)]. Conversely, 

previous experiments indicated that (lOHis)SplB can specifically bind to SP-containing 

DNA under conditions unfavorable to [4Fe-4S] center formation (18). 

From the results of this commimication, SP lyase can now be grouped confidently 

with an increasing number of "Radical SAM" enzymes (11) that utilize [Fe-S] centers 

and S-AdoMet to generate adenosyl radicals to effect catalysis. SP lyase is umque in 

being the first and only DNA repair enzyme known to function via this novel enzymatic 

mechanism. 
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FIGURE LEGENDS 

Figure 1. Analysis of crosslmked SplB by SDS>PAGE. (lOHis)SplB was treated as 

described in Materials and Methods, denatured and electrophoresed through 10% SDS-

PAGE. A. Coomassie blue-stained gel. B. Western blot. Lanes 1 & 4, untreated; lanes 2 

& 5, crosslinked with DMS; lanes 3 & 6, crosslinked with DMS after incubation under 

conditions favoring [Fe-S] cluster formation. Filled circles indicate positions of 

crosslinked species at Mr ~ 64 kDa and ~ 72 kDa. The lane marked M is molecular 

weight markers. Sizes are in kDa. 

Figure 2. Analysis of (lOHis)SplB by size exclusion chromatography. (lOHis)SplB 

was chromatographed through Biogel P-100; (A) inunediately following its purification 

by Ni-NTA chromatography and (B) after incubation under conditions to reconstitute 

[Fe-Sl clusters. The Y-axis (A2ao) in Fig- 2A and 2B are scaled identically. Panel C 

depicts results of colorimetric iron assays (16) performed on fractions from the 

experiment depicted in panel B. 

Figure 3. EFR analysis of (10Hls)SplB. EPR spectra of: (lOHis) SplB isolated under 

aerobic conditions (protein concentration 6 mg / ml) (A); (lOHis)SplB treated with 

lOmM dithionite (protein concentration 12 mg / ml) (B); and (lOHis)SplB treated with 
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lOmM dithionite and 1 mM S-AdoMet (protein concentration 12 mg / ml) (C). In all 

three traces, relative signal strength (Y-axes) are depicted on identical scales. 

Figure 4. HPLC analysis of S-AdoMet conversion to 5*-dAdo by (lOHis)SplB. 

Standard SP lyase reactions were performed as described in Experimental Procedures and 

analyzed by HPLC. Reactions contained: no (lOHis)SplB (A); 400 (xg (lOHis)SplB (B); 

400 Jig (lOHis)SplB and 1.63 jig B. subtilis SP-containing chromosomal DNA (C). The 

vertical dashed lines denote the retention times at which purified S-AdoMet and 5'-dAdo 

elute from the column. In all three traces, theY-axes (Aja) are depicted on identical 

scales. 

Figure 5. ESI-MS analysis of the peak (RT = 337 min) from Fig. 4. Displayed are the 

primary ESI-MS spectra of the unknown compound (A) and its fragmentation product 

(B). 
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Appendix D 

Conclusions and future directions 
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I. Conclusions 

Based on earlier findings before the start of this project, SP lyase is a DNA repair 

enzyme that repairs SP dimers in situ (Munakata and Rupert, 1972; 1974) via a light 

independent pathway (Wang and Rupert, 1977). The chemical analyses and UV-visible 

spectrophotometry data demonstrated that SP lyase contains an iron-sulfur center 

(Appendix A, Table 3, Fig. 4). Furthermore, the in vitro system designed to study DNA 

repair by SP lyase revealed that the enzyme requires both an anoxic/reducing 

environment and AdoMet as a co-factor in order to repair SP (Appendix A, Fig. 6). These 

preliminary findings plus amino acid sequence alignment data (Introduction, Fig. 4), 

supported the hypothesis that SP lyase is a member of the "Radical SAM" superfamily of 

enzymes that utilize [4Fe-4S] centers to generate an adenosyl radical using AdoMet as a 

co-factor (Appendix A; Sofia et al., 2001). In order to further test this hypothesis, purified 

SplB was analyzed via EPR spectroscopy under various conditions to demonstrate that 

the eniqane did indeed contain a [4Fe-4S] type center, and that it participated in a redox 

reaction with AdoMet The EPR spectra obtained clearly showed that under aerobic 

conditions SplB contains a partially degraded [3Fe-4S] cluster, and that under 

anoxic/reducing conditions it contains a reduced [4Fe-4S] cluster (Appendix C, Fig. 3, 

Panels A and B). In addition, a decay in the EPR signal was detected when AdoMet was 

added to the reaction (Appendix C, Fig. 3, Panel C). This finding supported the 

hypothesis of a redox reaction occurring between the [4Fe-4S] center and AdoMet as 

previously shown with RNR (Ollagnier et al., 1997). In order to demonstrate that this 

interaction resulted in the formation of an adenosyl radical, HPLC and ESI-MS analyses 
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were utilized to detect 5'-dAdo, which is the expected product of this reaction (Wong et 

al. 1993; Ollagnier et al., 1997). HPLC analysis of reaction mixtures demonstrated that a 

new molecule with a retention time identical to conmiercially purchased 5'-dAdo was 

generated from AdoMet by SpIB (Appendix C, Fig. 4). The new peak was isolated and 

analyzed with ESI-MS. This analysis revealed that the new molecule had a molecular 

weight nearly identical to that predicted for 5'-dAdo (Appendix C, Fig. 5, Panel A), and 

the fragmentation pattern of the new molecule was identical to that of 5'-dAdo 

(Appendix C, Fig. 5, Panel B). All of the data presented is consistent with the hypothesis 

that SP lyase effects in situ repair of SP utilizing an adenosyl radical. SP lyase can thus 

confidently be grouped with "Radical SAM" superfamily of enzymes (Sofia et al., 2001). 

The subunit configuration of SP lyase was also elucidated during the course of 

this research. In vitro activity experiments revealed that SplB overproduced in E. coli was 

able to repair SP without any additional fl. subtilis proteins (Appendix B, Fig. 1). 

Chemical cross-linking and size-exclusion chromatography experiments performed with 

purified SplB indicated SplB was capable of forming dimers under conditions that 

favored the formation of iron-sulfiir centers (Appendix C, Figs. 1 and 2). This evidence 

supports the hypothesis that SP lyase consists of two SplB subunits held together by an 

iron-sulfur center. A model for catalysis incorporating all of the data is presented in 

Figure 1 of this Appendix. 

2. Additional experiments 
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A drawback of the original lOXHis-SplB described here, is that no activity was 

observed unless the His-tag was cleaved. To improve upon this system, modifications 

have been made to the in vitro system described in Appendix A and B in order to obtain 

multiple rounds of repair. A new bacterial strain (WN555) was made by Dr. Patricia 

Fajardo-Cavazos, which incorporated an Xbal-Hindlll fragment encoding the 6XHis-

SplB fragment described in Appendix A (Appendix A, Table 2), into a pUC18 plasmid 

vector. The plasmid was introduced into the £. coli strain DH5a in order to make an 

IPTG-inducible strain capable of generating large amounts of active 6XHis-SplB. This 

construct had previously been shown to display DNA repair levels comparable to that of 

wild type SplB (Appendix A, Fig 1). A 1 liter induced culture of this strain was shown to 

generate -0.8 mg of intact 6XHis-SpIB protein. This protein was capable of displaying 

high amounts of activity using in vitro repair assays (Fig. 2). The in vitro system was 

modified in order to obtain optimal conditions for activity. Using these conditions a 

maximum of 2.3 molecules of SP were repaired in a time dependent manner per SP lyase 

enzyme (SplBa) (Fig. 3). 

3. SP lyase within the context of germinating spore physiology 

The molecular physiology of germinating spores, has been explored by other 

researchers in the past (Setlow and Komberg, 1970a; 1970b). Based on the current 

knowledge related to SP lyase catalytic requirements, it is possible to connect various 

other enzyme systems that appear to be required for SP lyase repair in vivo. AdoMet is a 
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very unstable chemical, which quickly degrades into various products over time (Matos 

and Wong, 1987). Hence, it is reasonable to speculate that AdoMet is not stored in the 

dormant spore, but is made de novo inside the germinating spore, in order for SP lyase to 

repair SP. Generation of AdoMet is performed by an enzyme termed AdoMet synthetase, 

which utilizes ATP and methionine as substrates (McQueney et al., 2000). The metK 

gene of B. subtilis has been shown to encode AdoMet synthetase activity (Yocum et al., 

1996); the product of this gene is likely required for AdoMet synthesis by SP lyase 

during germination. In vitro reactions using dormant spore cell-free extract displayed SP 

lyase activity without the addition of exogenous AdoMet, in support of this enzyme is 

active during germination (Appendix A, Fig. 5). In addition, the generation of ATP and 

free methionine are required during spore germination for the generation of AdoMet. In 

germinating spores 3-PGA is used in the last three steps of glycolysis to generate ATP 

from ADP packaged into the spore (Setlow and Komberg, 1970a). This pathway can also 

be linked to SP lyase via AdoMet synthesis. The amino acids from degraded SASPs 

during germination likely serve as a methionine source for AdoMet synthesis, as de novo 

methionine production is not detected until much later during outgrowth (Setlow and 

Primus, 1975; Setlow, 1988) (Fig. 4). 

SP lyase also requires a source of electrons in order to reduce AdoMet Hence, a 

source of electrons, either chemical or enzymatic, must be available during spore 

germination. Other enzyme systems similar to SP lyase, such as RNEl, obtain electrons 

via flavodoxin and flavodoxin reductase (OUagnier et al., 1997). This enzyme system 

utilizes NADPH in order to generate the electrons that are donated to other enzymes. 
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Interestingly, an in vitro reaction performed using cell-free extract from dormant spores 

incubated in the presence of NADPH displayed high levels of SP repair (Appendix A, 

Fig. 5). This finding suggests that a similar system could be active in germinating spores. 

Finally, an iron-sulfur center regenerating enzyme system could also be present during 

spore germination. Other bacteria, such as Azotobacter vinelandii, produce enzymes 

dedicated to the regeneration of degraded iron-sulfur centers. An example of these, are 

NifS and NifU, which are made simultaneously with enzymes involved in the nitrogen 

fixation pathway. Many enzymes present in prokaryotes contain iron-sulfur centers that 

have to be integrated into the protein after synthesis, or repaired due to degradation. Iron-

sulfiir cluster biosynthesis appears to be mediated by IscS and IscU in several organisms 

(Zheng et al., 1998; Agar et al., 2000). It has also been shown that UV-irradiated spores 

relying only on SP lyase for DNA repair germinated in the absence of iron are more 

susceptible to killing via UV (Nicholson et al., 1997). This finding suggests that not all of 

the SP lyase packaged into the spore actually contains iron-sulfur centers, and that the 

clusters are generated during germination. A system similar to IcsS/IcsU may be active 

during spore germination in order to repair iron-sulfur centers in SP lyase and other spore 

proteins. As mentioned previously, several enzyme systems appear to converge on SP 

lyase (A diagram of how all of these systems are potentially linked is depicted in Figure 

4). Such an expenditure of energy, redox power, and materials during early germination 

highlights the importance of SP repair to spore survival. 

4. Future directions for research 
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Modifications to the in vitro system still have to be made. To date, the highest 

ratio of SP repaired to SP lyase is still very low, close to 2.4:1. In contrast, in vivo SP 

repair by SP lyase can be as high as 150-300 SP molecules repaired per SP lyase dimer 

(calculations made using in vivo activity data firom Appendix A, Fig. 2). Incorporation of 

an enzymatic reduction system such as those described by Ollj^er et al. (1997) should 

be one of the first changes made. Another addition to the system could be iron-sulfur 

center reconstituting proteins. It is possible that the decrease in SP lyase activity with 

respect to time is due to iron-sulfur cluster degradation rather than lack of reducing 

power. 

Identification of amino acids involved in coordination of the iron-sulfur center is 

important in explaining the behavior of this protein. The four cysteine residues present in 

the SplB sequence should be the first targets for site-directed mutagenesis (Introduction, 

Fig. 3). Some, or all, of these residues are likely involved in the coordination of the iron-

sulfiir center. Dr. Fajardo-Cavazos has mutated the cysteine residues in positions 95, 98 

and 141 to alanines. UV kill curves generated by Dr. Fajardo-Cavazos, using spores 

encoding these mutant SP lyases, revealed that all three mutations completely inactivated 

SP lyase in vivo. This finding is significant since CMI is not believed to be involved in 

iron-sulfur cluster formation and indeed is replaced by alanine in Clostridial SP lyase 

homologues (Nicholson, W. L., unpublished). It has been foimd in pyruvate-formate 

lyase that specific cysteine residues participate in catalysis but not in the formation of the 

iron-sulfiir cluster (Plaga et al., 2000). Cui in SP lyase could be serving a similar 

flmction. It is also possible that amino acid residues other than cysteines are involved in 
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the process of iron-sulfur cluster formation. Aspartate and histidine are also known to be 

used by some proteins to coordinate the formation of [4Fe-4S] clusters (Beinert, 2000). It 

has been observed that [4Fe-4S] clusters coordinated with these residues are more 

susceptible to degradation into a [3Fe-4S] cluster (Beinert, 2001). The fact that the SpIB 

[4Fe-4S] cluster is very susceptible to degradation into the [3Fe-4S] form suggests that 

the fourth ligand is not a cysteine. Site directed mutagenesis can be utilized to study the 

role of amino acid residues believed to be involved in iron-sulfur cluster formation. UV 

kill curves can be obtained for each mutant, and those that display a higher sensitivity to 

UV light can be utilized for further studies. First, the mutants selected should be analyzed 

using the in vitro system to verify that the higher susceptibility to UV radiation is caused 

by a decrease or lack of SP lyase activity. Second, the mutants can be analyzed using 

UV-visible spectrophotometry and EPR spectroscopy to see if the mutation has affected 

the ability of SP lyase to form iron-sulfur centers. 

Other important amino acid residues that should to be identified, are those 

involved in binding of AdoMet. Since the iron-sulfur center has to be in close proximity 

to the AdoMet molecule for electron transfer to occur, it is reasonable to hypothesize that 

any amino acid residues involved in binding of AdoMet be close to the amino acids 

involved in the formation of the cluster (in the three-dimensional structure, not 

necessarily in the sequence). Information obtained from crystallography studies could 

reveal the presence of amino acid residues found in other regions of SplB that are 

potentially involved in AdoMet binding that could also be targeted for mutagenesis. In 

DNA methyltransferases the amino acid residues lysine, glutamic acid, phenylalanine. 
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and aspartate have been identified in the binding of AdoMet (Roth et al., 1998). These 

residues would be good candidates for mutagenesis. Mutants generated in this class will 

fall into two categories, those that bind weakly or are unable to bind AdoMet, and those 

that are able to bind but cannot cleave AdoMet to generate an adenosyl radical. The 

ability of SP lyase to bind AdoMet can be obtained with a simple experiment First, Make 

reaction mixtures using purified SplB and incubate them with sulfide. Iron and DTT. 

DTT helps in the formation and stabilization of iron-sulfur centers but does not reduce 

them. Second, add radioactively labeled SAM into the reaction mixture and allow the 

mixture to incubate. Third, filter the protein mixture through a nitrocellulose membrane. 

The protein binding labeled AdoMet will remain bound to the membrane, while unbound 

labeled AdoMet will be in the filtrate. The filtrate and the filter can then be analyzed by 

scintillation counting. Samples that contain higher amounts of labeled AdoMet present in 

the filtrate compared to a wild type control indicate defect in AdoMet binding. Those 

mutants that are still capable of binding to AdoMet at wild type levels can then be 

analyzed for cleavage of AdoMet Following the protocol presented in Appendix C, 

prepare reactions containing dithionite and analyze the reaction mixtures via HPLC to see 

if the mutants are generating 5'-dAdo. By doing these experiments the different repair 

deficient mutants can be classified into different categories. 

Experiments can also be performed to gain further understanding of spore 

physiology using SP lyase as a reporter system. As mentioned previously, several enzyme 

systems appear to be linked to SP lyase in several ways, mutations in these systems 

should have an effect of the ability of SP lyase to repair DNA. The existence of a 
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flavodoxin-flavodoxin reductase type system should be explored. Electrons, which are 

absolutely necessary for SP lyase activity, must be provided during germination via a 

chemical or an enzymatic pathway. Enzymes involved in iron-sulfur cluster generation 

active during germination, can also be found and studied using SP lyase. Genes encoding 

products with sequence similarities to the IscS and IscU proteins of A. vinelandii and E. 

coli, should be mutated to study the effect these have on SP lyase. Knockout mutations 

can be made and mutants deficient in SP lyase repair can be fluther explored in order to 

identify the genes responsible. 



114 

References. 

Agar, J. N., C. BCrebs, J. Frazzon, B. H. Huynh, D. R. Dean and M. K. Johnson. 2000. 

IscU as a scaffold for iron-sulfiir cluster biosynthesis; sequential assembly of (2Fe-2S) 

and (4Fe-4S) clusters in IscU. Biochem. 39: 7856-7862. 

Beinert, H. 2000. Iron-sulfur proteins: ancient structures, still full of surprises. J. Biol. 

Inorg. Chem. 5:2-15. 

Matos, J. R., and C. H. Wong. 1987. S-Adenosylmethionine: stability and stabilization. 

Bioorg. Chem. 15: 71-80. 

McQueney, M. S., K. S. Anderson and G. D. Markham. 2000. Energetics of S-

adenosylmethionine synthetase catalysis. Biochem. 39:4443-4454. 

Munakata, N. and C. S. Rupert 1972. Genetically controlled removal of "spore 

photoproduct"inJ. Bacteriol. Ill: 192-198. 

Munakata, N. and C. S. Rupert 1974. Dark repair of DNA containing "spore 

photoproduct" in Bacillus subtilis. Mol. Gen. Genet 130:239-250. 



115 

Nicholson, W. L., L. Chooback, and P. Fajardo-Cavazos. 1997. Analysis of spore 

photoproduct lyase operon (splAB) function targeted deletion-insertion mutations 

spanning the Bacillus subtilis ptsHl and splAB operons. Mol. Gen. Genet 255: 587-594. 

Ollagnier, S., E. Mulliez, P. P. Schimdt, R. Eliasson, J. Gaillard, C. Deronzier, T. 

Bergman, A. Grasiung, P. Reichard, and M. Fontecave. 1997. Activation of the anaerobic 

ribonucleotide reductase from Escherichia coli: the essential role of the iron-sulfur center 

for S-adenosylmethionine reduction. J. Biol. Chem. 272: 24216-24223. 

Plaga, W„ G. Vielhaber, J. Wallach, and J. Knappe. 2000. Modification of Cys-418 of 

pyruvate-formate lyase by methacrylic acid, based on its radical mechanism. FEBS lett. 

466:45-48. 

Roth, M., S. Helm-Kruse, T. Friedrich, and A. Jeltsch. 1998. Functional roles of 

conserved amino acid residues in DNA methyltransferases investigated by site-directed 

mutagenesis of the EcoRV adenine-M-methyltransferase. J. Biol. Chem. 28: 17333-

17342. 

Setlow, P. 1988. Small acid-soluble, spore proteins of Bacillus species: structure, 

synthesis, genetics, function and degradation. Ann. Rev. Microbiol. 42:319-338. 



116 

Setlow, P., and A. Komberg. 1970a. Biochemical studies of bacterial sponilation and 

germination; energy metabolism in early stages of germination of Bacillus megaterium 

spores. J. Biol. Chem. 245:3637-3644. 

Setlow, P., and A. Komberg. 1970b. Biochemical studies of bacterial sponilation and 

germination: nucleotide metabolism during spore germination. J. Biol. Chem. 245: 3645-

3652. 

Setlow, P., and G. Primus. 1975. Protein degradation and amino acid metabolism during 

germination of Bacillus megaterium spores, pp. 451-457. In: Spores VI. Gerhardt, P., R. 

N. Costilow, and H. L. Sadoff (ed). American Society for Microbiology. Washington, D. 

C. 

Sofia, H. J., G. Chen, B. G. Hetzler, J. F. Reyes-Spindola and N. E. Miller. 2001. Radical 

SAM, a novel protein superfamily linking unresolved steps in familiar biosynthetic 

pathways with radical mechanisms: functional characterization using new analysis and 

information visualization methods. Nucleic Acids Res. 29: 1097-1106 

Wang, T.-C.V. and C. S. Rupert 1977. Evidence for the monomerization of spore 

photoproduct to two thymines by the light independent "spore repair" process in Bacillus 

subtilis. Photochem. Photobiol. 25: 123-127. 



117 

Wong, K. K., B. W. Murray, S. A. Lewisch, M. K. Baxter, T. W. Ridky, L. Ulissi-

DeMario, and J. W. Kozanch. 1993. Molecular properties of pyruvate-formate lyase 

activating enzyme. Biochem. 32; 14102-14110. 

Yocum, R. R., J. B. Perkins, C. L. Howitt and J. Pero. 1996. Cloning and characterization 

of the metE gene encoding S-adenosylmethionine synthetase from Bacillus subtilis. J. 

Bact. 178: 4604-4610. 

Zheng, L., V. L. Cash, D. H. Flint and D. R. Dean. 1998. Assembly of iron-sulfur 

clusters: identification of an iscSUA-hscBA-fdx gene cluster from Azotobacter vinelandii. 

J. Biol. Chem. 273: 13264-13272. 



118 

Figure 1. Digram of the sequence of events that leads to the formation of active SP lyase 
and the repair of SP in situ. 
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Figure 2. Time dependent repair of SP by 6XHis-SplB overproduced in E. coli strain 
WN555 (The reaction contained 5 |Ag of protein and 2.5 |Ag of dsDNA containing SP). 
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Rgure 3. Time dependent repair of SP by 6XHis-SplB overproduced in E. coli strain 
WN555 (The reaction contained 1 ng of protein and 2.5 [ig of dsDNA containing SP). 
Graph shows the maximum amount of activity obtained. 
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Figure 4. Diagram of postulated physiological pathways leading to SP repair by SP lyase. 
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