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With respect to a multienzyme complex of deoxyribonucleoside triphosphate

(dNTP) synthesis somehow juxtaposed with DNA replication sites, our laboratory

has demonstrated the existence of a multienzyme complex in T4-infected E. co/i,

named the T4 dNTP synthetase complex, but the idea of direct linkage of dNTP

synthesis to DNA replication and organization of the complex has not been well

established. This study had two objectives. The first objective was to test the specific

hypothesis that gp32, the single-stranded DNA binding protein encoded by gene 32,

plays a role in recruiting enzymes of dNTP synthesis to the replisome and in

organizing the dNTP synthetase complex. By use of two newly created gene 32

mutants along with several experimental approaches, DNA-cellulose

chromatography, coimmunoprecipitation, and glutathione-S-transferase pull downs,

interactions of gp32 with thymidylate synthase (gptd), ribonucleotide reductase

Redacted for privacy



(gpnrdA/B), and E. coil NDP kinase have been identified. These results support the

hypothesis that gp32 helps to recruit enzymes of dNTP synthesis to DNA replication

sites.

As the second objective, I investigated contributions of two host proteins, E. coil

nueleoside diphosphate kinase (NDP kinase) and adenylate kinase (Adk), to the

organization of the complex. As an important step to understand roles of E. coli NDP

kinase in the complex, I identified direct interactions of E. coli NDP kinase with

gpnrdA/B, dCMP hydroxymethylase (gp42), and dihydrofolate reductase (gpfra) by

means of coimmunoprecipitation and glutathione-S-transferase pull-down

experiments. Interestingly, these interactions were influenced by the presence of

substrate nucleotides or an analog for E. coil NDP kinase, suggesting that metabolite

flux may affect the preference of E. coil NDP kinase binding to enzymes in the

complex in vivo. Meanwhile, Adk involvement in DNA precursor synthesis has been

suggested, particularly in phage T4-infected E. coil, from observations of increased

thermostability of temperature-sensitive Adk in situ. The involvement of E. coil Adk

in the complex was demonstrated by identifying some proteins of the T4 dNTP

synthetase complexgp42, dNMP kinase (gpl), gpfrd, and E. coil NDP

kinasedirectly interacting with Adk, implying that E. coil Adk would be properly

located in the complex to efficiently carry out the conversion of dNDPs to dNTPs.

This implication was supported by measurements of T4 DNA synthesis.

Taken together, this research strongly supports the idea of connection of dNTP

synthesis to DNA replication and allows us to take a step toward understanding the

organization of the complex at DNA replication sites.
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Organization of the T4 dNTP Synthetase Complex at DNA
Replication Sites

Chapter 1

Introduction

1. 1 Deoxyribonucleoside triphosphate (dNTP) biosynthesis

The replication errors and genetic instability induced by dNTP pool imbalance

have stressed the importance of understanding how a balanced supply of dNTPs to

DNA replication complexes occurs in cells (Kunz et al., 1994). Although the

biosynthetic pathways of dNTP synthesis vary among different organisms, cell

types, or within the same cell at different phases of the cell cycle, Figure 1.1

summarizes information about the pathway of dNTP synthesis in T4-infected

Escherichia coil (E. coil) as an example and in the system of our interest. T4

bacteriophage has been a major model system in the development of modern

genetics and molecular biology (Mathews, 1994). One of the main biological

activities of T4 phage is the synthesis of DNA.

In early stages of T4 infection of E. coil, enzymes for dNTP and DNA synthesis

are expressed (Miller et al., 2003). As shown in Figure 1.1, at least 10 enzyme

activities are devoted to dNTP synthesis in T4-infected E. coli. Of these enzymes T4

phage encodes 8 enzymes other than nucleoside diphosphate kinase (NDP kinase)

and adenylate kinase (Adk), both of which are specified by the host, E. coil (Allen et



al., 1983; Miller et al., 2003). Several features of these pathways are noteworthy.

First, T4 phage obtains ribonucleotides, as precursors for de novo synthesis of

deoxyribonucleotides, from host cell metabolism and deoxyribonucleoside

monophosphates, which are subject to salvage pathways, through the degradation of

host DNA. Second, aerobic ribonucleotide reductase (RNR), encoded by genes

nrdA/B, and dCMP deaminase, encoded by gene cd, are allosterically regulated by

nucleotides. Particularly, the aerobic ribonucleotide reductase, catalyzing reduction

of ribonucleoside diphosphates to corresponding deoxyribonucleotides, is considered

as an important point for regulation of four-dNTP synthesis (Cook and Greenberg,

1983; Ji et al., 1991b; Hanson and Mathews, 1994). Third, in contrast to E. coli

DNA, T4 DNA contains hydroxymethylated dCMP (hm-dCMP), which is further

modified by glucosylation at the DNA level, to protect its DNA from degradation by

T4 endonucleases (Miller et al., 2003). dCMP hydroxymethylase (dCMP HMase) is

an essential enzyme and is responsible for the conversion of dCMP to hm-dCMP

(Snyder et al., 1976, Snyder and Kaufmann, 1994). Fourth, the other essential

enzyme for T4 phage growth is dNMP kinase, encoded by gene 1. This enzyme

catalyzes the conversion of three deoxyribonucleoside monophosphates, hm-dCMP,

TMP, and dGMP, to the corresponding diphosphate using ATP while excluding

dCMP and dAMP (Brush et al.,1990; Brush and Bessman, 1993; Teplyakov et al.,

1996).
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Figure 1.1. T4 dNTP metabolism pathway. Dark arrows represent T4 bacteriophage-
encoded enzyme reactions; lighter arrows represent host-encoded enzyme reactions.
gpl, dNMP kinase; gp56, dCTPase-dUTPase; gp cd, dCMP deaminase; gp42, dCMP
hydroxymethylase; gptd, thymidylate synthase; gpfrd, dihydrofolate reductase; gptk,
thymidine kinase; Adk, E. coli adenylate kinase; NDP kinase, E. coli nucleoside
diphosphate kinase; U, E. coli dCTP deaminase [From Mathews,1993a]



The conversion of dAMP to dADP is catalyzed by the activity of E. coli adenylate

kinase (Adk). An unusual feature of the gp 1 is that it is extremely specific for the

three deoxyribonucleotide substrates, even though it has only one active site. This

implies that it may undergo conformational changes, depending on substrate binding

(Brush and Bessman, 1993). Fifth, thymidylate synthase oxidizes tetrahydrofolate

(THF) to dihydrofolate (DHF) during the catalysis. The DHF is reduced to THF by

the catalysis of dihydrofolate reductase, encoded by genefrd. These two proteins are

known to be kinetically and physically coupled together.

As well as the features of individual enzymes, we have found that they work

together through the formation of a multiple-enzyme complex in vivo (Mathews,

1993a). This could be a unifying broadly applicable feature of enzymes working in

vivo. Mathews (1 993b) has suggested that there are several potential biological

advantages of enzyme association, including: 1) maintenance of locally high

metabolite concentration without membrane-mediated compartmentation; 2)

protection of the solvation capacity because average concentrations of most

metabolites are kept low; 3) efficiency of regulation of both enzyme synthesis and

metabolic fluxes; 4) relative rapidity with which a metabolic process can respond to

changes in the intracellular environment. To guarantee a rapid growth of DNA

chains, an appropriate amount of DNA precursors, dNTP, must be continuously

provided at DNA replication sites. A rapidly growing E. coli has six replication

forks, and the growth rate per DNA chain is about 750 base-pairs per second to

completely replicate the E. co/i genome (4.3 Mbp) in 40 minutes (Kelman and

O'Donnell, 1995). In comparison to this, the total rate of DNA accumulation in T4-
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infected E. coli must be 10 times higher than that in E. co/i because total the DNA

amount of progeny phages generated from a single E. coli cell is about 8 times

bigger than that of E. coli, and it must be replicated in 25 - 30 minutes (Werner,

1968; Ji and Mathews, 1991a). This indicates that the dNTP pooi in the immediate

vicinity of replication sites must turn over completely about 10 times per second.

However, around 2- to 3-fold expansion of average dNTP pools in T4-infected E.

coli was observed (Lu et al., 1995; Zhang et al., 1996). This pooi size must limit the

rate of DNA synthesis. In addition, Mathews and Sinha (1982) reported that the

concentration of dNTPs needed to give maximal rates of incorporation in vitro was

3- to 4-fold higher than average dNTP concentrations estimated from pooi

measurement. These findings have suggested the existence of dNTP concentration

gradients at replication sites in vivo. A question of how dNTP concentration

gradients are established in vivo arose. From several lines of evidence (Mathews,

1993 a), we have proposed that dNTP metabolizing enzymes could be organized into

multiple enzyme complexes that were somehow juxtaposed with replication sites.

This complex could facilitate dNTP synthesis and their flow into DNA.
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1. 2 A multiple enzyme complex and dNTP compartmentation in T4-infected E.

coli

The existence of a multiple enzyme complex for dNTP synthesis was proposed by

Greenberg and co-workers (Tomich et al., 1974). In T4-infected E. coli provided

with [5-3H]-deoxyuridine, they found that thymidylate synthase did not become

active in the cell until 5 minutes after the enzyme activity was detected in a cell

extract. This implies that after incorporation into a multiple enzyme complex, the

enzyme becomes activated on the pathway of dNTP synthesis. They also modified

this approach to estimate flux rates in vivo for thymidylate synthase (gptd) and

dCMP HMase (gp42). Interestingly, the flux rate were very close to the content ratio

of TMP : hm-dCMP in T4 DNA (Flanegan and Greenberg, 1 977a; Flanegan et al.,

1977b). This could be a key to understanding how balanced dNTP pools are

produced in normal cells. Greenberg's and Mathews' groups have tried to purify the

multiple enzyme complex for dNTP synthesis by sucrose gradient ultracentrifugation

or molecular exclusion chromatography (Reddy etal., 1977; Allen et al., 1983; Chiu

et al., 1982). The activities of 10 enzymes, as shown in Figure 1.1, were identified

in the partially purified protein aggregates. As well as dNTP metabolizing enzymes,

surprisingly, the proteins of the T4 DNA replication complex such as DNA

polymerase (gp43) and T4 SSB analog (gp32) were enriched in the same fraction.

This implies that the multiple enzyme complex might be associated with the T4

replisome. However, these results do not clarify whether the proteins are

functionally associated with each other or not. Using the partially purified multiple

enzyme complex, the analyses of kinetic coupling among the enzymes has been
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carried out (Reddy and Mathews; 1977; Allen et al., 1980; Chiu et al., 1982; Allen et

al., 1983; Thylén and Mathews, 1989). These kinetic coupling studies demonstrated

that the isolated protein complex catalyzed multi-step reactions and reduced transient

time by 10- to 20-fold in comparison to values calculated for nonassociated enzyme

mixture. Of these results one is especially noteworthy. The three-step pathway

(dCTPdCMP.dUMP---'TMP) was assayed with a partially purified multiple-

enzyme complex from E. coli infected with the wild-type or gene 42 amber mutants

of T4 phage by a gel filtration chromatography. Although dCMP HMase, encoded

by gene 42, was not directly involved in the three-step pathway, the truncation of C-

terminal region of dCMP HMase significantly reduced the efficiency of kinetic

coupling and caused disruption of the complex (Thylén and Mathews, 1989). This

indicates that the enzymes are functionally and physically associated with each

other. In a comparable study on the existence of a multiple enzyme complex, the

kinetics of deoxyribonucleotide incorporation into DNA in an in situ system were

investigated. Sucrose-plasmolyzed T4-infected E. coil to which exogenous

nucleotides are permeable incorporated distal DNA precursors, dNMP

(deoxyribonucleoside monophosphates) or rNDP (ribonucleoside diphosphates), into

DNA much more readily than proximal DNA precursors, dNTP

(deoxyribonucleoside triphosphates) (Reddy and Mathews, 1978), suggesting that

dNTP could be subject to the process of dephosphorylation and then

rephosphorylation before incorporation into DNA. In addition, permeabilized cells

infected with a gene 42 or gene 1 mutant of T4 phage synthesized little or no DNA

even when they were fed with exogenous dNTP, including hm-dCTP (North et al.,
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1976; Stafford et al., 1977). These results are consistent with the hypothesis that

only dNTP generated at replication sites can be used efficiently for DNA replication.

Furthermore, thermosensitive gene 42 (encoding dCMP HMase) mutant showed that

at non-permissive temperature, the activity of dCMP HMase and the growth of T4

phage dramatically dropped while averaged hm-dCTP pools were constant (Ji and

Mathews, 1991a). This implies that most of the dNTP in the cells is not readily

accessible to replication sites, but DNA replication draws dNTP from small poois.

Instead, most of the dNTP in cells could be used for DNA repair. Thus, the existence

of dNTP compartmentation has been suggested. The other interesting result in the

publication (Ji and Mathews, 1991 a) was that as the activity of dCMP HMase

decreased at non-permissive temperature, DNA mutation increased. This indicates

that a dNTP pooi imbalance at replication sites might occur because of decreased

hm-dCTP at those sites, resulting in increase in DNA mutation.

Summarizing the results, Mathews has proposed a model of dNTP biosynthesis via

a multiple enzyme complex in T4-infected E. co/i as shown in Figure 1.2 (Mathews,

1993a).



host cell ONR

dCMP dRMP d6MP dTMP
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ribonucleotide flop IRIJP ) dflTP..,
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regulator!J repair
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Figure 1.2. A model of dNTP biosynthesis in T4 phage infection in which a multiple
enzyme complex for dNTP synthesis is juxtaposed with the replication machinery. In
T4 infection, ribonucleotide reductase represents the major source of dNTP, but
about 10 % of the deoxyribonucleotides in phage DNA are synthesized from dNMP
derived from breakdown of host cell DNA. The numbers in the circle refer to T4
DNA replication proteins
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1. 3 Enzyme organization and dNTP compartmentation in other organisms

In prokaryotic cells, physical compartmentation in organelles would not be

expected. However, the situation in eukaryotic cells is definitely more complicated

than that in prokaryotic cells. As a simpler system, E. coli could be investigated to

deal with these issues. Surprisingly, relatively little work has been done on E. coil

with respect to dNTP compartmentation in vivo. One interesting finding is that when

E. coli cells were treated with radiolabeled thymidine, radiolabeling of DNA at

maximal rates was observed long before the TTP pooi was fully labeled (Werner,

1971). This observation was considered as evidence for the existence of dNTP

compartmentation. With respect to the organization of enzymes for dNTP synthesis

in E. coil, there are two interesting findings published recently. The nrdA 101 allele

ofE. coii codes for a thermosensitive ribonucleotide reductase (ts RNR), which is

inactivated in less than 2 minutes at 42 °C in vitro. While the inhibition of the

enzyme by hydroxyurea stops DNA synthesis in E. coil containing the nrdA 101

allele, DNA synthesis continued at 42 °C for 40 minutes in the absence of

hydroxyurea (Guzmán et al., 2002). This suggests that the ts RNR is protected by

some hyperstructure, presumably a replication complex, from thermal inactivation.

In addition, the existence of a replisome-forming hyperstructure in E. coil was

suggested in a recent publication (Molina and Skarstad, 2004). According to this

publication, replication factories consisting of four DNA polymerase molecules are

organized into a higher order structure consisting of 8 to 12 DNA polymerase

molecules each. The organization of the replication factory was lost when replication
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forks experienced a limitation in the supply of nucleotides or when the gene

encoding thymidylate synthase was mutated. This result suggests that the nucleotide

synthesis apparatus co-localizes with the replisome-forming hyperstructure. These

interesting findings imply that a multiple enzyme complex for dNTP synthesis might

also exist in E. coil and might be connected to the DNA replication complex.

Meanwhile, the visualization of dNTP compartmentation in eukaryotic cells is hard

because DNA replication is confined to the nucleus, and cell populations are in

different stages of the cell cycle. Although several observations are likely to support

the idea of the existence of dNTP compartmentation in eukaryotic cells, there are

different interpretations arguing against each other. As observed in E. coil, DNA in

eukaryotic cells was more rapidly labeled by radiolabeled thymidine than was the

whole-cell TTP pool (Fridland,1973). While these data were considered as evidence

to support the compartmentation of dNTP pools, compartmentation can be

intercellular, not intracellular because of data obtained from asynchronized

populations. An experiment that argues against dNTP compartmentation was

described by Wawra (1988). He microinjected dNTP into either nuclei or cytoplasm

in 3T6 mouse fibroblasts and observed that the dNTP was efficiently incorporated

into DNA. Another observation that replicative DNA synthesis was more sensitive to

hydroxyurea inhibition than was DNA repair supports dNTP compartmentation in

eukaryotic cells (Snyder, 1984; Collins and Oates, 1987). However, bypass of

hydroxyurea block on DNA replication was observed in vaccinia virus-infected

primate cells treated with adenosine deaminase inhibitor (Slabaugh et al., 1991).

This suggests that DNA replication block by hydroxyurea might be due to dNTP
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catabolism, but not dNTP compartmentation. An additional consideration in

eukaryotic cells is that some enzymes involved in dNTP synthesis are cell-cycle-

regulated. While deoxycytidine kinase is constitutively active (Amer and Eriksson,

1995, Bianchi et al., 1997), thymidine kinase and ribonucleotide reductase are

largely induced during S phase (Johansson et al., 1995; Mikulits et al., 1996).

Therefore, depending on nucleotide probes used or heterogeneity in cell population,

the interpretation on the observations for dNTP compartmentation in eukaryotic cells

could differ. With respect to a kinetic requirement for the coupling of dNTP

synthesis to DNA replication, eukaryotic DNA polymerases have approximately 10-

fold higher affinities and correspondingly lower Vmax value than their prokaiyotic

counterparts (Dresler et al., 1988). Thus, one might argue that eukaryotic replication

machinery can be served at adequate rates by simple diffusion. Whether this does

occur is still open to question.

However, one clear thing now is the compartmentation of mitochondrial dNTP

poois distinct from cytoplasmic pools. The observations (Bestwick and Mathews,

1982) that dNTP pools measurable in mitochondrial extracts were more resistant to

depletion by the antimetabolites than were whole-cell pools; and that mitochodrial

dCTP poois were more readily labeled by exogenous nucleosides than were whole-

cell pools suggested that mitochondria contain distinctive dNTP poois from

cytoplasmic pools. According to a recent publication (Song et al., 2003), the content

of dNTP pools measured in mitochondria was quite different from that in

corresponding whole cells, supporting for the compartmentation of mitochondrial

dNTP pools. However, Rampazzo et al. (2004) have reported that although
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mitochondrial and cytosolic dNTPs do form separate kinetic pools that can be

synthesized independently, they are rapidly interconverted. This result is somewhat

contradictory to the result reported by Song et al. (2003). This contradictory issue

might be expained with observations by Shiwei Song in our laboratory that the

balance of mitochondrial dNTP pools varies among cell types. Therefore, more

extensive study is needed to determine mitochondrial dNTP pools. Nevertheless,

interesting findings that deoxyribonucleotide pooi imbalance causes mitochondrial

genetic diseases such as a mitochondrial neurogastrointestinal encephalomyopathy

(MNGIE) (Rampazzo et al., 2000; Song et al., 2003) have raised a concern of how

mitochondria maintain dNTP pool balance. We expect that enormous efforts will

enlighten these issues in the near future.
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1. 4 Dissertation aims

As described above, the distal nucleotide precursors such as dNMP or rNDP were

more efficiently utilized for DNA synthesis in the permeabilized T4-infected E. coil

than were the proximal precursors, dNTP. This strongly supports the idea that dNTP

synthesized through the multiple enzyme complex, called T4 dNTP synthetase

complex hereafter, channels precursors to DNA replication sites. In terms of the

channeling of dNTP to replication sites, we have suspected a physical connection

between the enzymes of dNTP synthesis and those of DNA replication. In the

preparation of the T4 dNTP synthetase complex from Greenberg's laboratory (Chiu

et al., 1982) but not from our laboratory, some proteins involved in DNA replication,

DNA polymerase (gp43) and T4 single-stranded DNA binding protein (gp32), were

enriched in the same fraction. However, it was still ambiguous whether this could

happen due to the specific connection between the enzymes of dNTP synthesis and

the proteins involved in DNA replication or a simple contamination. While our

laboratory has tried to identify enzyme associations by using protein affinity

chromatography, several associations between proteins in the T4 dNTP synthetase

complex and DNA replication complex were observed. So far, 8 enzymes in the T4

dNTP synthetase complex have been purified and used as ligands for protein affinity

chromatography. Interestingly, gp32 has been found to be retained on the eight

individually immobilized protein affinity chromatographies in significant strength

(Wheeler et al., 1996). From the fact that the molecules of gp32 form a cluster ahead

of a site where template-directed DNA synthesis occurs and our finding as described
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above, we have speculated that gp32 is a candidate organizing factor for the dNTP

synthetase complex. If this assumption is correct, there may be at least an enzyme in

the T4 dNTP synthetase complex that directly interacts with gp32. However, since

the approach of protein affinity chromatography is not limited to direct protein-

protein interactions, this assumption is equivocal until the direct interaction of gp32

with proteins in the T4 dNTP synthetase complex is identified. Hence, in my thesis,

the first goal is to specify the interactions of gp32 with proteins in the T4 dNTP

synthetase complex under conditions that mimic physiological conditions.

Meanwhile, we have found that two host proteins, E. co/i nucleoside diphosphate

kinase (NDP kinase) and adenylate kinase (Adk), whose activities are required for

the function of the T4 dNTP synthetase complex, could be involved in the T4 dNTP

synthetase complex (Allen et al., 1983; Bernard etal., 2000). In fact, the interactions

of E. coli NDP kinase with proteins in the T4 dNTP synthetase complex were

identified, using NDP kinase-immobilized affinity chromatography (Ray, 1992;

Wheeler et al., 1996), even though those were not specified. In terms of the

channeling of dNTP to replication sites, we assume that E. coli NDP kinase, which

catalyzes the last reaction step of dNTP synthesis, could be closely associated with

proteins in DNA replication complex. The results of the NDP kinase-immobilized

affinity chromatography consistently support our assumption in that several proteins

involved in DNA replication and recombination were found to be retained on the

column in significant strength. As the second goal in my thesis, I will specify the

interactions of E. coli NDP kinase with proteins in the T4 dNTP synthetase complex

and figure out how it contribute to the process of T4 dNTP synthesis.
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Surprisingly, E. coil NDP kinase is dispensable for the growth of T4 phage in E.

coil as well as the viability of E. coil (Lu etal., 1995; Zhang et ai., 1996). Instead, E.

coil adenylate kinase (Adk) was found to complement NDP kinase deficiency in E.

coil because NDP kinase activity of E. coil Adk was found in vitro, and a genetic

study demonstrated it as a complementing enzyme to NDP kinase in E. coil (Lu and

Inouye, 1996a). Consistent with this finding, E. coli Adk was found in the partially

purified T4 dNTP synthetase complex as described above. However, it was not

established whether E. coil Adk is functionally associated with the T4 dNTP

synthetase complex. As my third goal, I will investigate the involvement of E. coil

Adk in the T4 dNTP synthetase complex through study of protein-protein

interactions and physiological tests.

In addition, investigation of the interactions of host enzymes with dNTP

metabolizing enzymes in T4-infected E. coil could provide an important clue for

understanding their contribution to T4 dNTP synthesis and the identification of a

dNTP synthetase complex possibly existing in the host, E. coil.
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Chapter 2

Literature review

2. 1 Basic Life Cycle of Bacteriophage T4 in E. coli

T4 phage is a virus containing a large double-stranded DNA containing about 300

probable genes. The T4 genome contains 5-hydroxymethyl dCMP (bm-dCMP)

completely replacing dCMP; the hydroxymethylated dCMP is further modified with

glucosylation on the DNA-hm-dCMP residues, not free nucleotide. This glucosylated

hm-dCMP in DNA confers a selective advantage: it not only protects the DNA from

degradation by endonucleases, encoded by T4 genes, but also improves double

strand stability. Under optimal laboratory conditions T4 phage can replicate its

genome (168,903 base-pairs), generate a protein capsid structure packed with DNA,

and lyse the host cell, releasing 200 or more progeny phages within 25 minutes after

infection into a single E. coli cell. As shown in Figure 2.1, T4 phage binds to E. coil

cell outer membrane through interaction of its fiber tip, formed by gp37, with

receptors, diglucosyl residues in the lipopolysaccharide ofE. coil (Goldberg et al.,

1994). Through opening holes by an incompletely understood mechanism, T4 phage

injects its own DNA into the host. Immediately after infection, the unmodified E.

coil RNA polymerase transcribes a set of genes from promoters that resemble those

of E. coil, but display a bias toward A-rich tracts centered around 42 and 52

(Wilken and RUger, 1996). The upstream A-rich tracts enhance the activation of the

T4 early promoters competing with host promoters by binding RNA polymerase
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(Ross et al., 1998). A set of proteins including Ale protein, which specifically

terminates transcriptional elongation on dCMP-containing DNA, and three different

ADP-ribosyltransferases, Alt, ModA, and ModB, which are involved in ADP-

ribosylation on E. co/i RNA polymerase, confer the transition from host to phage

gene expression. In fact, the life cycle of T4 phage can be divided into three stages,

early, middle, and late stage, depending on T4 transcription patterns

DNA replication complex

DNA
(168.9kb)

prec

/
.iar1y mRNA

Early pn

IV!JdJ _________

Host

(3
Late proteins

E.coli

0 5 10 15 20 25mm

Figure 2.1. Overview of T4 developmental program



As shown in Figure 2.2, differently modified forms of RNA polymerase

preferentially recognize transcription promoters activated in different stages. In the

early stage, unmodified and ADP-ribosylated RNA polymerase combines with E.

coli o70 to turn on the 39 T4 early promoters. During the early stage, proteins

involved in DNA replication, recombination, repair, host-cell DNA

degradationlmodification, and dNTP synthesis are expressed. The synthesis of these

enzymes occurs for about 10 minutes after infection at 37 °C. Several groups have

identified the early proteins by two-dimensional gel electrophoresis using mutants or

purified proteins (Cowan et al., 1994). As observed in the pattern of the two-

dimensional gel electrophoresis, the synthesis of enzymes for dNTP synthesis

dramatically decreases at about 9 mm after infection. The activation of middle-mode

transcription requires AsiA, which is heterodimerized with and MotA, a

transcriptional activator. The heterodimerization of AsiA with interferes with the

recognition of 35 regions of promoter sequence, resulting in inactivation of early-

mode transcription. Late transcription is responsible for the synthesis of T4 head,

tail, and fiber proteins, in addition to the several virion assembly factors. It requires

gp45, gp33, and cr55. The trimeric gp45 acts as a sliding clamp, which is a key

component in processivity of the DNA replication, and also is a mobile enhancer for

the activation of late promoter through interaction with gp33. Gp33 is a coactivator

to mediate the interaction between gp45 and ci. Late protein synthesis starts around

9 minutes after infection, and these proteins are used for assembly of infectious

virus.
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Figure 2.2. Diagram of the relationship between the T4 transcriptional pattern and
the different mechanisms of DNA replication initiation. Transcription is initiated
from early, middle, and late promoters by sequentially modified host RNA
polymerase. Early replication is initiated predominantly at specific replication
origins, while late initiation depends on recombination processes. [From Miller et al.,
2003]



21

Meanwhile, DNA synthesis starts around 5 minutes after infection. Although the

onset of DNA replication is largely dependent on replication origins, most T4

replication forks are initiated by using intermediates in recombination as DNA

primers at more or less random positions throughout the genome. Recombination-

dependent replication modes require recombinational proteins such as gpuvsX,

gpuvsY, gp46, and gp47 as well as replication proteins. These two processes are

orchestrated by the T4 recombination/replication mediator proteins, gp59 and

gpuvsY(Bleuit et al., 2001).
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2. 2 Physical linkage among proteins in the T4 dNTP synthetase complex

Several lines of evidence, as described above, have suggested that enzymes in the

T4 dNTP synthetase complex are well enough organized to pursue coordinate

functions as parts of a multienzyme complex. To identify enzyme associations,

several approaches have been used. One approach is protein affinity

chromatography. Using this method, Formosa et al. (1983) identified T4 proteins

retained on a gp32 (T4 single-stranded DNA binding protein)-immobilized column,

followed by the analysis of two-dimensional gel electrophoresis to identify the

proteins. Our laboratory has applied the same approach to dCMP HMase (gp42). As

shown in Table 2.1 (Wheeler et al., 1992), many proteins, including proteins

involved in DNA replication and recombination as well as dNTP synthesis, were

retained on the column in significant strength (bound at 0.2 M NaCl and eluted at 0.6

M NaC1), indicating that these proteins are specifically associated with gp42.

Interestingly, in the absence of a full-length protein, gp32 or thymidylate synthase

(gptd), several proteins, which were present in the wild-type, were not seen on the

gels. This indicates that not all of proteins retained on the colunm directly interact

with gp42 and further suggests that proteins are multilaterally interacting with each

other.

In addition to gp42, other proteins in the T4 dNTP synthetase complex were

purified and individually immobilized on the column to investigate their associations

with T4 proteins. These data are summarized in Table 2.2. Note from Table 2.2 that

each enzyme in the T4 dNTP synthetase complex bound several other DNA
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replication and recombination proteins. This implies that the T4 dNTP synthetase

complex may be closely associated with the DNA replication complex. Probably the

most remarkable result of the affinity chromatography experiments is the fact that

gp32 is retained by every one of the eight immobilized proteins examined to date.

The molecules of gp32 are bound to single-stranded DNA created by action of the

primosome in advance of the movement of the DNA polymerase holoenzyme. It is

assumed that the association between gp32 and T4 dNTP synthetase complex might

contribute to the attraction of several T4 dNTP synthetase complexes to the vicinity

of DNA replication fork and lead to maintenance of high concentrations of dNTP in

the precise region where they are needed. From this assumption and the results seen

on two-dimensional gels, we have proposed that gp32 is a candidate organizing

factor for the T4 dNTP synthetase complex. Although gpuvsY, involved in DNA

recombinationlreplication, is also retained by all of the proteins, it is hard to find a

direct relationship between gpuvsY and the T4 dNTP synthetase complex; perhaps

this protein has an undiscovered second function.

In addition, our laboratory has made efforts to identify individual interactions

among proteins in the T4 dNTP synthetase complex by using other experimental

approaches. The interaction between dCMP hydroxymethylase and thymidylate

synthase was demonstrated by using anti-idiotypic antibodies combined with protein

affinity chromatography (Young and Mathews, 1992). The interactions of

thymidylate synthase with gp32 and DHF reductase were identified by protein

affinity chromatography and nondenaturing gel electrophoresis, respectively

(Wheeler et al., 1996).



24

Table 2.1. Retention of T4 proteins by dCMP hydroxymethylase colunm

Phage strain
Gene Gene product Function

T4D T432am' T4tdama

42

td

frd

56

nrdA

nrdB

32

43

44

45

61

62

46

uvsX

uvsY

pseT

f3gt/

RI'/ase H

dCMP HMase

dTMP synthase

DHF reductase

dCTP/dUTPase

RNR RI

RNR R2

ssDNA binding

DNA pot.

Pol. accessory

Pot, accessory

Primase

Pot. accessory

Nuclease

Rec A analog

UvsX accessory

Phosphatase/kinase

Glc-transferase/

RNase H

dNTP synthesis

dNTP synthesis

dNTP synthesis

dNTP synthesis

dNTP synthesis

dNTP synthesis

DNA replication

DNA replication

DNA replication

DNA replication

DNA replication

DNA replication

Recombination

Recombination

Recombination

7

DNA modification /

replication

+ + +

+ ±

+ ± +

+ + ±

+

+

+

± ± ±

- + +

+ ± ±

- + +

- + +

+ + +

+

+ -

+ + +

+ +

a
amber mutants listed are in thymidylate synthase (gptd) or single-stranded DNA

binding protein (gp32). [From Wheeler et al., 1992]
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Table 2.2. Proteins retained on protein affinity columnsa

Gene Gene product
gp42 gptd

Retained by immobilized

gp56 gpcd NDPK gpfrd gpl
gpnrd

AB

td dTMP synthase + + + + + +

frd DHF reductase + + + + + + +

56 dCTP-dUTPase + + +

nrdA rNDP reductase Ri + + + +

nrdB rNDP reductase R2 + + +

43 DNA polymerase + +

32 T4SSB + + + + + + + +

45 Pot, accessory + + + + + + +

61 DNA primase + + + + + + +

uvsX RecA analog + + +

uvsY UvsXaccesory + + + + + + + +

f3gt Gic-transferase + + + + +

pseT kinase-phosphatase +

regA trans. Rep. + + + + + +

a
Each identified association results from detection of the indicated protein among

those proteins retained at 0.2 M NaCl and eluted at 0.6 M NaC1 [From Wheeler et
al., 1996]. gp42, dCMP HMase; gptd, dTMP synthase; gp56, dCTPase-dUTPase;
gpcd, dCMP deaminase; NDPK, E. coli NDP kinase; gpfrd, DHF reductase; gpl,
dNMP kinase; gpnrdAB, rNDP reductase.
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In the same publication, nondenaturing gel electrophoresis was also used for the

identification of an interaction between dNMP kinase and dCTPase-dUTPase. The

protein-protein interactions in the T4 dNTP synthetase complex identified as of 1996

are summarized in Figure 2.3.

dCD

Figure 2.3. Protein-protein interactions identified within the T4 dNTP synthetase
complex. Each line cormects two enzymes that have been shown to interact by at
least two independent approaches involving the purified enzyme preparation.
NrdAB, ribonucleotide reductase; NDPK, nucleoside diphosphate kinase;
dC/UTPase, dCTPase-dUTP ase; dCD, dCMP deaminase; HM, dCMP HMase; TS,
thymidylate synthase; DHFR, dihydrofolate reductase. [From Mathews, 1993b]
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2. 3 Gp32 as a component of the T4 replisome

2. 3. 1 Functions and structure of gn32

Bacteriophage T4 gene 32 encodes a single-stranded DNA binding protein, a

helix-destabilizing protein, that is known to be required for the processes of T4 DNA

replication, recombination, and repair (Alberts and Frey, 1970; Nossal and Peterlin,

1979; Sinha et al., 1980; Jarvis et al., 1989). Gp32 nonspecifically binds ssDNA as

the replication forks move and stimulates replisome processivity and accuracy by a

factor of several hundred. Its major functions are to configure ssDNA templates for

the replisome advance; to melt out adventitious secondary structures; to protect

exposed ssDNA from nucleases; and to facilitate homologous recombination by

binding ssDNA during strand displacement. It consists of 301 amino acid residues

(Mr 33,488) and is divided into three distinct domains. The primary and three-

dimensional crystal structure (Shamoo et al., 1995) is shown in Figure 2.4.The N-

terminal B (basic)-domain of gp32 (amino-terminal 17 residues) is responsible for

gp32: gp32 interaction. The B-domain of gp32 confers a highly cooperative binding

to ssDNA with a head-to-tail unlimited type of cooperativity, which gives rise to the

formation of long clusters (Lohman et al., 1988; Villemain and Giedroc, 1996a).

Mutations in the B-domain increase the rate of dissociation from the end of gp32-

ssDNA complex or protein cluster, indicating that the domain strongly modulates the

lifetime of cooperatively bound gp32-ssDNA complex (Villemain and Giedroc,

1996b). The A (acidic)-domain (carboxy-terminal 46 residues) is known to be

essential to the interactions of gp32 with other proteins.
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C

Figure 2.4. Structure of gp32. a, Primary structure of gp32. Gp32 can be divided into
three distinct domains by limited proteolysis. b, Three-dimensional crystal structure
of gp32 (residues 21 to 254) complexed with oligonucleotide ((dT)6): left, A ribbon
diagram of core gp32; right, Topology map of the secondary structure. [From
Shamoo etal., 1995]
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The core domain (residues 21 to 254) has a DNA binding site. This domain contains

Zn2 tetrahedrally coordinated by His 64, Cys 77, Cys 87, and Cys 90. Removal of

Zn2 from gp32 makes the protein hypersensitive to proteases and dramatically

decreases its thermostability (Giedroc et al., 1989; Qiu and Giedroc, 1994). This

suggests that the zinc ion coordination is important for conformational stability.

Although gp32 strongly prefers to bind single-stranded DNA, gp32 also has

binding affinity for mRNA. In fact, gp32 acts as translational repressor (Russel et

al., 1979). It prefers to bind upstream region of gene 32 mRNA including a

pseudoknot secondary structure, resulting in the repression of its translation (von

Hippel et al., 1984; McPheeters et al., 1988). Thus, when the molecules of ssDNA-

free gp32 accumulate in cells, they preferentially bind to gp32 mRNA and repress its

expression, resulting in decrease in the level of gp32 translation. This autoregulation

of expression is consistent with the requirement of stoichiometric amounts of gp32

in vivo.

2. 3. 2. Protein-DNA and protein-protein interactions of gp32

The binding of gp32 to polynucleotide lattices is well modeled by the large ligand

overlap cooperative binding model of McGhee and von Hippel (1974). The binding

site size is 7.5 (± 0.5) nucleotides per cooperatively bound gp32 monomer. Most

estimates of the cooperativity parameter, w, for the binding of gp32 to

homopolynucleotides cluster around -1000 (Villemain & Giedroc, 1993). A critical

factor for the cooperativity of gp32 binding is LAST sequence (K3-R4-K5-S6-T7) in

the B-domain of gp32. Mutations in the LAST sequence reduced not only the
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cooperativity parameter (w) but also intrinsic binding affinity (K)(w / apparent

binding affinity(Kapp)), supporting the idea of a functional interdependence of the

three domains of gp32 (Villemain and Giedroc, 1996b). Cooperative binding would

be crucial for the functions of gp32 in vivo in that it enables gp32 to form clusters of

monomers at gp32 concentration less than that required to completely saturate all of

the available ssDNA binding sites (Kowalczykowski et al., 1986). With respect to

the functional significance of highly cooperative binding on DNA replication and

recombination, defects in the stimulation of two processes by point mutations in the

B-domain of gp32 appear to correlate more strongly with other factors such as a

reduced life time or altered structure of mutant gp32-ssDNA complex rather than

with simple affinity for ssDNA at equilibrium (Villemain et al., 2000).

In a recent publication (Waidner et al., 2001), gp32 was shown to undergo

conformational changes when it binds ssDNA. The core domain of gp32 also has

internal LAST sequences, which are predicted to be involved directly in DNA

binding (Casas-Finet et al., 1992; Casas-Finet and Karpel, 1993). In a ssDNA-free

gp32, the basic residues of the internal LAST sequence would be masked by an

acidic flap of the same molecules (Kowalczykowski etal., 1981). When gp32

cooperatively binds to ssDNA, the acidic flap, which could be residues 201 to 239, is

released from the internal LAST sequences of the core domain and would then

interact with the LAST sequence of the B-domain of the other gp32. Since the acidic

surface is envisioned to compete with ssDNA for the DNA binding site,

intermolecular protein-protein interaction is not independent of intrinsic protein-

DNA interaction. The fact that mutations in the LAST sequence of the B-domain
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affect intrinsic binding affinity as well as the cooperativity parameter, as mentioned

above, is consistent with this explanation. As a consequence of alternating acidic

surface binding, the conformation of gp32, particularly C-terminal, might be

diversified while bound to ssDNA. In addition to the diversified conformation of

gp32 bound to DNA, the protein forms a cluster on DNA enough to accommodate

several interactions. These two features of gp32 would confer upon it the ability to

serve as an organizing factor through a large number of heterotypic protein-protein

interactions.

As part of understanding the interactions of gp32 with T4 DNA replication

proteins, Formosa et al. (1983) used gp32-immobilized affinity chromatography.

Several DNA replication and recombination proteins, gp43, gp45, gpuvsX, gpuvsY,

gpdda, gp46, and gp47, were specifically bound to the column. One unidentified

protein spot was tentatively identified as gptd (thymidylate synthase) later by our

laboratory. Interestingly, overexpression of the acidic carboxy-terminal 87 residues

in E. co/i interfered with T4 DNA synthesis when induced cells were infected with a

wild-type T4 phage (Hurley et al., 1993). These authors proposed that some

replication proteins are titrated as non-productive protein-protein complexes at a site

away from the DNA template. In the same experiment, the acidic C-terminal peptide

(89 residues) was purified and used for protein affinity chromatography. Some T4

proteins, gp43, gpdda, and gpuvsX, were bound to the peptide-immobilized column.

These findings support the idea that the A-domain is mainly involved in heterotypic

protein-protein interactions. However, further studies on the interactions of gp32

with T4 proteins reveal that the core domain is also responsible for heterotypic
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protein-protein interactions as well as protein-DNA interaction. Gp59, promoting

assembly of the gene 41 helicase (gp4l) onto DNA, has been found to bind to gp32-

immobilized colunm, as mentioned above. As a result of mapping of protein-protein

interaction between gp32 and gp59 by cross-linking, amino acid residue (Cys-166),

which lies in the core-domain of gp32, was found to directly interact with Cys-42 of

gp59 in addition to the A-domain of gp32 most likely interacting with the C-terminal

domain of gp59 (Ishmael et al., 2001; Ishmael et al., 2003). In addition, the gp32 of

RB69, a T4-related bacteriophage, is known to directly interact with RB69 DNA

polymerase (gp43), which has 74 % amino acid similarity to T4 gp43. The results of

study on the interaction between these two proteins reveal that a core domain region

of the gp32 of RB69, which may be exposed during DNA binding, would be

responsible for the interaction with the gp43 (Sun and Shamoo, 2003). Thus, these

results suggest that not only the A-domain of gp32 is involved in the heterotypic

protein-protein interactions, but so also is the core-domain. In fact, T4 gene 32

protein is relatively unusual among SSBs in that it clearly functions as a monomer,

has rather small site size (around 7.5 nucleotides), and binds highly cooperatively at

equilibrium to ssDNA, resulting in the formation of clusters of gp32 monomer. Since

a large part of gp32 is not involved in protein-DNA interaction and is structurally

diversified within the cluster, depending on the specific homotypic or heterotypic

interactions with the proteins, it is probably involved in various protein-protein

interactions as well as the interactions with DNA replicational and recombinational

proteins.



33

2. 4. Structural and functional features of NDP kinase

2. 4.1. Oligomeric NDP kinase related to catalytic function

Nucleoside diphosphate kinase (NDP kinase) was considered as a housekeeping

enzyme responsible for the transfer of the y-pbosphate from a variety of nucleoside

triphosphates to any common nucleoside diphosphate (Parks and Agarwal, 1973).

NDP kinase functions via the formation of a phosphoenzyme intermediate. A

specific histidine residue at the active site of NDP kinase is phosphorylated by

accepting the 'y-phosphate from nucleoside triphosphate (N1TP) and transfers the

phosphate group to the second substrates, N2DP, to form N2TP. Thus, the enzyme

displays a classical ping-pong mechanism as shown below.

N1TP+EN1DP+E-P

EP + N2DP E + N2TP

When a ratio of the y-phosphate donor (NTP) to the acceptor (NDP) is high, more

NDP kinase is phosphorylated. The phosphorylated NDP kinase is quite stable

enough to resist the harsh condition of electro spray mass spectrometry (Prinz et al.,

1999). NDP kinase was also recognized to participate in the biosynthesis of

deoxyribonucleoside triphosphates (dNTP), although ribonucleotides are better

substrates than deoxyribonucleotides (Schaertl et aL, 1998). Therefore, the primary

role of NDP kinase in the cell was considered to be the maintenance of a pooi of

(d)NTP for the synthesis of DNA and RNA. With respect to the maintenance of
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dNTP pools, a null mutation in E. coli ndk gene causes an imbalance of dNTP pools

with significant increase in dCTP (by 23-fold) and dGTP (by 7-fold), and high

mutation frequency (Lu et al., 1995). In mismatch-repair-deficient E. coli, lack of

NDP kinase causes significant increases in base substitution and frameshift

mutations (Miller et al., 2002). These findings suggest that NDP kinase plays an

important role in the balance of dNTP pools.

NDP kinases are highly conserved across organisms, and their three-dimensional

structures show remarkable similarity (Janin et al., 2000). All NDP kinases have

subunits of about 150 residues with a very similar fold based upon the u13 sandwich

or ferredoxin fold. This fold includes specific features such as surface u-helix

hairpin, the Kpn (Killer-of-prune) loop, and the C-terminus. The u-helix hairpin and

Kpn loop make up the nucleotide binding site, which is unique to NDP kinases and

different from that of other kinases (Lascu et al., 1992). The C-terminal segment is

largely divergent parts of the NDP kinase sequence (Muon et al., 2000). In

eukaryotic NDP kinases, which have a hexameric form, the C-terminal segment

extends beyond helix u4 and comprises around 20 residues. This extended C-

terminus is important to stabilize the hexameric NDP kinase through interaction with

a neighboring subunit (Chiadmi et al., 1993; Moréra et al., 1994; Webb et al., 1995).

In Myxococcus and other tetrameric bacterial NDP kinases, the C-terminal segment

is shorter (around 10 residues) and not implicated in the quaternary structure

(Williams et al., 1993; Almaula et aL, 1995). A dimeric NDP kinase, which has high

thermostability in solution (Karlsson et al., 1996), is formed by 3-sheet extension:

subunits sit side by side with their central n-sheets effectively forming a single eight-
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stranded antiparallel 3-sheet. The hexameric and tetrameric NDP kinases are

constructed by assembling identical dimers. However, the thermodynamic behavior

of hexameric NDP kinases is different from that of tetrameric NDP kinases. The

hexameric NDP kinases unfold without the accumulation of native monomer in

contrast to the tetrameric NDP kinases, which dissociate first and then unfold

(Karisson et al., 1996; Lascu et al., 2000). In fact, the hexameric structure is

necessary for full enzymatic activity while the dimeric form is inactive (Karlsson et

al., 1996; Mesnildrey et al., 1998). Thus, the thermodynamic behavior of NDP

kinases seems to be related to the enzyme activity. If so, the tetrameric NDP kinase

could be active even when it dissociates to monomer or dimer.

In addition, the stabilization of oligomeric NDP kinase depends on the presence of

nucleotides such as ADP and ATP. The P100S or P100G mutant of the

Dictyostelium NDP kinase correctly assembled into an active hexamer in the

presence of ATP (Mesnildrey et al., 1998). The presence of 1mM ADP increased in

the thermo stability of tetrameric E. co/i NDP kinase and the P1 05G mutant of

hexameric Dictyostelium NDP kinase (Giartosio et al., 1996). Interestingly, while

the hexameric NDP kinase of Dictyostelium does not bind ssDNA, the dimeric

mutant can bind ssDNA but is catalytically inactive (Mesnildrey et al., 1997),

suggesting that oligomeric states may be related to the diversified functions of NDP

kinases. However, since the human NDP kinase-B was found to preferentially bind

to single-stranded polypyrimidine rich DNA sequence, it is equivocal whether the

assumption could be generalized.
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2. 4. 2 Diversity of the functions of NDP kinase

Besides its role in nucleotide metabolism, NDP kinase is also involved in a number

of cellular regulatory functions such as growth and development control and tumor

metastasis suppression. When murine tumor cell lines and human breast cancer

expressing low levels of gene nm23 (nonmetastatic clone no. 23) were transfected

with nm23 cDNA, high metastatic potential of those cell lines was inhibited (Steeg et

al., 1988; Leone et al., 1991). Sequence analysis revealed that nm23 gene is the

structural gene for an NDP kinase. Human cells contain two major Nm23 isoforms,

Nm23-Hl and Nm23-H2 (Stahl et al., 1991). Nm23-Hi is specifically associated

with metastasis. The NDP kinase enzyme activity of the protein is not essential for

this activity because some mutant forms of the protein that lack kinase activity still

retains the metastatic suppression (DeLaRosa et al., 1995). This implies that other

functions of Nm-23 protein are related to the metastatic suppression. Using a cell

motility assay with breast cancer cells (Wagner et al., 1997), it was found that the

ability of Nm23 -Hi to transfer phosphate from its histidine to acidic residues on

other proteins is closely related to the suppression of metastasis. The activity for the

phosphorylation of other proteins has also been identified in E. coli NDP kinase (Lu

et al., i996b). This strongly suggests a regulatory function of E. coli NDP kinase in

cells. In Drosophila, NDP kinase is encoded by the awd gene (abnormal wing

development). Mutation (Pro97Ser) in this gene is lethal when in combination with a

mutation in the prune gene, whose product controls eye color (Biggs et al., 1990).

The prune gene product is very similar to the mammalian GTPase-activating

proteins involved in Ras-mediated signal transduction pathways (Tang et al., 1991).
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The NDP kinase can use a protein-GDP complex as a substrate, with direct

conversion of the bound GDP to GTP in vitro. This biochemical activity might be a

clue for the involvement of NDP kinase in signal transduction.

In addition, it is proposed that human NDP kinase B (Nm23-H2) also serves as a

transcription factor for the c-myc proto-oncogene (Postel et al., 1993). The enzyme

has been shown to activate c-myc transcription in vitro and to bind preferentially to

pyrimidine-rich single-stranded DNA (Hildebrandt et al., 1995). Furthermore, with

respect to the DNA-binding property of NDP kinase, Nm23-H2 functions as a

nuclease acting by a DNA glycosylase / lyase-like mechanism, suggesting that it

may be involved in DNA repair process (Postel et al., 2000). Additionally, lysine-12,

which is essential for the nuclease activity and is conserved across NDP kinases, lies

in the catalytic pocket involved in the NDP kinase phosphorylation reaction. This

suggests that the two activities of Nm23-H2 are fundamentally connected. In

addition to the human NDP kinase-B (Nm23-H2), E. coli NDP kinase has been

found to be capable of DNA binding and cleavage activity as well (Levit et al.,

2002). Interestingly, Nm23-H2 and E. co/i NDP kinase are 45 % identical and, in

addition to the catalytic lysine, share all of the active site residues for NDP kinase.

Thus, it is strongly suggested that the DNA binding and cleavage activity plays an

essential role in NDP kinase function in vivo.

In addition to the diversified functions of NDP kinases, some other findings raise a

question of what is the true function of NDP kinases. While Myxococcus xanthus

NDP kinase is essential for cell growth (Munoz-Dorado et al., 1990), E. co/i NDP

kinase is dispensable for the growth of E. co/i and T4 phage-infected into E. coli



38

(Hama et al., 1991; Zhang et al., 1996). Interestingly, Lu and Inouye (1 996a)

reported that E. coil Adk complements NDP kinase deficiency in the nucleotide

metabolism of E. coli. This could provide an intriguing new insight into intracellular

nucleotide metabolism. According to our findings (Allen et al., 1983; Ray, 1992), E.

coil NDP kinase and Adk are both components of the T4 dNTP synthetase complex.

Thus, the investigation of their contributions for dNTP synthesis within the complex

could be important to uncover a true function of NDP kinase in dNTP synthesis.
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2. 5 Structural and functional features of E. coil Adk functioning in dual roles
in dNTP synthesis

Adenylate kinase (Adk), encoded by E. coil adk gene, catalyzes the reaction,

ATPMg2 + AMP ADPMg2 + ADP, which is a critical process for the

maintenance of adenylate charge (Hamada et al., 1985; Matsumura et ai., 1989;

Dzeja and Terzic, 2003). E. coli Adk, which is a monomeric protein, has broader

specificity for substrates than does the mammalian Adk (Girons et al., 1987). It has

the activity of a phosphotransferase for 3'-dAMP, AraAMP, and 7-deazaadenosine

(tubercidine) 5'-monophosphate as well as 2'-dAMP replacing AMP as substrate. As

a phosphoryl group donor, pyrimidine nucleotides, CTP or UTP, could replace ATP

or 2'-dATP, although the reaction rates with CTP or UTP are an order of magnitude

lower than those with ATP or 2'-dATP (Girons et al., 1987).

As shown in Figure 2.5, adenylate kinase undergoes large conformational changes

in the process of binding substrates (Schulz et al., 1990; Berry et al., 1994; Dahuke

and Tsai, 1994; 5mev et ai., 1996). A small domain movement occurs when part of

the protein closes over bound AMP in a shear-type displacement of 8 A. A much

larger domain movement occurs when it closes over the active site upon ATP

binding, including 30 A LID domain (corresponding approximately to residues 122-

159 in E. coil Adk) movement and 88 A hinge bending rotation. This two-step

domain movement upon the binding of nucleotides result in changes in the

conformation of the Adk with a broad spectrum of conformations. In addition, it was

revealed that at least two kinds of conformational forms of rabbit muscle Adk in



equilibrium pre-exist in solution even in the absence of substrates (Zhang et al.,

1998; Han et al., 2002).

(a)
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Figure 2.5. Domain movements correlated with substrate binding to adenylate
kinases. The movements are indicated by arrows. (a) Model of AK1 (Porcine muscle
cytosol) with no bound ligand showing a deep cleft poised to accept the substrates.
(b) Model of AK3 (Bovine mitochondrial matrix) with bound AMP. (c) Model of
AK3 with bound AMP after 90° rotation of (b) around a vertical axis. (d) Model of
Akeco (Escherichia coli) with bound Ap5A [From Schulz et al., 1990].
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These two forms differ with respect to preference for substrates, and moreover, they

equilibrate with each other in solution, depending on pH of solution and the presence

of substrate. As depicted in Figure 2.6, these findings led Sheng et al. (Sheng et al.,

1999) to propose Iso-random Bi Bi mechanism for the interpretation of the enzyme

catalysis, in which the one form can bind the substrates MgATP and AMP for the

forward reaction, and the other form can bind the substrates MgADP and ADP for

the reverse reaction. Although Adk is a monomeric protein, the existence of multiple

conformations of the protein in solution and broader specificity for substrates led us

to reason that Adk may carry out various functions in cells. To support this

reasoning, previous genetic and biochemical experiments have suggested that E. coli

Adk may be directly involved in phospholipid synthesis through formation of a

complex with sn-glycerol-3 -phosphate acyl transferase (Esmon et al., 1980; Goelz

and Cronan, 1982). In addition, Huss & Galser (1983) found that E. coli Adk was

copurified with another protein, which had an influence on the thermolability of an

Adk from a strain containing a mutation in the adk locus (adk6). These findings

imply that Adk might work for various biological activities together with other

proteins. Interestingly, Adk was identified as a unique protein to complement NDP

kinase deficiency in E. coli nucleotide metabolism (Lu and Inouye, 1996a). This

stemmed from the observation that although a ndkmutant created by site-specific

disruption was mutator phenotype, it grew normally (Lu et al., 1995). Recently, Adk

in Mycobacterium tuberculosis was also found to have NDP kinase activity (Meena

et al., 2003). The purified E. coli Adk was able to convert deoxy- and ribonucleoside

diphosphates to corresponding triphosphates as well as (d)AMP to (d)ADP, although
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the specific activity of the NDP kinase function of the Adk was 20- to 100-fold

lower than that of E. coil NDP kinase and displayed biased substrate specificity in

contrast to the NDP kinase. These findings have suggested that E. coil Adk could be

involved and play dual roles in the production of DNA as well as the maintenance of

adenylate charge and involvement in phospholipid biosynthesis. With respect to this

issue, we have identified the activity of Adk in the partially purified T4 dNTP

synthetase complex, which is a multiple protein complex dedicated to the synthesis

of T4 DNA precusors (dNTP) in E. coil infected with T4 phage, as demonstrated by

sucrose gradient ultracentrifugation (Allen et al., 1983). Since T4 phage does not

encode a gene for adenylate kinase, the activity of Adk in the complex should have

originated from host, E. coil. In addition to the fact that the ndk-null mutant of E.

coil was able to support T4 growth (Zhang et al., 1996), this finding has suggested

the idea of E. coil Adk involvement in the T4 dNTP synthetase complex.

Therefore, understanding of how E. coil Adk functions in the T4 dNTP synthetase

complex would highlight functional relationships between NDP kinase and Adk on

nucleotide metbolism.
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xl x2

Figure 2.6. Iso-random Bi Bi mechanism. El and E2 denote two native forms of
adenylate kinase. One form (El) can bind with AMP (M) and MgATP (T), and the
other one (E2) with ADP (Dl) and MgADP (D2). Both interconversions of the
ternary complexes and free enzymes are rate-limiting steps. [From Sheng et al.,
1999]
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Chapter 3

Materials and Methods

Bacterial and phage strains

For the construction of amber mutations in gene 32 of T4 phage, Escherichia coil

(E. coil) BE (nonsuppressing), CR63 (supD), MH1(araD, AiacX74, gaiU, gaiK,

hsK, hsm, rpsL nonsuppressing), and T4K1O 51am denA denif) as a parental

T4 phage were obtained from Dr. Kenneth Kreuzer (Duke University, Durham,

NC)(Se!ick et al., 1988, and Kreuzer et ai., 1988a). E. coil KA796 (ndk wild-type)

and NR1 1814 (KA796 ndk: .cm), ndk null mutant, were a kind gift from Dr. Roe!

Schaaper (NIEHS, Research Triangle Park, NC). E. coil CV2 (fhuA22, z\phoA8, adk-

2(ts), ompF627(T/), fadL 701 (T2?), reiAl, glpR2(gip'), gipD3, pit-JO, spoT], rrnB-2,

mcrBl, creC5]0) (Cronan et al., 1970) was obtained from the E. coil Genetic Stock

Center, Yale University. T4D stocked in our laboratory was used. E. coil

Origami(DE3) was purchased from Novagen (Madison, WI). Other recombinant E.

coil strains are listed in Table 3.1.

Plasmids

Plasmid pBSPLO+ containing the sequence of T4 gene 23 promoter (P23) fused

with supF and multi-cloning sites (Se!ick et ai., 1988), was purified from E. coil

strain AB 1 provided by Dr. Kreuzer. Plasmid pGEX-5x- 1 was a gift from Dr. Tern
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Lomax (Oregon State University, Corvallis, OR). Plasmid pET-15b and pET-32a-

c(+) were purchased from Novagen. Plasmid pKT8P3, which expresses E. coli ndk

and which is a derivative of pUC9, was a kind gift from Dr. Masayori Inouye

(University of Medicine and Dentistry of New Jersey at Rutgers, NJ) (Hama et al.,

1991). Plasmid ipKT8P3, which is constructed from pKT8P3 as a template and

expesses an inactive H117G mutant, was a kind gift from Dr. Indira Rajagopal

(Oregon State University at Corvallis, OR)

Table 3.1. Plasmids used for expression of recombinant enzymes

Plasmid E. coli
Gene Gene product Source Reference

name strain

M. J. Bessman

1 dNMP kinase pBK5 I-lB 101 (Johns Hopkins Brush et aL (1990)

University)

DHF Purohit and
frd pSP1O4 RR1 This laboratory

reductase Mathews (1984)

rNDP Origami G. R. Greenberg
nrdAB pnrdAB Tseng et al. (1992)

reductase (DE3) (University of Michigan)

dCMP BL-21
42 pT7-42 This laboratory Young etal. (1992)

HMase (DB3)



Chemicals

[2, 8-3H]-deoxyadenosine (18.4 Ci/mmole), [2,5-3H]-uridine (47.6 Cilrnrnole), [8-

3H]-deoxyguanosine (5.9 Ci/mmole), and [methyl-3H]-thymidine (63 Ci/mmole)

were purchased from Moravek Biochemicals and Radiochemicals, Inc. (Brea,

California).

Construction and cloning of the T4 I/S vector bearing target gene sequence

T4 I/S vector, bearing 5' and 3' flanking regions of gene 32, for the construction of
gene 32 deletion mutant

As shown in Figure 3.1, about 200-bp DNA sequences of 5' upstream and 3'

downstream regions of gene 32 were amplified from purified T4 genomic DNA by

PCR, using four primers containing Nde I, Xho I / Sal I, and Xba I sites. The DNA

fragments (200-bp) sharing a common sequence were overlapped, extended, and

amplified by PCR, using two primers containing Nde I and Xba I sites. The PCR

fragment was inserted into the Nde I and Xba I digested pBSPLO+. This produced

plasmid pBSDEL-32. The plasmid was transformed into E. coli strain MH1.

T4 I/S vector, bearing 5' and 3' flanking regions of a codon encoding the Ser24 or the
Ser 204 of gp32, for the construction of gene 32 amber mutants

Codons encoding Ser 24 or Ser 204 in T4 gene 32 were selected for S24amber,

S204amber substitutions. About 800-hp DNA sequences of 5' upstream and 3'

downstream regions around the target codon substituted for amber codon were
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amplified from purified T4 genomic DNA through PCR-based site-directed

mutagenesis by overlap extension, using four primers containing Kpn I and Hind III

restriction sites at 5' and 3' ends. The PCR fragment was inserted into the Kpn I and

Hind III digested pBSPLO+. This produced plasmid pBSAM32-24 or pBSAM32-

204. Each plasmid was transformed into E. coli strain MH1.

Generation of gene 32 mutants

Cloning of gene 32

The gene 32 was amplified from T4 genomic DNA by polymerase chain reaction

(PCR), using primers containing Nde land Hind III restriction sites at 5' and 3' ends,

respectively. The PCR product was digested with Nde I and Hind III. The fragment

was gel purified and ligated into plasmid pMALTM-p2X (NEB, Beverly, MA)

cleaved by the same restriction endonuclease. This produced plasmid pMAL-gp32.

The clones were confirmed by restriction analysis and sequencing. E. coli strain

CR63 was transformed with the plasmid purified from E. coli strain MH1, which is a

cloning strain. Expression of gp32 was induced by 0.5 mM IPTG or a mixture of 0.5

mM lactose with 0.05 mM IPTG in LB medium at 37 °C. The protein was identified

by the molecular size of the fusion protein on SDS-PAGE gel electrophoresis and

immunoblotting with antiserum to gp32.



5'

3!

gene 32

Template DNA

Amplify 5' and 3' flanking regions of gene 32

Overlap extension &
amplification

Xho I site Sal I site

P23/supF L-32

Cloned in T4 I/S vector
(pBSPLO+)

Figure 3.1. Construction of T4 I/S (insertion and substitution) vector containing a
target sequence. The vector contains T4 late promoter (gene 23 promoter) fused with
supF gene whose products suppress amber mutations. Thus, only T4K1 0 containing
the vector in its genome can propagate in non-suppressing E. coli.



Deletion mutation in gene 32

E. coli strain MH1 bearing pBSDEL-32 was grown to a density about of 2.5 x 108 I

ml in NZC broth containing 1 00tg/ml of ampicillin at 37°C and infected with

T4K1O (38ffl 5jam denA denB). As described in the article originating this

technique (Selick etal., 1988), phages harvested from E. coli strain MH1 bearing

pBSDEL-32 were plated on both E. co!i BE and CR63. The frequency of plasmid

intergration through homologous recombination was calculated by dividing the

phage titer on the BE host by the titer on the CR63 host.

Plaques that arose on BE, referred to as "integrants", should bear the plasmid on

their chromosomal DNA. One of the integrants was propagated on CR63 host for 60

minutes to allow the vector sequence as well as one copy of the duplicated target

sequence to segregate out of the chromosome. A small amount of harvested phage

from the culture was plated on CR63 bearing pMAL-gp32, which moderately

expresses gp32 by a mixture of lactose (0.5 mM) and IPTG (0.05 mM). Plaques that

arose on CR63 bearing pMAL-gp32 were collected with 70 p1 of lambda dilution

buffer (20mM Tris-HC1 (pH 8.0), 20 mM MgCl2) and were tested for their ability to

form plaques on both E. co!i strains BE and CR63. Plaques that were not able to

form on the both of E. coli strains but CR63 bearing pMAL-gp32 were subject to

PCR analysis to identify gene 32 deletion. To confirm the specific amplification of

DNA sequence by PCR, restriction digestions for the PCR product were conducted

by Xho I and Sa! I restriction endonucleases, respectively.
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Amber mutations in gene 32

E. coil strain MH1 bearing pBSAM32-24 was grown to a density about of 2.5 x

108 I ml in NZC broth containing 100tg/m1 of ampicillin at 37°C and infected with

T4K1O (38 5jam denA denB). As described in the article (Selick et al., 1988),

phages harvested from E. coil strain MH1 bearing pBSAM32-24 were plated on both

E. coil B' and Cr63. The frequency of plasmid integration through homologous

recombination was calculated by dividing the phage titer on the BE host by the titer

on the CR63 host.

Plaques that arose on BE, refered to as "integrants" , should bear the plasmid on

their chromosomal DNA. One of the integrants was propagated on CR63 host for 60

mm to allow the vector sequence as well as one copy of the duplicated target

sequence to segregate out of the chromosome. A small amount of harvested phage

from the culture was plated on CR63 host. Plaques that arose on CR63 were

collected with 70 t1 of lambda dilution buffer and were tested for their ability to

form plaques on both E. coil strains BE and CR63. Plaques that formed only on

CR63, but not on BE, were analyzed by PCR for mutants bearing S24amber

substitution in gene 32, using primers specifically paired with the amber codon in

the gene. The amber mutation in gene 32 was identified by western blotting with

gp32 antiserum. The S204amber substitution in gene 32 was generated in the same

procedures except using plasmid pBSAM32-204.
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Cloning and expression of proteins

Cloning of 6x histidine-tagged proteins

The adk gene was amplified from E. coil genomic DNA by polymerase chain

reaction (PCR), using primers containingNde landXho I restriction sites at 5' and 3'

ends, respectively. The PCR product was digested with Nde I and Xho I. The

fragment was gel purified and ligated into plasmid pET- 1 Sb. The clones were

confirmed by restriction analysis and sequencing. In the same manner, E. coli ndk

gene amplified by using primers containing Nco I and Hind III was cloned in

plasmid pET-32a-c(+). Histidine(His)-tagged Adk or thioredoxin (Trx)-tagged

(containing 6X histidines in internal region) NDP kinase was expressed in the

Origami(DE3) E. coil strain bearing plasmid pETADK, which is a clone ofE. coil

adk gene in pET-15b, or pETNDPK, which is a clone ofE. coli ndk gene in pET-

32a-c(+), by adding 0.5mM IPTG to LB medium when the concentration of cells

reached an A600 of 0.5. The fusion proteins, His-tagged Adk and Trx-tagged NDP

kinase, were identified by the molecular size of the fusion protein on SDS-PAGE gel

electrophoresis and immunoblotting with E. coil Adk and NDP kinase antiserum,

respectively.

Cloning of GST-fusion proteins

Gene 32 was amplified from T4 genomic DNA by polymerase chain reaction

(PCR), using primers containing EcoR I and Not I restriction sites at 5' and 3' ends,

respectively. The PCR product was digested with EcoR I and Not I. The fragment
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was gel purified and ligated into pGEX-5x- 1. The clones were confirmed by

restriction analysis and sequencing. The purified plasmid (pGEX-gp32) was

transformed into E. coli Origami(DE3), and the expression of glutathione-S-

transferase-fused gp32 (GST-gp32) was induced in super broth with 5mM IPTG

when the culture reached an O.D600 of 0.7-0.8, as described in Table 4. The fusion

protein was confirmed by western blotting with gp32 antiserum, following SDS-

PAGE gel electrophoresis. To prepare C-terminal truncated gp32 fused with GST at

the N-terminal region, the first 612 base pairs of gene 32 (corresponding to 204

amino acid residues) was amplified, using primers specific for the DNA sequence,

and cloned in the same vector, resulting in the generation of plasmid pGEX-gp32CT.

Expression of this GST-truncated gp32 protein was induced by 1mM IPTG under the

same condition.

In the procedures identical except for the primers used, which contain BamH I

and Xho I sites and are specific for a gene of interest, E. coli ndk, T4 gene 42

encoding dCMP HMase (gp42), T4 gene 1 encoding dNMP kinase (gpl), or T4 gene

frd encoding dihydrofolate reductase (gpfrcl), was cloned in plasmid pGEX-5x-1 to

express GST-fusion protein. The condition for expression of GST-fusion proteins is

described in Table 3.2.

Purification of fusion proteins

Purification of 6x histidine-tagged proteins
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The Origami(DE3) / pETADK was cultured overnight at 37 °C in LB medium with

100 tg/ml ampicillin. It was diluted by 10 volumes of fresh LB medium with 100

tg/ml ampicillin. Expression of the His-tagged Adk (His-Adk) was induced under

the same conditions described above. The cell pellets harvested by centrifugation at

4 °C, 4000X g for 20 minutes, were resuspended with 10 volumes of buffer A (50

mM NaH2PO4, 5 mM Tris-HC1 (pH 8.0), 300 mM NaC1, 10 mM imidazole, 1 mM

13-mercaptoethanol, 1 mlvi phenylmethyl sulfonyl fluoride (PMSF), and 1 mg/ml egg

white lysozyme). The resuspended cells were briefly sonicated around 20 minutes

after incubation on ice. Each cell lysate was cleared with centrifugation at 4 °C,

20,000X g for 30 minutes, followed by filtering through a 0.45-tm syringe filter.

The supernatant was applied to a HISSelectTM HC Nickel Affinity colunm (Sigma).

After washing off unbound proteins with buffer A, proteins bound to the column

were eluted with buffer A plus 250 mM imidazole. In the same manner, the Trx-

tagged NDP kinase (Trx-NDP kinase) was purified. The activity of the purified His-

Adk was measured at 340 nm, 20 °C in 0.5-mi final volume on a Beckman DU-64

spectrophotometer. The reaction buffer for the Adk assay contained 50 mM Tris-HC1

(pH 7.4), 100 mM KC1, 2 mM MgC12, 20 mM 3-mercaptoethanol, 0.9 mM ATP, 1

mM phosphoenolpyruvate, 0.2 mM NADH, 50 U pyruvate kinase, 50 U lactic acid

dehydrogenase, and 1.8 mM TMP. The purified His-Adk was dialyzed in 1,000

volumes of a dialysis buffer (20 mM Tris-HC1 (pH 8.4), 150 mM NaCl) at 4 °C

overnight. 10 mM CaC12 (final concentration) and 10 U of Thrombin (Novagen)

were added to the dialyzed His-Adk to cleave the 6X histidine tag from His-Adk.

The reaction mixtures were subject to HISSelectTM HC Nickel Affinity column
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chromatography (Sigma) around 16 hrs after incubation at room temperature.

Proteins unbound to the column, presumably tag-cleaved Adk, were collected by

washing with buffer (20 mM Tris-HC1 (pH 8.4), 150 mM NaCl, 5 mM imidazole, 1

mM -mercaptoethanol, and 1 mM PMSF). Only 5 % of the protein in the reaction

mixture was eluted under this condition. Although most of the proteins eluted from

the column in the washing step were tag-cleaved Adk, a small amount of His-Adk

contaminating in the eluate was detected by immunoblotting with E. coli Adk

antiserum. The activity of the tag-cleaved Adk was 85 % of the His-Adk. In addition

to the tag-cleaved Adk, purified native form of Adk, which was a kind gift from Dr.

Michael C. Olcott (Oregon State University, Corvallis, OR), was used.

Meanwhile, the activity of the purified TrX-NDP kinase was measured under

similar conditions to those used for Adk as described above except for the reaction

buffer for the NDP kinase assay (100 mM Tris-HC1 (pH 7.1), 200 mM KC1, 20 mM

MgC1, 20 mM (3-mercaptoethanol, 0.9 mM ATP, 1 mM phosphoenolpyruvate, 0.2

mM NADH, 50 U pyruvate kinase, 50 U lactic acid dehydrogenase, and 1.8 mM

TDP). The purified Trx-NDP kinase was dialyzed in 1,000 volumes of a dialysis

buffer (20 mlvI Tris-HC1 (pH 7.4) and 50 mM NaC1) as described above. 2 mM

CaC12 (final concentration) and 10 U of Enterokinase (Novagen) were added to the

dialyzed TrX-NDP kinase. The following procedures for purification of tag-cleaved

NDP kinase were identical to those for the tag-cleaved Adk except for the washing

buffer (20 mM Tris-HC1 (pH 7.4), 50 mM NaC!, 5 mM imidazole, 1 mM f3-

mercaptoethanol, and 1 mM PMSF). No uncleaved Trx-NDP kinase was detected in

tag-cleaved NDP kinase by immunoblotting with E. coli NDP kinase antibodies. The
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activity of the tag-cleaved NDP kinase was 1.2-fold higher than that of the Trx-NDP

kinase.

Purification of GST-fusion proteins

GST or GST-fusion proteins, GST-gp32, GST-C-terminal truncated gp32, GST-

NDPK, GST-gp42, GST-gp 1, and GST-gpfrd were partially purified according to

the following procedures. The conditions for expression of each GST-fusion protein

are described in Table 3.2. Harvested cells were resuspended with 10 volumes of

buffer (10 mM Na2HPO4, 2.7 mM KC1, 1.8 mM KH2PO4 (pH 7.4), 140 mM NaCl,

1 mM PMSF, and 5 mM DTT) plus 0.1 volume of 10 mg/ml egg white lysozyme in

10 mM Tris-HC1 (pH 8.0). The resuspended cells were incubated on ice for 30

minutes and briefly sonicated. To degrade DNA in the cell lysate, 10tg/ml DNase I

was added. After incubation on ice for 30 minutes, cell lysates were cleared by

centrifugation at 4 °C, 15,000 rpm for 30 minutes and filtered through 0.45-pm

syringe filter and were applied to glutathione Sepharose 4B affinity colunm. The

proteins unbound to the column were extensively washed off with buffer (10 mM

Na2HPO4, 2.7 mM KC1, 1.8 mM KH2PO4 (pH 7.4), 140 mM NaC1, 0.5% NP-40, 1

mM PMSF, and 5 mM DTT). The proteins bound to the column were eluted with

glutathione elution buffer (100 mM Tri-HC1 (pH 8.0), 120 mM NaC1, 10 mM DTT,

and 20 mM glutathione) and then were dialyzed in 1,000 volumes of PBS buffer (10

mM Na2HPO4, 2.7 mM KC1, 1.8 mM KH2PO4 (pH 7.4), and 140 mM NaCl) plus 1

mM 3-mercaptoethanol.
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Table 3.2. Expression conditions for GST-fusion proteins

E. coli

strain
Plasmid name Medium Temperature Inducer Timea

Origami

(DE3)

PGEX-gp32

Super

broth"

37 °C 5 mM IPTG 1.5 -2 hrs

PGEX-gp32CT 37 °C 1 mM IPTG 2 hrs

PGEX-ndk 37 °C 0.5 mM IPTG 2 hrs

PGEX-gp42 30 °C 0.5 mM IPTG 2 hrs

PGEX-gpl 30 °C 0.5 mM IPTG 2-4 hrs

PGEX-gpfrd 30°C 1 mM IPTG 2 hrs

a it represents an appropriate time required for the high induction of GST-fusion
rotein expression under a given condition
Super broth (1L): 32 g tryptone, 20 g yeast extract, 5 g NaC1, and 5 ml 1 N NaOH

Antisera and purification of antibodies

The purity of the His-Adk was estimated by Coommassie blue-stained 12% SDS-

PAGE gel electrophoresis. No other bands were observed even when His-Adk was

highly concentrated (shown in Figure A-3). Approximately 500 tg of 1 mg/mi pure

His-Adk was mixed with TiterMax gold adjuvant (Sigma) in a 1:1 ratio, and the

solution was subcutaneously injected into two white New Zealand rabbits from

which pre-immune sera had been collected before injection. After one month, the

rabbits were boosted intramuscularly with approximately 250 tg of His-Adk mixed
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with TiterMax gold adjuvant in a 1:1 ratio. Subsequent boosts were done similarly.

After His-Adk antisera had been collected, their quality was tested by

immunoblotting for endogenous E. coli Adk in cell extract and pure His-Adk

separated by 12 % SDS-PAGE. To purify E. coli Adk antibodies, 3 mg of His-Adk

was immobilized on Affi-Gel 10 (BlO-RAD) as described previously (Wheeler et

al., 1992). Immunoglobulin (Ig) in the E. coli Adk antiserum was precipitated by

treatment with 40 % ammonium sulfate, and the pellets were dialyzed in 1000

volumes of buffer (10 mM Na2HPO4 (pH 6.8) and 500 mM NaCJ) at 4 °C overnight.

The dialyzed solution was applied to the His-tagged Adk-immobilized column. The

unbound proteins were washed off the column with buffer (10 mM Na2HPO4 (pH

6.8), 500 mM NaCl). The bound proteins were eluted with 100 mM glycine (pH

2.5), followed by elution with 100 mM triethylamine (pH 11.5). These collections

were immediately neutralized with 0.1 volume of buffer (1.5 M Tris-HC1 (pH 8.0)),

followed by dialysis in 1,000 volumes of 1X PBS (phosphate-buffered saline).

Immunoglobulin G (IgG) in the pre-immune sera, which were collected from pre-

immune white New Zealand rabbits with the His-Adk, was purified with Protein A

Sepharose CL-4B (Sigma) similarly. The quality of the purified antibodies was

tested in a series of titrations by immunoblotting as described above.

In the same procedure as described above, antibodies to E. coli NDP kinase were

also purified from polyclonal antiserum to NDP kinase, which was prepared as

decribed previously (Ray, 1992). Other polyclonal antisera to T4 proteins and

enzymes have been described previously (Wheeler et al. (1992), Wheeler et al.,

1996).



DNA-cellulose chromatography

Deoxyribonucleic acid cellulose (single-stranded DNA from calf thymus DNA)

was purchased from Sigma (St. Louis, MO). 0.5 g of deoxyribonucleic acid cellulose

was pre-equilibrated in buffer A (0.1M potassium glutamate (pH 7.5), 50mM NaC1,

0.5mM Mg-acetate, 4mM EGTA, 1mM EDTA, 10% glycerol, 1mM 13-

mercaptoethanol, and 1mM PMSF) overnight. Methods for radiolabeling of T4

proteins, elution of proteins from DNA-cellulose column, and identification of

retained proteins after two-dimensional gel electrophoresis were generally as

described previously (Wheeler et al., 1992). In brief, T4 proteins were labeled with

[35S] methionine from 3 to 8 mm after infection with T4 phage, gp32 wild-type or

gp32 mutant T4 phages. As previously described in the article (Manoil et aL, 1977),

cell lysate was prepared and mixed with 6x micrococcal nuclease (MNase) digestion

buffer (60mM Tris-HC1 (pH8.8) and 12 mM CaC12), followed by incubation of the

mixture with 5 tl of 1 mg/mi micrococcal nuclease (MNase) for 30 mm at room

temperature. Cell iysates were cleared by centrifugation at 4 °C, 15,000 rpm for 30

minutes and then filtering with a 0.45-tm syringe filter. The activity of MNase was

quenched by adding 1mM EGTA (final concentration) and lowering pH by mixing

cell lysates with the same volume of buffer A. Cell lysates were applied to each

column containing the same amount of pre-equilibrated DNA, and each column was

extensively washed with buffer A. Bound proteins were step eluted at 0.2, 0.4, 0.6,

and 2M NaC1 in buffer A.



Gel Electrophoretic Analysis

One- and Two-dimensional gel electrophoresis

As described previously (Wheeler et al., 1992, proteins in each fraction were

precipitated with 7.5 % trichloroacetic acid and 0.015% sodium deoxycholate and

then resuspended in buffer A with addition of iN NaOH until the sample reached pH

7-8. Two-dimensional gel electrophoresis was performed as described by O'Farrell et

al. (1977) with some modifications. In brief, for the first dimension (nonequilibrium

pH gradient), 6% ampholine mixture of pH 3-10 with pH 5-8 (Amersham Pharmacia

Biotech), 4 % CHAPS instead of 10% NP-40, and 50 mM DTT instead of (3-

mercaptoethanol were used. The second dimension (12.5 % SDS-PAGE) was carried

out. Protein spots were identified by comparison with proteins identified from

similar gel patterns in our and other laboratories (Cook and Seasholtz, 1982; Burke

et al., 1983; Cowan et al., 1994; Kutter et al., 1994).

Non-denaturing polyacrylamide gel electrophoresis

To examine the oligomerization of E. coli NDP kinase in the presence of

nucleotides, non-denaturing gel electrophoretic method was used. Considering the p1

value of E. co/i NDP kinase, 200 mM Tris gel buffer (pH 8.8) was adopted. Gel

solution was prepared as described in Table 3.3, filtered through a 0.22-i.m syringe

filter, and poured to the top of the gel mold, followed by inserting comb. Gel

solution was allowed to be polymerized for 1 to 2 hours. After removing the comb,

wells were rinsed with running buffer (200 mM Tris-HC1 (pH 8.8)), and the gel was



prerun at 300 V for 30 minutes. A sample solution containing 30 tg/ml E. co/i NDP

kinase, 20 mM MgC12, and 2 mM nucleotide was mixed with 2X Tris/glycerol

sample buffer (200 mM Tris-FIC1 (pH 6.8), 20 % glycerol, 0.001 % bromphenol

blue) in a ratio 1:1. After the samples had been carefully loaded, the gel was run at

15 mA for 4-6 hours around 18 °C. This was followed by immunoblotting with

antibodies to E. co/i NDP kinase

Table 3.3. Recipes for Tris-nondenaturing polyacrylamide gel

Stock solution
Final acrylamide concentration in gel (%)

7.5 10 12.5

38.96 % acrylamide
1.875 ml 2.5 ml 3m1

/1.04 % bisacrylamide

1.5 M Tris-HC1 (pH 8.8) 1.34 ml 1.34 ml 1.34 ml

dH2O 6.675 ml 6.05 ml 5.55 ml

10 % (w/v) ammonium persulfate 0.1 ml 0.1 ml 0.1 ml

TEMED 0.01 ml 0.01 ml 0.01 ml
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Coimmunoprecipitation analysis

Coimmunoprecipitations of T4 nroteins with antiserum or antibodies to E. coli NDP
kinase

T4 proteins were radiolabeled with [35S] methionine, and cell lysates were

prepared as described previously for DNA-cellulose chromatography. E. coli NDP

kinase antiserum or pre-immune serum was incubated 2 hours on ice with

radiolabeled cell lysate in Nonidet P-40 (NP-40) buffer (100 mM potassium

glutamate, 0.5 mM Mg-acetate, 1 mM PMSF, 1% NP-40, and 150 mM or designated

amount of NaC1). 0.1 volume of 5 % Protein A Sepharose CL-4B in NP-40 buffer

was added, and the mixture rocked 1 hour at 4°C, and centrifuged at 15,000rpm for

15 sec. Supernatant was removed, and Protein A pellets were washed with NP-40

buffer three times. Each Protein A pellet was resuspended in 2X SDS sample buffer,

immersed for 5 minutes in a boiling water bath, and applied to one-dimensional gel

electrophoresis. Duplicate pellets were washed with 100mM glycine buffer (pH 2.5)

and the extracted proteins applied to two-dimensional gel electrophoretic analysis as

described above. Probable direct interactions of NDP kinase with a T4 protein of

interest were examined as described below: Total proteins in E. coli overexpressing

the T4 protein of interest were radiolabeled with [35S] methionine for 30 mm under

the condition at which the expression of the protein of interest was induced. Cell

lysates were prepared, and co-immunoprecipitations were carried out with purified

E. coli NDP kinase antibodies by the same methods as described previously.
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Coimmunoprecipitations of T4 proteins with antibodies to E. coil Adk

As described above, coimmunoprecipitations of T4 proteins were performed with

some modifications; 30 l of 0.4 mg/mi purified antibodies to E. coil Adk or

preimmune IgG was incubated for 2 hours on ice with 20 t1 of radiolabeled cell

lysate in 500 tl of NP-40 buffer (0.1 M potassium glutamate (pH 7.5), 200 mM

NaC1, 1 mM -mercaptoethanol, 1 mM PMSF, and 1 % NP-40). After washing

Protein A pellets, each pellet was then suspended with 50 tl of 2X SDS sample

buffer and the suspension placed in a boiling water bath for five minutes, followed

by one-dimensional SDS polyacrylamide gel electrophoresis. Duplicate pellets were

incubated with nonequilibrium pH gradient (NEPHGE) buffer (9.2 M urea, 4 %

CHAPS, 50 mM DTT, and 6 % ampholyte mixture) at room temperature for 1 hr.

This method allowed us to recover over 80 % of the proteins bound to the beads and

to apply them directly to run in two-dimensional gel electrophoresis.

His-tagged Adk-immobilized column chromatography

His-tagged Adk was purified from the E. coil strain bearing plasmid pETADK,

using HISSelectTM HC Nickel Affinity gel (Sigma). Affinity chromatography of

radiolabeled T4 proteins was carried out, as described previously (Wheeler et ai.,

1992). In brief, 10 mg of His-Adk or 12 mg of BSA, as a control column, was

immobilized on Affi-Gel 10. Cell lysate of T4-infected E. coil labeled with [35S]

methionine was prepared and subjected to the protein affinity chromatography. After

unbound proteins were washed off with 50 mM NaC1-containing buffer (0.1 M



potassium glutamate (pH 7.5), 0.5 mM Mg acetate, 10% glycerol, 1 mM l-

mercaptoethanol, and 1 mM PMSF), bound proteins were step eluted at 0.2, 0.6, and

2 M NaC1. T4 proteins in each fraction were analyzed by one- and two-dimensional

gel electrophoresis, as described previously (Wheeler et al., 1992), with the

following modifications to the first dimension, which improved spot resolution:

increase of ampholine concentration to 6 %, use of DTT as the reducing agent

instead of f3-mercaptoethanol, and use of 4 % CHAPS as the detergent instead of 10

% NP-40. E. coil NDP kinase separated by 15% of SDS-PAGE gel electrophoresis

was identified by immunoblotting with E. coii NDP kinase antiserum.

GST pull-down analysis

GST pull-downs in cell lysates

To examine the direct interaction of gp32 with E. co/i NDP kinase, E. coii

Origami(DE3), Origami(DE3) / pGEX, and Origami(DE3) / pGEX-gp32 were

cultured, and protein expression was induced with 5mM IPTG only for the

Origami(DE3) / pGEX-gp32 at 37°C when the cells reached around O.D600 of 0.8.

Cells were harvested 2 hours after induction at 37 °C. Cell pellets were resuspended

in 4 volumes of resuspension buffer (10 mM Na2HPO4, 2.7 mM KC1, 1.8 mM

KH2PO4 (pH 7.4), 140 mM NaCl, 0.5% NP-40, 1 mM PMSF, and 5 mM DTT), and

0.1 volume of 10 mg/ml egg white lysozyme (Sigma) in 25 mM Tris-HC1 (p118.0)

was added. The resuspended cells were incubated on ice for 30 minutes and briefly

sonicated. To degrade DNA in the cell lysate, 10tg/ml DNase I was added. After
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cell lysates were prepared as described above, total protein in the cell lysates was

adjusted to the same level (about 7 mg/ml), and pre-equilibrated glutathione

Sepharose 4B (Amersham Pharmacia Biotech, Piscataway, NJ) was added, and the

mixture rocked for 2 hours at 4°C, and centrifuged at 5,000 rpm for 5mm. The

glutathione beads were washed with the resuspension buffer three times. After

washing the glutathione beads, proteins bound to the beads were eluted with

glutathione elution buffer (100 mM Tri-HC1 (çI-1 8.0), 120 mM NaC!, 10 mM DTT,

and 20 mM glutathione). The eluates were mixed with 1 volume of 2x SDS sample

buffer and boiled for 5 minutes. Proteins were separated by 12 % or 15 % SDS-

PAGE electrophoresis and then were identified by western blotting with gp32

antiserum and E. coil NDP kinase antiserum. To examine interactions between gp32

and T4 proteins ribonucleotide reductase (gpnrdAB), dCMP hydroxymethylase

(gp42), dihydrofolate reductase (gpfrd), or dNMP kinase (gpl) GST pull-down

experiments were performed as described above. In brief, E. coil Origami (DE3),

Origami (DE3) / pGEX, Origami (DE3) / pGEX-gp32, and E. coil bearing a plasmid

as described in Table 3.1 were cultured in super broth. The expression of GST-gp32

was induced with 5mM IPTG at 37 °C for 2 hours. The expression of a T4 protein

was induced under the condition as described in references shown in Table 3.1. Cell

lysates were prepared and adjusted to equivalent protein concentrations, and the cell

lysate ofE. coil expressing a T4 protein was mixed with the cell lysate of Origami

(DE3), Origami (DE3) / pGEX, or Origami (DE3) / pGEX-gp32 in the same ratio.

The next experimental procedures were same as described above. The same

approaches were used to examine interactions of GST-gp32(CT) with the proteins.



Expression of GST-gp32(CT) was induced in E. coli Origami (DE3) / pGEX-

gp32CT with 1 mM IPTG in super broth at 37 °C for 2 hours.

In addition, GST pull-downs ofE. coli NDP kinase and Adk with GST-NDPK,

GST-gp42, GST-gp 1, or GST-gpfrd were performed by the same procedures as

described above. The conditions for expression of each GST-fusion protein are

described in Table 3.2.

GST pull-down of E. coli Adk and NDP kinase with GST-fusion proteins in vitro

The possible direct interactions were re-examined by using partially purified GST-

fusion proteins, GST-NDPK, GST-gp42, GST-gpl, and GST-gpfrd. The amount of

the purified E. coli Adk or NDP kinase as designated was mixed with 0.5 nmoles

GST-fusion protein of interest in 50 tl of buffer (10 mM Na2HPO4, 2.7 mM KC1,

1.8 mM KH2PO4 (pH 7.4), 140 mM NaC1, 0.5% NP-40, 1 mM PMSF, and 5 mM

DTT) containing 5 tl of pre-equilibrated glutathione Sepharose 4B. The analysis of

GST pull-down was performed as described above.

Effects of nucleotides on protein-protein interactions

As described above, the reaction mixtures of a designated amount of the purified

E. coli NDP kinase or Adk with a designated amount of GST-fusion protein of

interest were prepared, and each nucleotide as designated and 10 mM MgC12 were

added to the mixtures. The analysis of GST pull-down was performed as described

above.



Measurement of T4 DNA synthesis in sucrose-plasm olyzed cells

For plasmolysis, as described previously (Wickner and Hurwitz, 1972:

Collinsworth and Mathews, 1974), E. coil KA796 (ad/c wild-type) and CV2

(thermosensitive adkmutant) were grown to approximately 2.5 x 108 cells per ml at

25 C, harvested, and resuspended in SM-9 at 1 0'°/ml. The cells were infected with

T4D at M.O.I (mutiplicity of infection) of 5 and then diluted with 2 volumes of

warm medium (25 °C) and incubated with shaking for 15 minutes at 25 C. The cells

were then harvested, washed, and plasmolyzed with buffer (40 mM Tris-HC1 (pH

8.0) 10 mM EGTA, and 2 M sucrose) at a concentration of 10"/ml. DNA synthesis

in situ was followed as decribed previously (Reddy and Mathews, 1978). Unless

otherwise indicated each reaction mixture contained in 0.5 ml: 1 x 1010 cells; 32 mM

Tris-HC1 (pH 8.4); 64 mM KC1; 12 mM MgC12; 1 mM DTT; in the dNMP-

dependent system, deoxyribonucleoside monophosphates (dAMP, TMP, dGMP,

dCMP) each at 83 tM containing 100 tM deoxyadenosine mixture of [2,8-3H]-

deoxyadenosine (0.5 tM) with cold deoxyadenosine (99.5 tM); or in the dNDP-

dependent system, deoxyribonucleoside diphosphates (dADP, TDP, dGDP, dCDP)

each at 83 tM containing 100 tM deoxyguanosine mixture of [8-3H]-

deoxyguanosine (0.5 tM) with cold deoxyguanosine (99.5 tM); 0.83 mM ATP; and

0.4 mM ADP; and CTP, UTP, and GTP at 42 tM each. The reaction mixtures were

incubated at 25 °C or 42 °C. At 5-minute intervals after incubation, 50 tl of sample

was taken and placed on a 2 cm x 2 cm square of 3 MM filter paper soaked

immediately beforehand with 50 tl of 10 % ice-cold TCA. After drying, the 3MM

filter papers were washed with 5 ml of ice-cold 5 % TCA per filter paper three times,

followed by washing with the same amount of 95 % ice-cold ethanol three times.

The radioactivity left on the dried filter papers, which were placed in vials, was
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counted in a liquid scintillation counter (Beckman, LS6500). Incorporated

radioactivity is recorded in figures as fmoles I 1 O8cells.

Measurements of T4 DNA synthesis in vivo

E. coil strain KA796 (ndk wild-type), as a parental strain, and NR11814 (ndk null

mutant) were grown to 2.5 x 108/ml in NZC broth at 30 °C and infected with T4D at

M.O.I (multiplicity of infection) of 5. After incubation at 37 °C for 3 minutes, 100

.iM mixture of [methyl-3HJ thymidine (0.5 tM) with cold thymidine (99.5 tM) was

added to the cultures, and cells were further grown with shaking at 30 °C. The

following procedures were the same as decribed above.

In addition, the transformed E. coil NR11814 with pKT8P3, which bears ndk gene,

or ipKT8P3, which bears mutant ndk gene (Hisi l7Gly), were also used for the

measurement of T4 DNA synthesis under the same condition as described above.



Chapter 4

Gp32, T4 single-stranded DNA binding protein, facilitating the
organization of the T4 dNTP synthetase complex at DNA replication

sites

Summary

Our laboratory has suggested that T4 gene 32 single-strand DNA-binding protein

plays an important role in recruiting a multienzyme complex of dNTP synthesis at

the replication fork. To understand the role of gp32, we created amber mutations at

codons 24 and 204 of gene 32, which encodes a 301-residue protein. We used the

newly created mutants along with several experimental approachesDNA-cellulose

chromatography, coimmunoprecipitation, and glutathione-S-transferase

pulldownsto identify relevant protein-protein and protein-DNA interactions. These

experiments identified several proteins whose interactions with DNA depend upon

the presence of intact gp32, notably thymidylate synthase, ribonucleotide reductase,

and E. coli nucleoside diphosphate kinase, and they also demonstrated direct

associations between gp32 and ribonucleotide reductase and nucleoside diphosphate

kinase, but not dCMP hydroxymethylase, deoxyribonucleoside monophosphate

kinase, or dihydrofolate reductase. In addition, in GST pull-down experiments with

gp32 or C-terminal truncated gp32 fused with GST, we found that the C-terminus of

gp32, which is an essential part for organizing the DNA replication complex, was

unlikely to be involved in the interactions with E. coli NDP kinase and

ribonucleotide reductase; and that the interaction between gp32 and E. coli NDP



kinase was stimulated by the presence of nucleotides. Taken together, the results

support the hypothesis that gp32 helps to recruit enzymes of dNTP synthesis to DNA

replication sites.
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4. 1 Generation of gene 32 mutants

Previous data from this laboratory (Wheeler et al., 1996) suggest that gene 32 (T4

SSB) protein plays a special role in recruiting T4 enzymes of dNTP synthesis to

replication sites. Further testing of this hypothesis required a true null mutant of gene

32. However, all of the existing gene 32 mutants of T4 phage express some gene 32

functions (personal communication to Dr. Mathews from Dr. G. Mosig). Therefore,

we turned our attention to generating a true mutant. Important considerations in gene

32 manipulation are that gene 32 is very essential for the DNA

replicationlrecombination of T4 phage; and that its stoichiometric expression is

required for the normal growth of T4 phage infected into E. coil. By using the T4

insertionlsubstitution (uS) system (Selick et ai., 1988) as described in A.1

(Appendix), we were able to produce a viable mutant with gene 32 completely

deleted. As shown in Figure 4.1, a gene 32 deletion mutant, which survived only on

plates covered with E. coil strain CR63 expressing gp32 by the lactose mixture on

plates, was confirmed by PCR analysis, using primers corresponding to sequences

that immediately flank gene 32. In comparison to the size of the PCR product for

T4K1O (gene 32 wild-type), a 0.9-kb deletion (corresponding to 301-amino acid

protein) was observed in PCR product for the gene 32 deletion mutant. To confirm

whether gene 32 deletion was generated from substitution the gene 32 sequence with

the sequence inserted into T4 I/S vector, the PCR product was further subjected to

restriction digestion with Xho I. This result was exactly consistent with our

expectation for the insertion of the designated sequence instead of gene 32 into T4
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genome. Unfortunately, it proved impossible for us to generate high-titer lysates of

the gene 32 deletion mutant, even when the full-length gene was expressed from a

plasmid. The maximum titer we could achieve was only about 106 particles / ml,

based upon DNA content. Therefore, we used the same insertion / substitution

technique, as described in Materials and Methods, to produce two gene 32 amber

mutantsone involving a serine-to-amber substitution at position 24, and the other

involving a similar substitution at 204. The amber substitution at 204 was designed

for the purpose of the analysis of how the C-terminus of gp32 influences an

association of protein-DNA complex (especially T4 dNTP synthesis enzymes-DNA

complex). As shown by inimunoblotting (Figure 4.2), both strains accumulate

negligible amounts of full-length gp32 and appear, therefore, to be null mutants.
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Figure 4.1. Analysis of a gene 32 deletion by PCR, using primers specific for 5' and
3' flanking regions of gene 32. a, W, analysis of wild-type phage, showing
amplification of a 1.3-kb fragment. The mutant phage was analyzed after different
intervals of its mutiplication in E. coli, and that analysis shows accumulation of a
fragment of approximately 0.4-kb. b, PCR products for the mutant phage were
concentrated (shown in left lane) and was subject to restriction digestion with Xho I

(shown in right lane) to confirm the substitution of insert sequence for gene 32
sequence. The insert sequence contains Xho I and Sal I in the middle of it.
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Figure 4.2. Analysis of two amber mutants by immunoblotting and probing with
polyclonal antiserum to gp32. E, uninfected E. coii; W, E. coii infected with wild-
type; am24 and am204, the S24am and S204am amber mutants, respectively. The light
bands shown in the mutant lanes for E. coil B do not represent gp32, first because
the molecular weight is too high, and second, because a similar band is seen in the
analysis of uninfected E. coil. In contrast to gp32 expression of the two amber
mutants in E. coil B, gp32 expression of them was observed in E. coil CR63 (amber
suppressing)
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4. 2 Analysis of proteins binding to DNA-cellulose chromatography

Using the S24am and S204am gene 32 mutants, we investigated the effect of

removing gene 32 protein from the system by analysis of proteins bound to a DNA-

cellulose column, using two-dimensional gel electrophoresis and autoradiography to

identify individual proteins. Extracts of radiolabeled T4 proteins were prepared by

incorporation of [35S] methionine from 3 to 8 minutes after infection as described

previously (Wheeler et al., 1992). Although the gene 32 mutation would be expected

to influence gene expression later in infection, two-dimensional gel analysis of total

protein in the 3- to 8- minute labeled protein extracts showed only small differences

when the two amber mutants were compared with T4K1O, the wild-type strain for

these experiments (Figure 4.3). Next the T4K1O (wild-type) and mutant extracts

were applied separately to a DNA-cellulose column containing immobilized calf

thymus DNA, stated by the manufacturer to contain about 65 % single-stranded and

35 % double-stranded DNA. After washing unbound proteins from the column,

bound proteins were eluted by buffers containing in addition 0.2 M, 0.4 M, and 0.6

M NaC1. Two-dimensional gel patterns of 0.2 M, 0.4 M, and 0.6 M NaCl are shown

in Figure 4.4, 4.5, and 4.6, respectively. In these experiments, identical amounts of

radiolabeled proteins were applied to each DNA-cellulose column. The spot labeled

iplil, which represents a phage internal head protein, serves as an "internal control",

because the retention of this protein on the column was unlikely to depend on the

ftill-length of gp32 as observed in several repetitions of the same experiments under

different conditions. The spot sizes and intensities are comparable in infections of
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the gene 32 wild-type and amber mutants. In addition, an identified low-molecular-

weight protein identified on the gels as "Z", which is another internal control, are

also comparable in infections of the three T4 phages. Therefore, differing spot

intensities and sizes seen in comparing wild-type with the gene 32 amber mutant

infections result from the influence of gp32 upon association of a protein with DNA.

With respect to enzymes of dNTP synthesis, the most prominent result seen in

Figure 4.4 is the strong td spot (dTMP synthase) in the 0.2 M salt elute from wild-

type infection, which is all but absent in the corresponding fraction from the gene 32

mutant extracts. A spot corresponding to gpnrdA was barely detectable on the gel

only from the gene 32 wild-type. In comparable experiments using extracts of higher

protein concentration, the spot size and intensity of the gene 32 wild-type

significantly increased in comparison to those of the gene 32 mutants. Yet, retention

of gp42 (dCMP HMase) and gpfrd (DHF reductase) by the column were unlikely to

be affected by the presence of the full-length gp32. Interestingly, retention of gptd

and gpnrdA by the DNA-cellulose column was found to be unlikely to depend on the

presence of C-terminal-truncated gp32, which was identified in 0.6 M NaC1 eluate of

S204am mutant (Figure 4.6). This implies that C-terminus of gp32 does not affect

association of DNA-protein complex for both proteins. This finding is relevant in

terms of reports (Krassa et al., 1991; Hurley et al., 1993) that the C-terminus of gp32

is involved in several different protein-protein interactions
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Figure 4.3. Comparison of two-dimensional gel electrophoretic patterns of total
proteins labeled with [35S] methionine from 3 to 8 minutes after infection with
T4K1O (wild phenotype), panel a; with the S24am, panel b; and S204am, panel c.
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Figure 4.4. Two-dimensional gel electrophoretic analysis of T4 proteins retained on
DNA-cellulose columns at 0.05 M NaC1 and eluted at 0.2 M NaC1; a, eluate for
T4K1 0 (wild-type) infection; b, eluate for S24am gene 32 mutant; c, eluate for
S204am gene32 mutant.
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Also prominent is a spot representing an unidentified 43-kDa protein (identified as

'XI' on the gel), which is present in the wild-type, but not the gene 32 mutants, 0.2 M

salt eluate. In previous studies from this laboratory (Hanson, 1995; Bernard et al.,

2000) a 43-kDa T4 protein, also unidentified, was found to become crosslinked to

the T4 RNR R2 protein. However, our attempts to purify this protein prior to

identifying it have not been successful because of the presence of several E. co/i

proteins in that region of the gel. Efforts to identify the protein need to continue.

Not surprisingly, given the central role of gp32 in DNA metabolism, several

replication I recombination proteins show a strong dependence upon gp32 for their

binding to the DNA-cellulose column in this experiment. Most prominent are spots

assigned to 3gt (DNA 3-glucosyltransferase) and RNase H, and gp6l (DNA

primase). Seen in the 0.6 M salt eluate (Figure 4.6) was a spot corresponding to

gp47 (nuclease subunit), whose binding to DNA was also dependent upon the

presence of gp32.

Meanwhile, E. coli NDP kinase occupies a central role in DNA metabolism, as the

catalyst for the last reaction in dNTP synthesis, with the reaction products being used

directly by DNA polymerase. T4 phage does not encode its own NDP kinase, and

several lines of evidence (Allen et al., 1983; Mathews, 1993; Bernard et al., 2000)

indicate that E. coil NDP kinase is specifically associated with phage-coded enzymes

of dNTP synthesis.
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Figure 4.5. Two-dimensional gel electrophoretic analysis of T4 proteins retained on
DNA-cellulose columns at 0.2 M NaC1 and eluted at 0.4 M NaC1; a, eluate for
T4K1O (wild-type) infection; b, eluate for S24am gene 32 mutant; c, eluate for
S204am gene32 mutant.



We could not use the two-dimensional gel approach described above to analyze the

gp32 requirement for association between NDP kinase and DNA, because T4

infection shuts off all host protein synthesis, so that the NDP kinase would not

become labeled. Therefore, we identified E. coli NDP kinase in each eluate by

immunoblotting with antiserum to E. coli NDP kinase. As shown in Figure 4.7,

NDP kinase was found prominently in both the 0.2 M and 0.4 M salt eluates from

the DNA-cellulose column, and somewhat less prominently in the 0.6 M salt eluate.

No apparent dependence upon gp32 for the DNA association was observed. In fact,

E. coil NDP kinase has been reported to bind DNA and to show nuclease activity in

the presence ofMg2 (Levit et ai., 2002), so perhaps a gp32 dependence should not

have been expected. But this finding raises the possibility that an NDP kinase-DNA

interaction might play a role, complementary to that of gp32, in recruiting dNTP-

synthesis enzymes to replication sites. Indeed, our laboratory has reported that E.

coil NDP kinase interacts directly with several T4 proteins, including dihydrofolate

reductase (gpfrd), ribonucleotide reductase (gpnrdAB), dCMP hydroxymethylase

(gp42), and gp32 itself (Wheeler et ai., 1996). These interactions are explored

further on Chapter 5. Therefore, the analysis of DNA-cellulose chromatography

may include protein-DNA and protein-protein interactions.
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Figure 4.6. Two-dimensional gel electrophoretic analysis of T4 proteins retained on
DNA-cellulose colun-ìns at 0.4 M NaC1 and eluted at 0.6 M NaC1; a, eluate for
T4K10 (wild-type) infection; b, eluate for S24am gene 32 mutant; c, eluate for
S204am gene32 mutant.
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Figure 4.7. Binding of E. coil NDP kinase to DNA-cellulose. This figure depicts
immunoblotting analysis of the same fractions analyzed in Figure 4.4 to 4.6, using
antiserum against E. coil NDP kinase. W, T4K1 0 (wild-type); M, the S24am gene 32
mutant
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4. 3 Coimmunoprecipitation of T4 proteins with antiserum to E. coli NDP

kinase

As described above, DNA-cellulose chromatographic analysis suggests the

formation of a protein-DNA complex for dNTP synthesis enzymes, yet it has a

limitation to distinguish between protein-DNA and protein-protein interactions.

Although NDP kinase itself did not show a strong dependence upon gp32 for

binding to DNA, a possible interaction between the two proteins was raised as

described previously (Wheeler et al., 1996). To determine the effect of gene 32

expression upon association of other T4 proteins with NDP kinase, we carried out an

immunoprecipitation experiment, shown in Figure 4.8. Cells labeled after infection

with either T4K1O, the gene 32 wild-type, or T4 S24am, the gene 32 null mutant,

were treated with antiserum to E. coil NDP kinase. The coimmunoprecipitated

proteins were displayed by one-dimensional SDS-PAGE and autoradiography.

Protein identifications were confirmed by two-dimensional gel electrophoresis. Note

that expression of gene 32 greatly increased the number and amounts of proteins

associated with NDP kinase by this criterion. Interestingly, the

coimmunoprecipitation of gpnrdAB was significantly enhanced by the presence of

gp32, which was also coimmunoprecipitated with antiserum to E. coli NDP kinase.

This indicates that gp32 may directly interact with E. coil NDP kinase and gpnrdAB.

The dependence on gp32 for association of the gpuvsY, which directly interacts with

gp32 (Sweezy and Morrical, 1999; Bleuit et al., 2001), with NDP kinase was

interesting in that retention of gpuvs Y by each of the eight proteins individually

immobilized to Affi-Gel 10 columns, as described previously (Wheeler et ai., 1996),
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may be mediated by gp32. Therefore, gpuvsYis unlikely to be involved in recruiting

dNTP synthesis enzymes to DNA. Unfortunately, a top band on one-dimensional gel

electrophoresis was not shown in this two-dimensional gel electrophoresis, although

it was strikingly dependent upon gp32 presence. In autoradiograms of two-

dimensional gel electrophoresis from this and other laboratories, we found no T4

early proteins that large other than gp43 (T4 DNA polymerase). Therefore, the top

band should correspond to gp43. We suppose that this protein may be lost during the

protein extraction or running of one-dimension of two-dimensional gel

electrophoresis. Dependence of gpuvsY and gp43 on the presence of gp32 in this

experiment supports the hypothesis that gp32 is a connector between the T4 DNA

replication complex and the T4 dNTP synthesis complex.
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Figure 4.8. Dependence on gp32 for coimmunoprecipitation of T4 proteins with E.

coil NDP kinase. T4 proteins radiolabeled from 3 to 8 minutes after infection were
subjected to immunoprecipitation with polyclonal antiserum to NDP kinase. a, Two-
dimensional gel electrophoretic analysis of T4 proteins coimmunoprecipitated with
E. coil NDP kinase antiserum in the cell lysate of T4K1O (wild-type)-infectedE.

coil. Coimmunoprecipitated proteins were extracted with 100 mM glycine buffer
(pH 2.5) from protein A Sepharose beads. b, One-dimensional gel electrophoretic
analysis of T4 protein coimmunoprecipitated with E. coil NDP kinase antiserum in
the cell lysate of T4K1 0 (wild-type)-infected E. coil (gp32 ) and of S24am gene 32
mutant-infected E. coil (gp32). Coimmunoprecipitated proteins were extracted with
2X SDS-PAGE loading buffer and boiling.



4. 4 Direct interaction involving T4 gp32

The experiments described above ask whether gp32 plays a role in promoting

DNA association for enzymes of dNTP synthesisan in vitro approach to the

hypothesis that gp32 helps to recruit enzymes of dNTP synthesis to DNA replication

sites in T4-infected E. co/i. If this hypothesis is correct, then at least some of the

enzymes of the T4 dNTP synthetase complex must interact directly with gp32.

Previously, we showed that purified gp32 is retained on a column of immobilized T4

thymidylate synthase (gptd), indicating a direct interaction between these two

proteins (Wheeler et al., 1996). This was confirmed in an experiment with an JAsys

optical biosensor, conducted by Rongkun Shen in our laboratory. A direct interaction

of gp32 with E. co/i NDP kinase was demonstrated by two additional experimental

approaches, as shown in Figure 4.9. Coimmunoprecipitation of gp32 with antiserum

to E. co/i NDP kinase was performed in either a cell lysate ofE. coli only or E. co/i

expressing gp32, both of which were radiolabeled with {35S} methionine for 30

minutes. Coimmunoprecipitated proteins were displayed by one-dimensional gel

electrophoresis and autoradiography. Since a band corresponding to gp32 on the gel

overlapped with an E. coli protein coimmunoprecipitated at 150 mM NaC1 in NP-40

buffer, it was unclear whether gp32 was coimmunoprecipitated with antiserum to E.

co/i NDP kinase. However, when salt concentration was increased to 600 mM in

NP-40 buffer, background of E. co/i proteins was reduced, and a band corresponding

to gp32 was still intense in the presence of expressed gp32, indicating

coimmunoprecipitation of gp32 with antiserum to E. co/i NDP kinase. In the other
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way, GST pull-down analysis, we examined a direct interaction of gp32 with E. coil

NDP kinase. For this experiment, gp32 fused with GST at the N-terminus (GST-

gp32) was expressed in E. coli Origami (DE3) bearing pGEX-gp32. GST pull-down

ofE. co/i NDP kinase with GST-gp32 was carried out in cell lysates. As shown in

Figure 4.9, NDP kinase was pulled down only with GST-gp32, but not with GST or

glutathione beads as controls, indicating that gp32 directly interacts with E. coli

NDP kinase.

In addition, GST pull-down ofgpnrdAB (ribonucleotide reductase), gpfrd (DHF

reductase), gp42 (dCMP HMase), or gpl (dNMP kinase) as a negative control with

GST-gp32 was carried out as described above with a modification: Cell lysate ofE.

coil expressing a T4 protein of interest was prepared and mixed with cell lysate ofE.

coil expressing GST or GST-gp32 as described in Materials and Methods,

followed by GST pull-down. As shown in Figure 4.10, gpnrdAB, but not gpfrd,

gp42, and gpl, was specifically pulled down with GST-gp32. Therefore, these

results confirm that gp32 interacts directly with gpnrdAB, but not with gpfrd, gp42,

or gpl. Moreover, ribonucleotide reductase Ri protein was more weakly pulled

down than was ribonucleotide reductase R2, suggesting that R2 interacts directly

with gp32, and Ri is pulled down variably, as a consequence of its interaction with



Pre-

immunized Anti-NDPK

gp32 + - + - +
M

150mM NaC1 600mM NaC1

b
1 2 3

a-gp32

___ a-NDPK

gp32

4NDP
kinase

92

Figure 4.9. Association of T4 gp32 with E. coii NDP kinase. a, Autoradiogram of
one-dimensional gel electrophoresis for co-immunoprecipitation of gp32 with E. coil

NDP kinase antiserum. Co-immunoprecipitation of gp32 with E. coil NDP kinase
antiserum was performed in the cell lysates ofE. coli alone (gp32 ) or E. coli

expressing gp32 (gp32 ) under different salt concentrations (150mM and 600mM
NaC1). b, GST pull-down of E. coli NDP kinase with GST-gp32. Three E. coil

strains, Origami (1), Origami/pGEX (2), and Origami/pGEX-gp32 (3), were cultured
in super broth at 37°C with shaking. The expression of GST-gp32 was induced in E.

coil Origami(DE3)/pGEX-gp32 by 5mM IPTG, whereas the expression of GST was
not induced, but was at basal level. After cell lysates were prepared, GST pull-down
was carried out with 20 t1 of pre-equilibrated Glutathione Sepharose CL 4B in lml
of each cell lysate. Top panel in the figure represents Coommassie blue stained 10%
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SDS-PAGE to show GST (2) and GST-gp32 (3) purified in cell lysates. NDP kinase
and GST-gp32 separated by 12.5% SDS-PAGE were identified by immunoblotting
with anserum to each protein (middle panel, GST-gp32; bottom panel, NDP kinase).
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Figure 4.10. GST pull-down analyses of proteins with GST-gp32. Cultures of E. coil
Origami (1), Origami/pGEX, expressing GST (2), and Origami/pGEX-gp32,
expressing GST-gp32 (3), were grown to mid-exponential phase, induced with
IPTG, and extracts were prepared. To test for interactions involving T4 aerobic
ribonucleotide reductase (RNR R1/R2), a cell extract of origami (DE3)/pnrdAB,
expressing both Ri and R2 proteins, was prepared, and aliquots of this extract were
mixed with equal volumes of the cell extracts prepared as described above. Each
mixture was subjected to pulldown conditions with glutathione beads. Similar
conditions were used for analysis of interactions with dihydrofolate reductase
(DHFR), dCMP HMase, and dNMP kinase. Each protein was identified by
immunoblotting. The gel at the top was stained with Coommassie blue. All other
gels involved immunoblotting with antisera to the respective enzymes and
proteinsthose showing input proteins (for the panel immediately above) and those
representing proteins pulled down by the glutathione beads.
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4. 5 Domain effect on the interactions of gp32 with the enzymes of dNTP
synthesis

The C-terminal domain of gp32 is a main factor for heterotypic protein-protein

interactions (Krassa et al., 1991; Hurley et al., 1993). These findings have

challenged us to question whether the C-terminal domain of gp32 is also involved in

the interactions with enzymes of dNTP synthesis. To answer this question, our

laboratory has adopted an experimental approach performed by Hurley et al (1993).

These investigators cloned the sequence encoding the C-terminal 89 residues of the

301-amino acid protein. Overexpression of this fragment interfered with DNA

replication after T4 infection, apparently because the overexpressed C-terminal

fragment was titrating essential replication proteins away from replication

complexes. In the same vein, our laboratory reasoned that expression of the gp32 C-

terminal fragment might remove dNTP-synthesis enzymes from replisome.

However, as shown by Linda Wheeler in our laboratory, overexpression of the C-

terminal domain did not significantly affect the association of T4 dNTP-synthesis

enzymes with DNA. This result suggests a possibility that the C-terminal domain is

not involved in the interactions of gp32 with enzymes of dNTP synthesis. As

described above in DNA-cellulose chromatography, C-terminal truncated gp32

bound to DNA-cellulose colunm did not affect retention of gpnrdA and gptd by the

colunm, supporting the possibility.

For more direct examination, GST-fusion protein of C-terminal truncated gp32

(including the first 204 amino acid residues) at the N-terminal (GST-gp32CT) was

expressed, and GST pull-down was performed in the same manner. As shown in



Figure 4.11, like GST fusion protein containing full-length gp32, this truncated

protein was found also to interact with both NDP kinase and ribonucleotide

reductase. This experiment indicates that the C-terminus of gp32 is not directly

involved in its interactions with dNTP-synthesis enzymes.
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Figure 4.11. Association of T4 full-length gp32 and C-terminal truncated gp32 (gp32
(CT)) (expressing GST fused to the first 204 residues of gp32). GST pull-down of E.
coli NDP kinase was carried out in cell lysates of E. coli Origami (1),
Origami/pGEX (2), Origami/pGEX-gp32 (CT) (3), and Origami/pGEX-gp32 (4). To
test for interactions involving T4 aerobic ribonucleotide reductase (RNR Ri /R2), a
cell extract of Origami (DE3)/pnrdAB, expressing both Ri and R2 proteins, was
prepared, and aliquots of this extract were mixed with equal volumes of the cell
extracts prepared as described above. Each mixture was subjected to pulidown
conditions with glutathione beads. The gel at the top was stained with Coommassie
blue. All other gels involved immunoblotting with antisera to the respective enzymes
and proteinsthose showing input proteins (for the panel immediately above) and
those representing proteins pulled down by the glutathione beads.
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4. 6 Effect of nucleotides on the interaction between gp32 and NDP kinase

Our laboratory has observed that nucleotides influence the protein-protein

interactions that stabilize the T4 dNTP synthetase complex. ATP was found to

stimulate the interaction of ribonucleotide reductase Ri and R2 subunit (Hanson and

Mathews, 1994) and retention of T4 proteins by a column of immobilized

ribonucleotide reductase. In addition, the T4 replication complex requires ATP

molecules for associations (Trakselis et al., 2001). These finding led us to

investigate effects of nucleotides on the interaction between gp32 and E. coli NDP

kinase. As well as substrate nucleotides such as dADP, ATP, and dCTP, a substrate

analog, AMP-PNP (non-hydrolyzable ATP analog), was used for this experiment.

As shown in Figure 4.12, dADP was found to be somewhat less effective than ATP,

AMP-PNP, or dCTP. dCTP and AMP-PNP were both roughly equivalent to ATP.

Interestingly, the fact that non-hydrolyzable AMP-PNP enhances the interaction

between gp32 and E. coli NDP kinase suggests that binding nucleotides to NDP

kinase, but not ATP hydrolysis, stimulates the interaction.
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Figure 4.12. Effect of nucleotides on the interaction of GST-gp32 with E. co/i NDP
kinase. Purified GST-gp32 (0.08 nmoles) and E. co/i NDP kinase (0.8 nmoles) were
evenly mixed in the buffer with 10 mM MgC12. Pre-equilibrated Glutathione
Sepharose CL 4B (10 i1) was mixed with 100 .tl protein mixture to which was added
2.5mM dATP, ATP, AMP-PNP, or dCTP. GST pull-down was performed 2hrs after
incubation at 4°C, followed by the identification of proteins in the same manner as
described previously. Total protein in each reaction (Input) is shown below each pull
down reaction.
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Chapter 5

Contribution of E. coli NDP kinase to the function of the T4 dNTP
synthetase complex

Summary

In both prokaryotic and eukaiyotic organisms, nucleoside diphosphate kinase is a

multifunctional protein, with well defined functions in ribo- and

deoxyribonucleoside triphosphate biosynthesis and more recently described

functions in genetic and metabolic regulation, signal transduction, and DNA repair.

Our laboratory has found the involvement of E. coil NDP kinase in the T4 dNTP

synthetase complex and its possible interactions with the enzymes of the complex.

As an important step to understand roles of E. coil NDP kinase in the complex, we

investigated the interactions of E. coil NDP kinase with enzymes in the complex. By

means of immunoprecipitation and glutathione-S-transferase pull-down experiments,

we identified direct interactions ofE. coil NDP kinase with T4 aerobic

ribonucleotide reductase (RNR), dCMP hydroxymethylase (dCMP HMase), and

dihydrofolate reductase (DHFR). Interestingly, these interactions were influenced by

the presence of substrate nucleotides or its analogs for E. coil NDP kinase in a

somewhat different manner. This finding suggests that binding of metabolites to E.

coil NDP kinase may affect the preference of the interactions with other enzymes in

the complex in vivo. Meanwhile, the question of how nucleotides cause changes in

the preference of those interactions was still equivocal, although it was somewhat
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answered by the observation that binding of nucleotide to E. coli NDP kinase

enhances its oligomerization and presumably alters a preference toward the specific

interactions.
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5. 1 Interactions of gpnrdA/B and gp42 with E. coli NDP kinase

In previous experiments, E. coli NDP kinase-immobilized column chromatography

and coimmunoprecipitations of T4 proteins with E. coil antiserum, our laboratory

has found that ribonucleotide reductase (gpnrdAB), dCMP HMase (gp42), and

dihydrofolate reductase (gpfrd) were consistently identified as proteins interacting

with E. coil NDP kinase directly or indirectly (Ray, 1992; Wheeler et al., 1996). To

distinguish direct from indirect associations, we developed a useful approach in

which one phage protein was expressed from a plasmid containing a gene encoding

the protein in E. coil, and then the cell lysate was subject to coimmunoprecipitation

with antibodies to E. coil NDP kinase. To display coimmunoprecipitation of a

protein of interest, total proteins of E. coil were labeled with [35S] methionine for 30

minutes after inducing expression of a protein of interest, and coimmunoprecipitated

proteins separated by SDS-PAGE were displayed in a Phospholmager.

As depicted in Figure 5.1, the top panel showed that coimmunoprecipitation of T4

ribonucleotide reductase (RNR R1/R2) was observed only in a cell lysate of E. coil

expressing RNR R1/R2 treated with antibodies to E. coli NDP kinase. The middle

panel shows a comparable experiment in which the test extract was from an E. coil

strain expressing T4 dCMP HMase. In both cases anti-NDP kinase precipitated

proteins whose molecular weights correspond to those of the test enzymes, and little

or no coimmunoprecipitation was detected in the control experiments with

preimmune serum and E. coil strains not expressing the respective phage enzymes.

Because in each test extract the only T4 protein present is the one expressed from the
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respective recombinant plasmid, this experiment demonstrates interactions between

NDP kinase and ribonucleotide reductase and dCMP HMase independent of other T4

proteins.

Confirmatory evidence comes from a glutathione S-transferase (GST) pull-down

experiment (Figure 5.2). In this experiment NDP kinase was expressed as a fusion

protein with GST. An extract of cells expressing this protein was incubated

separately with extracts of E. coli expressing T4 dCMP HMase and T4

ribonucleotide reductase. This experiment confirms the interactions shown between

NDP kinase and both dCMP HMase and ribonucleotide reductase. However, in this

experiment, only gpnrdB, ribonucleotide reductase R2 subunit, was found to bind to

the GST-NDPK fusion protein, whereas both ribonucleotide reductase subunits were

precipitated by NDP kinase antibodies (Figure 5.1). A reasonable explanation for

this apparent disagreement is that only the R2 protein interacts directly with NDP

kinase and that incubation conditions during the pull-down experiment favor

dissociation of the tetrameric ribonucleotide reductase protein into its constituent RI

and R2 dimers; or that GST domain connected to the N-terminal NDP kinase

somehow interferes with interaction of Ri subunit with NDP kinase.



IDI!I

Pre- Anti-

M immune NDPK

660 RNRR1

46.0
RNR

30.0 dCMP HMase

143 E coli NDPK

Figure 5.1. Coimmunoprecipitation of T4 aerobic RNR or dCMP HMase with E. co/i

NDP kinase. E. coil cultures carrying no plasmid (-) or carrying plasmid expressing
either RNR or dCMP HMase (+) were grown, and the total proteins were labeled by
induction in the presence of [35S] methionine. After induction,
coimmunoprecipitation was carried out either with preimmune serum or purified
antibodies to E. coil NDP kinase, as indicated, in Nonidet P-40 buffer containing 150
mM NaC1. The proteins were resolved by 12.5 % SDS-PAGE, and each gel was
exposed on a Phospholmager.
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Figure 5.2. GST-NDP kinase pull-down anaysis of T4 RNR and dCMP HMase. The
Origami(DE3) strain of E. coil was used, expressing either GST, GST-NDPK (GST-
fused NDP kinase). Expression of the recombinant genes was induced with 0.5 mM
IPTG, whereas the expression of GST was not induced but analyzed at its basal
level. Lysates of cells expressing either T4 RNR or dCMP HMase were mixed with
lysates of E. coil carrying no plasmid (lane 1), E. coil expressing GST (lane 2), or E.
coil expressing the GST-NDP kinase (lane3). GST pull-down was carried out with
20 tl each of pre-equilibrated glutathione Sepharose 4B in 1 ml of each cell lysate.
Proteins eluted from the glutathione beads were resolved by 12 % SDS-PAGE, and
the proteins were identified either by Coommassie Blue staining (top panel) or by
immunoblotting with antibodies against RNR or dCMP HMase (other panels). Total
protein in the region of interest from each gel (Input) was visualized by
immunoblotting analysis.
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5. 2 Interaction of gpfrd with E. coli NDP kinase

By the same approaches as described above, we investigated the interaction of E.

coil NDP kinase with DHF reductase (gpfrd). Expression of DHF reductase was

induced in E. coil containing plasmid pSP1O4 at 42 °C for 30 minutes (Purohit and

Mathews, 1984). Coimmunoprecipitation of DHF reductase with antibodies to E.

coil NDP kinase was carried out. No coimmunoprecipitated DHF reductase was

observed, but instead, there appeared an unknown prominent protein band that was

not observed in coimmunoprecipitation in cell lysate ofE. coli grown at 37 °C.

Therefore, we assume that the unknown protein may be a heat-inducible protein; and

that its strong interaction with E. coil NDP kinase may interfere with the interaction

between NDP kinase and DHF reductase. This observation led us to clone genefrd,

encoding DHF reductase, in pGEX-5x-1 to produce GST-fused gpfrd (GST-gpfrd)

below 37 °C. GST pull-down was carried out in cell lysate of E. coil expressing

GST-gpfrd. As depicted in Figure 5.3, endogenous NDP kinase detected by

immunoblotting with E. coil NDP kinase antiserum was specifically pulled down by

GST-gpfrd, but not by glutathione Sepharose beads and GST alone. This result

indicates that gpfrdmay directly interact with E. coil NDP kinase.

In addition, for the purpose of tests for direct interactions of E. coil NDP kinase

with dCMP HMase (gp42) described later, gene 42 was cloned in pGEX-5x-1,

resulting in production of plasmid pGEX-gp42. In the same approach as described

above, GST pull-down was carried out with GST-gp42 in cell lysate. Endogenous E.

coil NDP kinase was pulled down, confirming the interaction between gp42 and

NDP kinase (Figure 5.4)
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Figure 5.3. GST pull-down anaysis of E. coli NDP kinase. The Origami(DE3) strain
of E. coil was used, expressing either GST, GST-gp42, or GST-gpfrd. Expression of
the recombinant genes was induced with 0.5 or 1 mM IPTG, whereas the expression
of GST was not induced but analyzed at its basal level. GST pull-down was carried
out with 20 tl each of pre-equilibrated glutathione Sepharose 4B in 1 ml of each cell
lysate of E. coli carrying no plasmid (lane 1), E. coil expressing GST (lane 2), E.
coli expressing GST-gp42 (lane 3), or E. coil expressing the GST-gpfrd (lane4).
Proteins eluted from the glutathione beads were resolved by 12 % SDS-PAGE, and
the proteins were identified either by Coommassie Blue staining (top panel) or by
immunoblotting with antibodies against NDP kinase, RNR, or dCMP HMase
(middle panel). Total protein in the region of interest from each gel (Input) was
visualized by immunoblotting analysis.
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5. 3 Direct interactions of E. co/i NDP kinase with gp42 and gpfrd

Although the experimental approaches described above exclude involvement of

other T4 proteins in the interactions ofE. coli NDP kinase with dCMP HMase

(gp42) and DHF reductase (gpfra), a possibility of E. coil proteins intervening in the

interactions still remain. Therefore, we have purified E. coil NDP kinase, GST-gp42,

and GST-gpfrd as described in Materials and Methods. The same amounts of

purified GST-gp42 or GST-gpfrd were rocked in each microfuge tube containing

glutathione beads, and the beads were washed off to remove proteins unbound to the

beads, followed by incubation with purified E. coil NDP kinase in different

concentration and rocking. After washing off proteins unbound to the beads, proteins

bound to the beads were eluted with 20 mM glutatbione containing buffer, separated

by SDS-PAGE, and detected by immunoblotting with antiserum to NDP kinase. As

shown in Figure 5.4, since NDP kinase pulled down was observed even in GST

alone at 10 tM of NDP kinase added (+++), GST pull-down of NDP kinase with

GST-gp42, which was observed only at 10 xM of NDP kinase added (+++), was

unlikely due to the specific interaction between both NDP kinase and gp42.

However, NDP kinase pull down with GST-gpfrdwas observed in lower

concentration of NDP kinase where NDP kinase pull down with GST alone was not

observed, indicating specific and direct interaction between the two proteins.

Unexpectedly, the observation for the interaction between GST-gp42 and NDP

kinase in vitro disagreed with the previous results that were obtained from protein-

protein interaction experiments in cell lysates and demonstrated interaction between
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NDP kinase and gp42. Possible reasoning is that E. coil NDP kinase may not directly

interact with gp42, or that as observed in the interaction of E. coil NDP kinase with

gp32, nucleotides may influence direct interaction between the two proteins.
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Figure 5.4. GST pull-down analysis of E. coil NDP kinase by using purified GST-
fusion proteins. GST or GST-fusion protein, GST-gp42 or GST-gpfrd, retained by
glutathione beads was mixed with the amount of E. coil NDP kinase designated as 0
iM (-), 0.5 tM (+), 2 tM (++), or 10 tM (+++) in 50 t1 of reaction buffer. GST
pull-down of E. coli NDP kinase with GST-gp42 or GST-gpfrd was carried out.
GST, GST-gp42, and GST-gpfrd pulled down were visualized by Coomasie blue-
stained SDS-PAGE, and E. coil NDP kinase pulled down with GST-fusion proteins
was identified by immunoblotting with antiserum to NDP kinase, shown
immediately below each Coommassie blue-stained SDS-PAGE for each GST-fusion
protein.
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5. 4 Effect of nucleotides on the interactions of E. coli NDP kinase with gp42
and gpfrd

In addition to the observations that a nucleotide such as ATP stimulates protein-

protein interactions within the T4 dNTP synthetase complex (Hanson and Mathews,

1994; Wheeler et al., 1996), the previous finding that the interaction ofE. coli NDP

kinase with gp32 was influenced by substrate nucleotides led us to investigate a

question of whether nucleotides can stimulate the interactions of E. coil NDP kinase

with gp42 and gpfrd. For this issue, we chose a non-substrate nucleotide, TMP, as

well as substrate nucleotides, dADP and ATP, to investigate the specificity of the

effect of nucleotides on the interactions. AMP-PNP, a non-hydrolyzable ATP

analog, was included to determine whether ATP hydrolysis is required for the

interactions or not. As described previously, GST pull-down of E. coil NDP kinase

was performed with GST-gp42 and GST-gpfrd mixed with the designated amounts

of E. coil NDP kinase, at which NDP kinase pull down was not observed with GST-

gp42, but with GST-gpfrd, in the presence or the absence of a designated nucleotide.

As shown in Figure 5.5, the interaction of E. coli NDP kinase with GST-gp42 was

observed in the presence of substrate nucleotides (dADP and ATP) and AMP-PNP,

but not in the presence of non-substrate nucleotide, TMP, as well as no nucleotide.

This interesting observation can elicit the reason why the interaction between the

purified E. coil NDP kinase and GST-gp42 was not observed in vitro in contrast to

the interaction observed in a cell extract. This also indicates that substrate

nucleotides are required for the interaction of E. coil NDP kinase with dCMP HMase

(gp42). In a somewhat different manner, the interaction of E. coil NDP kinase with
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GST-gpfrd was observed both in the case of the presence and the absence of

nucleotides, but was enhanced by a substrate nucleotide, dADP, and AMP-PNP. Of

these nucleotides dADP was a predominant effector to significantly enhance the

interaction of E. coil NDP kinase with GST-gp42 or GST-gpfrd, whereas nucleoside

triphosphates more strongly enhanced the interaction between GST-gp32 and E. coil

NDP kinase than does dADP (shown in Figure 4.12). Thus, what we could

understand from these results is that the interaction of E. coli NDP kinase with the

proteins could be regulated by metabolite flux in the complex, carrying out substrate

channeling. In addition, the enhancement of the interactions by the presence of

AMP-PNP implies that the binding of nucleotides onE. coil NDP kinase, but not

ATP hydrolysis, may be crucial for the interactions with the proteins.
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Figure 5.5. Effect of nucleotides on the interactions ofE. coli NDP kinase with
proteins. 2 M of E. coli NDP kinase was mixed with the same amount of each
GST-fusion protein, GST-gp42 or GST-gpfrd, in the reaction buffer containing no
nucleotide (lane]) or 1 mM designated nucleotide (lane2, TMP; lane3, dADP; lane
4, ATP; lane5, AMP-PNP), 10 mM MgC12, and 5 t1 pre-equilibrated glutathione
beads. GST pull-down was carried out as described above, and NDP kinase pulled
down was identified by immunoblotting with antiserum to E. coli NDP kinase.



114

5. 5 NDP kinase oligomerization stimulated by substrate nucleotides

As described above, substrate nucleotides binding to NDP kinase appears to be

important for the interactions with these proteins in the T4 dNTP synthesis complex.

In a comparable experiment in the lAsys optical biosensor performed by Rongkun

Shen in our laboratory, the direct interaction ofE. coli NDP kinase with T4 aerobic

ribonucleotide reductase (RNR) was seen to be significantly enhanced by ATP (Shen

et al., 2004). These observations led us to question how substrate nucleotides

enhanced the interactions of E. coli NDP kinase other the proteins. One interesting

aspect of the structure of E. coli NDP kinase is that a tetrameric form is native in

vivo (Almaula et al., 1995; Giartosio et al., 1996). The lafter authors have suggested

that the tetrameric E. coli NDP kinase could be stabilized by ADP (Giartosio et al.,

1996). Therefore, we tested the oligomerization of E. coli NDP kinase in the

presence and absence of nucleotides by using non-denaturing gel electrophoresis.

Interestingly, the oligomeric forms (dimer and tetramer) ofE. coli NDP kinase

significantly increased in the presence of 1 mM ATP or AMP-PNP, but less in the

presence of dADP, in comparison to no nucleotide and TMP presence (Figure 5.6).

This suggests that the oligomeric E. coli NDP kinase may prefer to strongly interact

with the proteins in the T4 dNTP synthetase complex. However, this suggestion is

not sufficient yet to explain the fact that dADP is a predominant effector for the

interactions of E. coli NDP kinase with gp42 and gpfrd, although it is less effective

for the oligomerization of NDP kinase than are ATP and AMP-PNP. Therefore, we

assume that in addition to the oligomerization ofE. coli NDP kinase, conformational
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change of the protein upon binding of nucleotides might alter the preference of its

interactions with proteins.

2 3 4 5

Figure 5.6. Oligomerization of E. coli NDP kinase affected by nucleotides. 30 tg/ml
(around 2 tM) of E. coil NDP kinase mixed without (lane 1) or with 1 mM each
nucleotide (lane 2, TMP; lane 3, dADP; lane 4, ATP; lane 5, AMP-PNP) was
separated by 10 % polyacrylamide gel electrophoresis under non-denaturing
condition as described in Materials and Methods, followed by immunoblotting
analysis with antiserum to E. coil NDP kinase. Oligomeric status was determined by
comparing the molecular size of E. coil NDP kinase with those of marker proteins
shown in Coommassie blue-stained gel.
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Chapter 6

E. co/i adenylate kinase involvement in the T4 dNTP synthetase
complex and complementation of NDP kinase activity

Summary

Adenylate kinase (Adk), which catalyzes the conversion of AMP to ADP, is

essential for the maintenance of adenylate charge in cells and is involved in the

biosynthesis of phospholipids in E. coli. In addition, Adk involvement in DNA

precursor synthesis has been suggested particularly in phage T4-infected E. co/i. The

observations that (1) inactivation of a thermosensitive mutant Adk (Pro 87 to Ser) at

42 °C caused dramatic inhibition of radiolabeled deoxyadeno sine (AdR)

incorporation into T4 DNA; (2) the thermostability of E. co/i Adk in situ

significantly increased in comparison to the inactivation of the Adk mutant in vitro

suggest that E. coli Adk is involved in the T4 dNTP synthetase complex. The

involvement ofE. coli Adk in the complex was investigated through His-tagged

Adk-immobilized column chromatography, coimmunoprecipitation of T4 proteins

with Adk polyclonal antibodies, and GST pull-down experiments. Some proteins of

the T4 dNTP synthetase complex, namely, dCMP HMase (gp42), dNMP kinase

(gpl), dihydrofolate reductase (gpfrd), thymidine kinase (gptk), and E. co/i NDP

kinase were identified as proteins directly interacting with Adk.

Additionally, GST pull-down ofE. co/i Adk with GST-gpl showed that dNMP

kinase (gpl) interacted directly with the E. coli Adk but not with E. coli NDP kinase.
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In addition to the results for the interactions of E. coli Adk with the proteins of the

complex, this unexpected result suggests that E. co/i Adk is properly located in the

complex to carry out the conversion of dNDPs to dNTPs. This implication was

supported by measurements of T4 DNA synthesis, which indicate that E. co/i Adk

efficiently complements NDP kinase deficiency in the DNA precursor metabolism of

T4-infected E. co/i and that NDP kinase is quantitatively required for dNTP

synthesis in the cells, but is not essential.
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6. 1 E. coli Adk involvement in T4 DNA synthesis

As mentioned previously (Allen et al., 1983), the activity of adenylate kinase was

detected in the T4 dNTP synthetase complex partially purified by sucrose gradient

ultracentrifugation. However, since E. co/i Adk could be non-specifically associated

with the complex, that was not enough evidence to conclude that E. co/i Adk is

functionally associated with the T4 dNTP synthetase complex. If the involvement of

E. co/i Adk in the complex is correct, it must participate at least in salvage of dAMP

released by host cell DNA breakdown. Therefore, the measurement of

deoxyadenosine nucleotides incorporation into T4 DNA where E. co/i Adk acts on it

is a good way to define whether it is functionally involved in the pathway of T4

dNTP synthesis in situ. A critical factor considered in this experiment was that Adk

activity deficiency could affect DNA synthesis by blocking the synthesis of ADP,

resulting in the depletion of ATP (Glaser et al., 1975; Ray et a/., 1976; Konrad,

1993; Jansen et al., 2000). Permeabilized cells can utilize exogenously supplied ATP

and other nucleotides and thus bypass the factor of ATP depletion for DNA

synthesis. This consideration led us to measure the incorporation of labeled

deoxyadenosine monophosphate, which would be converted to dATP by the actions

of Adk and NDP kinase, into T4 DNA in sucrose-plasmolyzed E. co/i infected with

T4 phage while providing rNTP, ADP, and dNMP to the plasmolyzed cells. Two E.

co/i strains, KA796 (adk wild-type) and CV2 (adk ts) were infected with T4 phage

before plasmolysis of the cells. The E. co/i strain CV2 expresses thermosensitive

Adk (Pro87Ser), which is easily inactivated above 42 C (Haase et al., 1989). As



119

depicted in Figure 6.1, the incorporation rate of [2, 8-3H]-deoxyadenosine

nucleotide into T4 DNA in the T4-infected Adk wild-type was slightly higher than

that in the T4-infected thermosensitive Adk mutant (ts Adk) at 25 °C. Yet, the

utilization of labeled deoxyadenosine for T4 DNA synthesis appeared to be normally

taking place in both strains at 25 °C, indicating that sufficient energy source and

nucleotides were provided for sucrose-plasmolyzed cells in reaction mixtures to

continue the T4 DNA synthesis. When the temperature was shifted up to 42 °C, the

incorporation rate in the Adk wild-type infected with T4 phage was slightly lower

than that at 25 °C. Note that these data represent the efficiency of the incorporation

of labeled deoxyadeno sine nucleotide into T4 DNA where competition with dATP

converted from exogenously supplied ADP by T4 ribonucleotide reductase (RNR)

and NDP kinase is taking place. In fact, the efficiency of [5, 6-3H]-uridine utilization

for T4 DNA synthesis in T4-infected E. coil at 42 C was around 10-fold higher than

that at 25 °C (data not shown). Yet, as reported (Haase et aL, 1989), the specific

activity of E. coii Adk was almost constant when temperature was shifted from 25 C

to 42 °C. Therefore, we supposed that de novo synthesis of deoxyadenosine

nucleotide became more active at higher temperature and is inhibitory to the

incorporation of deoxyadeno sine nucleotide synthesized from salvage pathway. At

42 °C, the incorporation of [2, 8-3H]-deoxyadenosine nucleotide into T4 DNA was

dramatically inhibited in the T4-infected ts Adk mutant around 10-15 minutes after

incubation in contrast to that in the T4-infected Adk wild-type cells. This dramatic

inhibition in the mutant at 42 °C is mainly due to the inactivation of the ts Adk



(Pro87Ser), indicating that E. coli Adk is functionally involved in T4 dNTP

synthesis.
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Figure 6.1. Incorporation of [2, 8-3H]-deoxyadenosine (AdR) nucleotide into T4
DNA in situ. Sucrose-plasmolyzed E. coli cells, adkwild-type (KA796) and
thermosensitive ad/c mutant (CV2), infected with T4D were prepared as described in
Materials and Methods. The incorporation rate of radiolabeled AdR into T4 DNA
was measured in the sucrose-plasmolyzed cells at 25 °C or at 42°C with dNMP and
other nucleotides provided as described previously. o, the T4-infected adk wild-type
(KA796) at 25 °C ; 0, the T4-infected ad/c mutant (CV2) at 25 °C; , the T4-
infected adkwild-type (KA796) at 42 °C; U, the T4-infected ad/c mutant (CV2) at
42 °C.
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Furthermore, in comparison of these data to the thermolability of the ts Adk

(Pro87Ser) in vitro (Ray etal., 1976; Haase et al., 1989), the ts Adk (Pro87Ser) in

situ seems to be more thermostable than that in vitro, implying that the Adk mutant

is stabilized in a multiple protein complex. This will be discussed later. The

observations in this study strongly support the functional involvement of E. coli Adk

in the T4 dNTP synthetase complex.
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6. 2 His-tagged Adk-immobilized column chromatography

If the involvement of E. coil Adk in the complex is correct, it might interact with

other proteins in the complex. We have attempted to find which T4 proteins interact

with E. coil Adk directly or indirectly, using several experimental approaches. So

far, others in this laboratory have purified eight proteins of the T4 dNTP synthetase

complex, which includes at least 10 enzymes, and used them as affinity ligands to

identify T4 proteins retained by each protein on an immobilized-protein affinity

column in significant strength (Wheeler et al., 1996). Although this chromatographic

approach limits discrimination between direct and indirect interactions, it is useful to

find putative interacting proteins through retention by the protein immobilized on the

column. To readily purify E. coil Adk, the adk gene was amplified from E. coii

genomic DNA by PCR and was cloned into pET-i 5b, which encodes a 6X histidine

tag at the 5' end of multicloning sites. His-tagged Adk (His-Adk) expressed in E. coil

was purified, as described in Material and Methods, and immobilized on Affi-

gel 10. A cell lysate of T4-infected E. coil labeled with [35S] methionine from 3 mm

to 8 mm after infection was applied to the His-tagged Adk-immobilized colunm.

Proteins bound to each column were eluted stepwise at 0.2, 0.6, and 2M NaCl. As

depicted in Figure 6.2, dCMP hydroxymethylase (dCMP HMase, gp42),

dihydrofolate reductase (gpfrd), thymidine kinase (gptk), and E. coli NDP kinase

among the T4 dNTP synthetase complex proteins were specifically retained on the

His-tagged Adk-immobilized column in significant strength. Some proteins, gp39,

gp52, gprIIB, gpiplll, and gp6O, among proteins shown in Figure 6.2, also bind to a
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control BSA column, suggesting non-specific retention by the His-tagged Adk-

immobilized colunm. Of these proteins E. coil NDP kinase was identified by

immunoblotting with E. coil NDP kinase antiserum because host proteins could not

be labeled after infection with T4 phage. Interestingly, gp32 (T4 single-stranded

DNA binding protein), which was retained on the previous eight individually

immobilized-protein column chromatographies in significant strength that we have

carried out so far, was not identified in this experiment. However, other proteins in

the T4 DNA replication complex such as uvsX, uvsY, gp6l, and gp62 were

specifically associated with His-Adk, suggesting that E. coil Adk could be closely

associated with the replication complex. One of the ambiguities is a very light spot

corresponding to dNMP kinase (gpl), marked by a circle around that spot in Figure

6.2. We could not ignore it because this spot has never been seen in the

autoradio grams of two-dimensional gel electrophoresis for salt-gradient eluates from

the protein affinity chromatographies that we had done before, and the radioactivity

of the dNMP kinase was always low even in autoradiograms of two-dimensional gel

electrophoresis for total cell lysate. This ambiguity deserves to be examined by other

experimental methods in that the association of E. coil Adk with gpl could be a key

to learning the function of E. coil Adk in the complex. In addition, since a 6X

histidine-tag attached at N-terminal of the Adk could generate artifact for protein-

protein interactions, we must examine the interactions of E. coli Adk with the

proteins identified in this experiment in other ways as well.
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Figure 6.2. Analysis of radiolabeled T4 proteins in E. coil infected with T4D bound
to the His-tagged Adk-immobilized column at 0.2 M NaC1 and eluted at 0.6 M NaC1.
10 mg of purified His-Adk was immobilized, and radiolabeled T4 proteins in E. coil

infected with T4D from 3 to 8 minutes after infection were applied to each colunm.
The proteins bound to the column after washing with 50 mM NaC1-containing buffer
were eluted by successive increases of NaC1 concentration (0.2, 0.6, and 2 M NaC1).
Proteins, bound to the column at 0.2 M NaC1 and eluted at 0.6 M NaC1, were
analyzed by two-dimensional gel electrophoresis, and the gel was exposed in a
Phosphorlmager. Some of the proteins (underlined) were retained by BSA column,
implying that these proteins may non-specifically associate with the His-tagged Adk.
A light spot marked by circle corresponds to T4 dNMP kinase (gpl). In addition, E.
coil NDP kinase in each eluate was identified by immunoblotting with E. coil

antiserum (bottom panei).



125

6. 3 Coimmunoprecipitations of T4 proteins with antibodies to E. coil Adk

Although coimmunoprecipitation is less sensitive than protein affinity

chromatography, it can be performed under more natural conditions (Phyzicky and

Fields, 1995). We carried out coimmunoprecipitation of labeled T4 proteins in a cell

lysate of E. coil infected with T4 phage by using purified E. coil Adk antibodies or

immunoglobulin G (IgG) as a control, followed by analysis using two-dimensional

electrophoresis as described previously.

As depicted in Figure 6.3, the E. coil Adk antibodies, which were generated from

rabbit injected with the purified His-tagged Adk (His-Adk), specifically recognized

endogenous E. coil Adk as well as the purified His-Adk. In comparing the

autoradiogram of two-dimensional gel electrophoresis with that of one-dimensional

gel electrophoresis, dihydrofolate reductase (gpfrd), thymidine kinase (gptk), and E.

coil NDP kinase among the proteins in the T4 dNTP synthetase complex were

specifically coimmunoprecipitated with E. coil Adk antibodies, indicating interaction

with K coil Adk. As was noted in the previous result (Figure 6.2), however, some

proteins of interest such as dCMP HMase (gp42) and DNA primase (gp6l) were not

found. Missing these proteins in this experiment could be explained by the fact that

the condition of coimmunoprecipitation is more stringent and less sensitive for

protein-protein interactions than is that of protein affinity chromatography, or by the

possibility that the 6X histidine tag of His-Adk could generate an artifactual

association of the proteins, dCMP HMase (gp42) and primase (gp6l), with E. coil

Adk, or both. Nevertheless, interesting facts found in the two experiments were; 1)
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that the interactions of E. coli Adk with the proteins of the T4 dNTP synthetase

complex consolidated the evidence of E. co/i Adk as a component of the T4 dNTP

synthetase complex, and 2) that the possibility of direct interaction between E. coli

Adk and NDP kinase suggested the position of E. coli Adk being able to complement

NDP kinase deficiency in the T4 dNTP synthetase complex. However, these two

experiments have a limitation in being unable to discriminate between direct and

indirect interactions.
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Figure 6.3. Analysis of T4 proteins coimmunoprecipitated in E. co/i infected with
T4D with E. co/i Adk antibodies. a, Western blotting for endogenous Adk in E. coil

cell lysate (left lane) and His-Adk (right lane) with E. coil Adk antiserum generated
from a rabbit as described in Materials and Methods. b, Autoradiogram of one-
dimensional gel electrophoresis for T4 proteins coimmunoprecipitated with E. coil

Adk antibodies. T4 proteins were radiolabeled with [35S] methionine from 3 to 8
minutes after infection of E. coli with T4D. Coimmunoprecipitation of T4 proteins
was performed in the reaction mixture with the purified E. coli Adk antibodies from
the immunized antiserum (A) or the purified immunoglobulin G (IgG) from pre-
immune serum (P). Coimmunoprecipitates were separated by 12.5 % SDS-PAGE
and visualized by exposing in Phosphorlmager. E. coil NDP kinase in
coimmunoprecipitates was identified by immunoblotting with E. coil NDP kinase
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antibodies, following 12.5 % SDS-PAGE (bottom panel of Figure b). c,
Autoradiogram of two-dimensional gel electrophoresis for T4 proteins
coimmunoprecipitated with E. coli Adk antibodies. Duplicate pellets of

coimmunoprecipitation were analyzed by two-dimensional gel electrophoresis.
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6. 4 Analysis of interactions of E. co/i Adk with proteins

6. 4. 1 GST pull-downs in cell lysates

The previous experimental results suggested that E. coli Adk could interact with

dCMP HMase (gp42), dihydrofolate reductase (gpfrd), thymidine kinase (gptk), and

E. coil NDP kinase. Yet, the interaction betweenE. coii Adk and dNMP kinase (gpl)

was still ambiguous, as described above. These probable interactions were examined

by GST pull-down experiment in cell lysates of E. coli expressing a protein of

interest. As shown in Figure 6.4, GST-gpl, in contrast to no GST and GST,

specifically pulled down endogenous E. co/i Adk, indicating that E. coil Adk

interacts with dNMP kinase (gpl). However, E. coil NDP kinase was not pulled

down with GST-gp 1. This result implies that GST-gp 1 specifically pulls down E.

coil Adk, and furthermore, in terms of substrate channelling, that E. coil Adk in the

complex could more readily utilize nucleotides that are the products of dNMP kinase

catalysis for the synthesis of dNTP than does E. coil NDP kinase. In the presence of

the T4 aerobic ribonucleotide reductase (RNR), which was identified as a protein

directly interacting with E. coil NDP kinase (Shen et al., 2004) and was retained on

the dNMP kinase (gpl)-immobilized column in significant strength (Wheeler et al.,

1996), in cell lysates, as shown in Figure 6.4, RNR R2 subunit (gpnrdB) and E. coil

NDP kinase as well as E. coil Adk were pulled down with GST-gpl. This result

indicates that dNMP kinase (gpl) could directly interact with RNR R2 (gpnrdB) as

well as E. coil Adk and could juxtapose with E. coil NDP kinase, which interacts

with both E. coil Adk and RNR (gpnrdAB). This may facilitate substrate shuttling

between E. coIl NDP kinase and dNMP kinase (gpl) with the minimization of
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substrate diffusion, if nucleotide kinase activity of E. coli NDP kinase is involved in

T4 dNTP synthesis.

In addition, the possible interaction of E. coil Adk with dCMP HMase (gp42) or

dihydrofolate reductase (gpfrd) was examined by GST pull-down with GST-fused

dCMP HMase (GST-gp42) or GST-fused dihydrofolate reductase (GST-gpfra). As

shown in Figure 6.4, E. coil Adk was specifically pulled down with GST-NDPK,

GST-gp42, and GST-gpfrd in cell lysates. As described in Chapter 5, we have

identified direct interactions ofE. coil NDP kinase with dCMP HMase (gp42) and

dihydrofolate reductase (gpfrdj. Therefore, it was unclear yet whether GST pull-

down of E. coil Adk with GST-gp42 or GST-gpfrdwas due to a direct interaction

between two proteins or was mediated by E. coii NDP kinase, which was identified

as a protein interacting with E. coil Adk. These alternatives must be separately

tested.
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Figure 6.4. Analysis of GST pull-downs, a, Three E. coil strains, Origami (DE3)
(lane 1), Origami (DE3) / pGEX (lane 2), and Origami (DE3) / pGEX-gpl (lane 3),
were cultured in super broth at 37 °C with shaking. The expression of GST-gpl was
induced as described in Materials and Methods. After cell lysates were prepared,
GST pull-down was carried out with pre-equilibrated glutathione Sepharose 4B. Top
panels in the figures represent Coommassie blue stained 12 % SDS-PAGE. All of
the other gels involved immunoblotting with antisera to respective enzymes. Total
protein in each reaction (Input) is shown below each pull down reaction. b, E. coil
strain, Origami (DE3) / pnrdAB, which expresses T4 aerobic ribonucleotide
reductase (RNR, gpnrdAB), were cultured at 30 °C, and the expression of RNR was
induced with 0.5 mM IPTG at 30 °C. Cell lysate was prepared and mixed with the
cell lysates prepared as described in Materials and Methods. GST pull-down was
carried out as described above, and proteins pulled down were separated in 12 %
SDS-PAGE, followed by staining with Coommassie blue (top panel) or by
immunoblotting with antisera to respective enzymes. Total protein in each reaction
(Input) is shown below each pull down reaction. c, In the same experimental
approaches, GST pull-downs of E. coli Adk with GST-gp42 (lane 3) and GST-gpfrd
(lane 4) were identified.
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6. 4. 2 GST pull-downs with purified proteins

To test direct interactions of E. coli Adk with the proteins found in the previous

experiments, we partially purified GST-fused NDP kinase, gp42, gpl, and gpfrd

through a column or batch purification with glutathione Sepharose 4B. As described

in Materials and Methods, E. coli Adk was purified by nickel affinity gel column

chromatography after the histidine tag was cleaved off from the purified His-tagged

Adk (His-Adk) by using thrombin. GST pull-down of the purified Adk or NDP

kinase was performed with partially purified GST-NDPK, GST-gp42, GST-gpl, or

GST-gpfrd. As shown in Figure 6.5, E. coli Adk separated by 12 % SDS-PAGE was

identified by immunoblotting with E. coli Adk antiserum from GST pull-downs for

each GST-fusion protein, GST-NDPK, GST-gp42, GST-gpl, or GST-gpfrd, but not

for GST alone. In addition, the extent of the GST pull-down ofE. coli Adk increased

in proportion to increase in input of E. coli Adk (0, 20, 100, and 400 nM), while the

amount of each GST fusion protein pulled down in each reaction was the same.

However, for GST-gp42 and GST-gpfrd, the bands corresponding to E. coli Adk

were detected by immunoblotting in lane 1, which represents no addition of the

purified Adk. We assume that a small amount of endogenous E. coli Adk was

copurified with GST-gp42 or GST-gpfrd, when each protein was partially purified

from the cell lysates ofE. coli. Nevertheless, this result indicates that E. coli Adk

directly interacts with E. coli NDP kinase, dCMP HMase (gp42), dNMP kinase

(gpl), and dihydrofolate reductase (gpfrd).

In summary, these experiments indicate that E. coli Adk directly interacts with E.

coli NDP kinase, dCMP HMase (gp42), dNMP kinase (gpl), and dihydrofolate
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reductase (gpfrd). These data suggest that E. coli Adk is involved in the T4 dNTP

synthetase complex through direct interactions with the proteins tested here.
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Figure 6.5. Analysis of GST pull-down ofE. coil Adk by using purified GST-fusion
proteins. Each partially purified GST-fusion protein, GST-NDPK, GST-gp42, GST-
gpl, or GST-gpfrd, was prepared as described in Materials and Methods. 10 tM of
the purified GST-fusion protein except for GST-gpfrd was mixed with an amount of
E. coil Adk designated as 0 nM (-), 16 nM (+), 80 nM (++), or 400 nM(+++) in 50 tl

of reaction buffer containing pre-equilibrated glutathione Sepharose 4B. Since the
expression of GST-gpfrd was quite poor, and it was easily denatured during dialysis,
GST-gpfrd was purified by batch fractionation with glutathione Sepharose 4B. The
GST-gpfrd bound to the glutathione Sepharose 4B beads was mixed with the
designated amount of E. coil Adk in the reaction buffer. GST pull-down of E. coil
Adk was carried out as described above. Total E. coil Adk in reaction mixture was
identified by immunoblotting with E. coil Adk antiserum (top panel). Each GST-
fusion protein, GST, GST-NDPK, GST-gp42, GST-gp 1, or GST-gpfrd, pulled down
with glutathione Sepharose 4B was visualized by Coommassie blue-stained SDS-
PAGE. GST pull-down of E. coil Adk with each GST-fusion protein seperated by 12
% SDS-PAGE was identified by inmiunoblotting with E. coil Adk antiserum (a-
Adk), shown immediately below each Coommassie blue-stained SDS-PAGE for
GST-fusion protein.
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6. 5 Effect of nucleotides on the interactions of E. coil Adk with the proteins

As observed in the interaction of E. coil NDP kinase with T4 proteins, nucleotides

could be effectors for protein-protein interctions within the T4 dNTP synthetase

complex. Therefore, we have questioned how nucleotides influence the interactions

ofE. coil Adk with proteins. For this issue, we chose non-substrate nucleotide, TMP,

as well as substrate nucleotides, dAMP, dADP, and ATP, to investigate the

specificity of the effect of nucleotides on the interactions. AMP-PNP, a non-

hydrolyzable ATP analog, was included to determine whether ATP hydrolysis is

required for the interactions or not. As described previously, GST pull-down ofE.

coil Adk was performed with GST-NDPK, GST-42, GST-gpl, and GST-gpfrd

mixed with the purified Adk in the presence or the absence of a designated

nucleotide. Unlike the interactions of E. coil NDP kinase with proteins, as shown in

Figure 6.6, significant changes in the interactions of E. coil Adk with the proteins by

the presence or the absence of nucleotides were not observed. Thus, the presence of

nucleotides is unlikely to be a crucial factor for the interactions ofE. coil Adk with

E. coil NDP kinase, dCMP HMase, and dNMP kinase. However, less significant

changes in the interactions were observed in the presence of dADP. The presence of

dADP somewhat enhanced the interaction with GST-gpl in contrast to the

interaction with GST-gp42. We assume from this result that nucleotide binding to E.

coil Adk causes an equilibrium among the multiple conformations of the protein to

be shifted toward a favorable conformation, resulting in changes in the preferences

of its interactions with proteins.
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GST-gpl . . -Adk

GST-gp42 - ct-Adk
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Figure 6.6. Effect of nucleotides on the interactions of E. coil Adk with the proteins.
80 nM of E. coli Adk was mixed with the same amount of each GST-fusion protein,
GST-NDPK, GST-gp 1, or GST-gp42 in the reaction buffer containing 1 mM of a
designated nucleotide (lane 1, no nucleotide; lane 2, dAMP; lane 3, TMP; lane 4,
dADP; lane 5, ATP; lane 6, AMP-PNP), 10 mM MgCl2, and 5 tl pre-equilibrated
glutathione Sepharose 4B. The analysis of GST pull-down of E. coii NDP kinase
was performed as described above.
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6. 6 E. co/i Adk efficiently complements NDP kinase deficiency in the T4 dNTP
synthetase complex

Because the involvement ofE. coii Adk in the T4 dNTP synthetase complex was

identified in the previous experiments, we have tried to speculate how efficiently E.

coil Adk complements NDP kinase deficiency in the complex for the synthesis of T4

DNA precusors. We have found that when a high concentration of exogenous

thymidine (up to 100 tM) was provided to E. coli infected with T4 phage, thymidine

nucleotides derived from host cell DNA degradation were not used for T4 phage

DNA synthesis but were derived from exogenous thymidine (Mathews and Sinha,

1982). Therefore, the relative incorporation rate of exogenous thymidine nucleotides

to T4 DNA would represent the relative rate of TTP synthesis under this condition.

In this study, 100 tM thymidine mixture containing 0.5 tM [methyl-3H]-thymidine

and 99.5 tM unlabeled thymidine was used to measure the synthesis of T4 DNA. As

expected, T4 DNA synthesis in the ndk mutant (NR11814) was normally initiated

although the rate was around 2.5-fold lower than that in the ndkwild-type (KA796)

infection (Figure 6.7). The difference in phage titer between the two cultures (1.85 x

10'°/ml from KA796, 0.9 x 10'°/ml from NR11814) at 40 minutes after infection was

2.1-fold, consistent with the difference in the T4 DNA synthesis rates. Thus,

thymidine incorporation well represented T4 DNA synthesis. Since the NDP kinase

specific activity of E. coil Adk is 20- to 100-fold lower than that of E. coil NDP

kinase in vitro as described previously (Lu and Inouye, 1996a), relatively, 2.5-fold

difference in T4 DNA synthesis seems to be small. This small difference implies that

E. coil Adk efficiently complements NDP kinase deficiency in the complex, but
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obviously indicates that E. coil NDP kinase is quantitatively required for T4 dNTP

synthesis, rather than carrying out an essential catalytic function. However, since E.

coil NDP kinase plays a dispensable role in nucleotide metabolism, the question

whether K coil NDP kinase has only a catalytic function in the complex still

remains. In addition to the nucleotide kinase activity of NDP kinase, in terms of

substrate shuttle to DNA replication sites, the interactions ofE. coil NDP kinase with

the proteins of the complex identified so far, especially with T4 single-stranded

DNA binding protein (gp32), could stabilize the connection of the T4 dNTP

synthetase complex to the replication sites, resulting in facilitating the substrate

shuttle. To answer the question above, we transformed the ndk null mutant

(NR11814) with plasmid pKT8P3, expressing nd/c gene, or ipKT8P3, expressing nd/c

mutant (His ll7Gly). Although the expression levels of NDP kinase in the two

strains were similar, the activity of NDP kinase was 20-fold different, as shown in

Figure 6.7. However, when kinase-active or -inactive NDP kinase (Hisi l7Gly) was

overexpressed in the ndkmutant, the morphology of some colonies was abnormal,

suggesting that the overexpression of NDP kinase may deform the growth ofE. coil.

As shown in Figure 6.7, surprisingly, the T4 DNA synthesis rates in the two

transformed strains were similar to each other. This suggests that the nucleotide

kinase activity of E. coil NDP kinase could not be a critical factor for T4 dNTP

synthesis, yet the interactions ofE. coil NDP kinase with the proteins of the T4

dNTP synthetase complex seem to facilitate substrate shuttling to DNA replication

sites. However, why the DNA synthesis rate in the T4-infected nd/c null mutant

overexpressing kinase-active E. coil NDP kinase from plasmid pKT8P3 was not
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recovered to that in the T4-infected ndkwild-type was not fully understood.

Apparently, the growth rate and colony morphology of the nd/c null mutant

transformed with pKT8P3 were different from the ndkwild-type. One of our

assumptions is that a stoichiometric expression of NDP kinase in cells may be

important for the normal growth of the cells. For this reason, it is difficult to

compare the normal cells with the transformed cells. Thus, in this study, we

tentatively concluded that E. coli Adk efficiently complements NDP kinase

deficiency.
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Figure 6.7. Incorporation of [methyl-3H]-thymidine (TdR) nucleotide into T4 DNA
in T4-infected E. co/i cells, a, In the presence of 100 tM TdR mixture T4 DNA
synthesis was measured in the nd/c wild-type, KA796, (o) and the nd/c null mutant,
NR1 1814, (0) infected with T4D at 30 °C. b, Measurement of T4 DNA synthesis
was carried out in the transformed ndk null mutant (NR11814) with pKT8P3 () or
ipKT8P3 () after infection with T4D in the same conditions as described above. c,
NDP kinase enzyme activity in cell lysates. The enzyme activity in each cell lysate
was measured at 22 °C as described in Materials and Methods. Units of NDP kinase
was determined by tmo1es NADH oxidation per minutes. KA796, nd/c wild-type
cell; NR1 1814, nd/c null mutant; pKT8P3, NR1 1814 transformed with plasmid
pKT8P3; ipKT8P3, NR1 1814 transformed with ipKT8P3.
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6. 7 E. coli NDP kinase activity required for T4 dNTP synthesis

Whether E. coil NDP kinase activity is involved in T4 DNA precursor synthesis in

T4-infected E. coli was not clear yet because of the abnormal growth of the

transformed cells as described above. If the activity of E. coil NDP kinase is not

involved in DNA precursor metabolism, dNTP synthesis must depend on the NDP

kinase function ofE. coil Adk, which has been identified as only a protein to

complement NDP kinase deficiency in E. coil, and thus, inactivation ofE. coil Adk

will cause inhibition of dNTP synthesis in T4-infected E. co/i. This idea was

examined by the same approach as described in Figure 6.1 except for using a dNDP-

dependent system instead of a dNMP-dependent system. dNDPs and [8-3H]-

deoxyguanosine (GdR), which are provided to the sucrose-plasmolysed E. coil

strains (KA796, ad/c wild-type; CV2, ts adk mutant), are only subject to the NDP

kinase activity of E. coil Adk on DNA precursor metabolism when they are

converted from deoxyribonucleoside diphosphates to corresponding triphosphates.

However, as shown in Figure 6.8, incorporation of [3H}-GdR into T4 DNA

increased in T4-infected CV2, expressing ts Adk mutant, for 30 minutes after

incubation at non-permissive temperature (42 °C), while incorporation of [3H]-AdR

was completely inhibited (Figure 6.1). This implies that E. coil NDP kinase activity

is required for the conversion of dNDP to dNTP. Unexpectedly, [3H]-GdR

incorporation rate was about 4-fold higher in T4-infected CV2, thermosensiti've adk

mutant, than in T4-infected KA796, adkwild-type, at both temperatures. This

phenomenon could be partially explained by the following reasoning; Note that
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DNA precursors are drawn from dNDP provided to the sucrose-plasmolyzed cells.

As described previously (Reddy and Mathews, 1978), sucrose-plasmolyzed T4-

infected E. coli incorporate distal DNA precursors such as dNMPs into DNA much

more efficiently than the corresponding proximal ones such as dNTPs, suggesting

dNTP compartmentation in vivo. In simple comparison between Figure 6.7 and 6.8,

DNA synthesis in the sucrose-plasmolyzed T4-infected KA796 (adk wild-type)

supplied with dNMP was around 3-fold higher than that in the same cells supplied

with dNDP in 30 minutes incubation at 25 °C, consistent with the previous

observation. Meanwhile, the fact that the sucrose-plasmolyzed T4-infected CV2 (ts

adk) utilizes dNDP for DNA synthesis more efficiently than dNMP makes us suspect

that the integrity of the T4 dNTP synthetase complex in the cells might be deformed

due to a mutation in adk gene, whose product is a component of the complex. This

probable deformation of the T4 dNTP synthetase complex might render dNDP to be

more readily accessible to enzymes in the complex.

In any case, this study was meaningful in that it demonstrates the involvement of

E. coli NDP kinase activity in T4 dNTP synthesis, although the enzyme seems to

function in dNTP synthesis like an auxiliary protein.
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Figure 6.8. Incorporation of [8-3H]-deoxyguanosine (GdR) nucleotide into T4 DNA
in situ. Sucrose-plasmolyzed E. coli cells, adkwild-type (KA796) and
thermosensitive adkmutant (CV2), infected with T4D were prepared as described in
Materials and Methods. The incorporation rate of radiolabeled GdR into T4 DNA
was measured in the sucrose-plasmolyzed cells at 25 °C or at 42 °C with dNDP and
other nucleotides provided as described previously. o, the T4-infected adkwild-type
(KA796) at 25 °C; 0, the T4-infected ac/k mutant (CV2) at 25 °C; , the T4-infected
adkwild-type (KA796) at 42°C; the T4-infected adk mutant (CV2) at 42°C.
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Chapter 7

Discussion and conclusion

7. 1 Gp32, T4 single-stranded DNA binding protein, facilitating the
organization of the T4 dNTP synthetase complex at DNA replication sites

This study was designed to test the specific hypothesis (Wheeler et al., 1996) that

the gene 32 single-stranded binding protein plays a role in recruiting enzymes of

dNTP synthesis to the replisome and in organizing the T4 dNTP synthetase complex.

Regarding this objective, our laboratory has found that permeabilized T4-infected E.

coli readily convert exogenous rNDPs to dNTPs and incorporate them into DNA

without a noticeable lag (Mathews, 1 993a), suggesting a link between the T4 dNTP

synthetase complex and the replisome. Greenberg's group has found a possible

association between the two complexes in cell-free preparations (Chiu et al., 1982;

Greenberg et al., 1994). Furthermore, using enzyme-immobilized affinity

chromatography, our laboratory has found that each enzyme of dNTP synthesis, as a

ligand, retains several enzymes and proteins of DNA replication and recombination

as well as other enzymes of nucleotide metabolism (Wheeler et al., 1992; Wheeler et

al., 1996), suggesting direct or indirect interactions between the two complexes that

may occur within the cell. However, these findings were not concrete enough to

conclusively demonstrate associations between dNTP-synthesis enzymes and the

replisome.
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In this study, we used several new approaches to get evidence for gp32 as a factor

mediating association between two complexes and organizing the T4 dNTP

synthetase complex at replication sites.

7. 1. 1 Analysis of protein-DNA interactions depending on gp32

As described previously (Waidner et al., 2001; Sun and Shamoo, 2003), gp32

undergoes conformational changes when it binds to DNA, and the gp32 of the T4-

related phage, RB69, bound to DNA, but not DNA-free gp32, strongly prefers to

interact with DNA polymerase (gp43). These facts suggest that experimental

conditions to investigate a role of gp32 in protein-DNA interactions must be close to

physiological ones. With respect to these conditions, DNA cellulose, which contains

about 65 % single-stranded DNA region and 35 % double-stranded DNA region

according to the manufacturer's description, could well represent a replicative DNA.

In DNA-cellulose chromatography, not surprisingly, given the central role of gp32 in

DNA metabolism, several replication/recombination proteins, DNA polymerase

(gp43), gt (DNA--glucosyltransferase)/RNase H, endonuclease (gp47), and DNA

primase (gp6l), show a strong dependence on gp32 for their binding to the DNA-

cellulose column. Among dNTP-synthesis enzymes T4 thymidylate synthase (gptd),

DHF reductase (gpfrd), dCMP HMase (gp42), aerobic ribonucleotide reductase Ri

(gpnrdA), and E. coil NDP kinase were detected in protein-DNA complexes isolated

from T4-infected E. coil cells (shown in Figure 4.4 and 4.5). Of these the

dependence of thymidylate synthase (gptd) on the presence of full-length of gp32

was most notable, suggesting a direct interaction between the two proteins. In fact,
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the direct interaction was confirmed by an lAsys biosensor experiment. Dependence

of gpnrdA was not obvious, although it was barely detected only in the presence of

full-length gp32. However, retention of E. co/i NDP kinase and other T4 proteins by

DNA-cellulose was unlikely to depend on the presence of gp32. Interestingly,

retention of E. co/i NDP kinase by DNA-cellulose is likely to be due to its binding

affinity for DNA as reported (Levit et al., 2002). The fact (Wheeler et al., 1996;

Shen et al., 2004) that E. coli NDP kinase also directly interacts with several T4

enzymes implies that this experiment could not distinguish between protein-DNA

and protein-protein interactions; and that the NDP kinase protein could be another

factor to recruit the T4 dNTP synthetase complex to DNA.

7. 1. 2 Protein-protein interactions of gp32 with dNTP-synthesis proteins

Coimmunoprecipitation of T4 proteins with E. coli NDP kinase antiserum in cell

lysates shows that gp32 plays an important role in stabilizing associations of

enzymes in the T4 dNTP synthetase complex and those between the complex and the

replisome (shown in Figure 4.8). In particular, a significant dependence ofgpnrdA

on the presence of gp32 in coimmunoprecipitation with E. co/i NDP kinase

antiserum suggests interactions among three proteins, E. co/i NDP kinase, gp32 and

gpnrdA. Interactions between gp32 and E. co/i NDP kinase or gpnrdA were

separately tested by coimmunoprecipitation of gp32 with E. co/i NDP kinase

antibodies and GST pull-down experiments (shown in Figures 4.9 and 4.10),

suggesting direct interactions of gp32 with E. coli NDP kinase and gpnrdAlB. In

addition, as described previously (Ishmael et al., 2001; Sun and Shamoo, 2003),
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involvement of the core domain of gp3 2 in interactions with gp5 9 and gp43 has

raised the possibility that the C-terminus of gp32, which is known to a major part of

heterotypic protein-protein interactions (Krassa et al., 1991; Hurley et al., 1993), is

not only responsible for heterotypic interactions, but so also is the core domain of the

protein. Consistently, GST pull-downs of those proteins with GST-gp32 or GST-

gp32(CT), which has a C-terminal truncation in gp32, suggest that the C-terminus of

gp32 may not be involved in interactions with proteins of the T4 dNTP synthetase

complex.

This in vitro study is noteworthy in that it found new interactions of gp32 with the

enzymes of the T4 dNTP synthetase complex and thus allows us to test more

definitively our hypothesis of gp32 as a candidate organizing factor for the T4 dNTP

synthetase complex at replication sites. In addition to this, it also seems that the

'replication hyperstructure' described here for phage T4 is comparable to the

structures proposed for E. coli (Guzmán et al., 2002; Molina and Skarstad, 2004). As

further investigation in this study, quantitative analyses of the interactions in kinetic

terms should be carried out. In addition, investigation on binding sites of the gp32 to

the proteins could be a crucial step toward a definitive test of gp32 as an organizing

factor for the T4 dNTP synthetase complex at DNA replication sites in vitro and in

vivo.
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7. 2 Contribution of E. coli NDP kinase to the function of the T4 dNTP
synthetase complex

With respect to conversion of dNDPs to dNTPs in nucleotide metabolism, T4

phage adopts the host nucleoside diphosphate kinase (Reddy et al., 1977; Allen et

al., 1983; Moen et al., 1988), which has sufficiently broad substrate specificity to

phosphorylate the phage-specific nucleotide, 5-hydroxymethyl-dCDP. Our

laboratory has found that E. coli NDP kinase is closely associated with T4 dNTP-

synthesis enzymes and DNA replication/recombination proteins (Wheeler et al.,

1996; Bernard et al., 2000). In addition to these, probable interactions of E. coii

NDP kinase were identified from the experiments described in Figure 4.8. On the

basis of this result, we have separately tested individual interactions with

experiments including coimmunoprecipitation and GST pull-down. As shown in

Figures 5.1-5.4, E. coil NDP kinase directly interacts with T4 aerobic ribonucleotide

reductase (gpnrdA/B), dCMP HMase (gp42), and DHF reductase (gpfrd) as well as

gp32, as described in Chapter 4.

In this study, the pronounced stimulation by nucleotides of interactions involving

NDP kinase was remarkable. In fact, we have found that nucleotides could be a

cofactor for interactions among proteins in the T4 dNTP synthetase complex

(Hanson and Mathews, 1994; Wheeler et al., 1996). In particular, substrate

nucleotides are likely to be important for the interactions of E. coil NDP kinase with

some proteins. The interactions of E. coil NDP kinase gp32 (T4 single-stranded

DNA binding protein) were significantly enhanced by substrate nucleoside

triphosphates (shown in Figure 4.12). Consistently, substrate nucleotides for E. coii
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NDP kinase enhanced its interactions with dCMP HMase (gp42) and dihydrofolate

reductase (gpfrd) (shown in Figure 5.5). However, these interactions were more

significantly enhanced by substrate nucleoside diphosphate, dADP, than substrate

nucleoside triphosphate and its analog, ATP and AMP-PNP, in contrast to the

interaction ofE. coli NDP kinase with gp32. Moreover, the observation that AMP-

PNP was more effective in enhancing those interactions than was ATP indicates that

the hydrolysis of ATP is not a critical factor for the interaction, but is binding of

nucleotides to NDP kinase; and implies that autophosphorylation of NDP kinase by

ATP (Lu et al., 1 996b; Levit et al., 2002) could be another factor for those

interactions. Questions about how substrate nucleotides enhanced the interactions of

E. coli NDP kinase with the proteins in different degree arose. One interesting aspect

of the structure of E. coli NDP kinase is that a tetrameric form is native in vivo

(Almaula et al., 1995; Giartosio etal., 1996). Like the hexameric form of the

Dictyoste!ium NDP kinase mutant stabilized by ADP or ATP (Giartosio et al., 1996;

Karisson et al., 1996; Mesnildrey etal., 1998; Lascu etal., 2000), it has been

suggested that the tetrameric E. coli NDP kinase could be stabilized by the presence

of substrate nucleotides (Giartosio etal., 1996). In our test by using non-denaturing

gel electrophoresis as shown in Figure 5.6, the oligomeric forms (dimer and

tetramer) ofE. coli NDP kinase significantly increased in the presence of 1 mM

dADP, ATP, or AMP-PNP in comparison to no nucleotides or the presence of non-

substrate nucleotide (shown in Figure 5.6). This suggests that the oligomeric E. co!i

NDP kinase strongly prefers to interact with the proteins in the T4 dNTP synthetase

complex. In fact, Marianayagam et al. (2004) suggest that the self-association of
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proteins to form dimers and higher-order oligomers aids diversity in the formation of

regulatory complexes by enabling the simultaneous binding of other proteins on

different subunits and creating new binding sites. Therefore, this suggestion seems to

be applicable to explain our observation for E. coil NDP kinase interactions with the

proteins as described above. However, this oligomeric property of NDP kinase is not

enough to explain how nucleotides enhance those interactions to different extents.

Regarding this matter, Im et al. (2004) have reported that the interaction of

Arab idopsis thaliana NDP kinase 2 with an activated phytochrome was enhanced by

the binding of dNDP or NTP that caused a slight conformational change in the NDP

kinase 2. Therefore, the possibility that conformational changes in E. coil NDP

kinase by the binding of nucleotides could be another factor to regulate those

interactions is applicable to explain the matter.

In any case, we suggest that the interactions of E. coil NDP kinase with the T4

proteins appear to be regulated by metabolite flux in vivo. This will be further

discussed later.
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7. 3 E. coil adenylate kinase involvement in the T4 dNTP synthetase complex
and complementation of NDP kinase activity

7. 3. 1 E. co/i Adk functional involvement in the T4 dNTP synthetase complex

The possibility of E. coli Adk involvement in the T4 dNTP synthetase complex

was suggested from the fact that the T4 phage genome does not include a gene

encoding adenylate kinase (Adk) and evidence that the activity of Adk was found in

the partially purified T4 dNTP synthetase complex (Allen et al., 1983; Brush et al.,

1993; Miller et al., 2003). However, it was unclear whether the physical association

of E. co/i Adk with the complex was artifactual. To address whether the association

is functional, the ad/c wild-type (KA796) and the thermosensitive adkmutant (CV2)

infected with T4 phage were used for the measurement ofT4 DNA synthesis rate,

using radiolabeled deoxyadenosine (AdR), which well represents dNTP synthesis at

replication sites (Mathews and Sinha, 1982). To overcome the limitation caused by

reduction in ADP synthesis and ATP depletion in Adk activity deficiency (Glaser et

al., 1975; Ray et al., 1976; Konrad, 1993), we have used sucrose-plasmolyzed cells

supplied with sufficient nucleotides and other components for DNA synthesis. In this

experiment, the dramatic inhibition of radiolabeled AdR incorporation in the adk

mutant (Pro87Ser) at 10 - 15 minutes after incubation at 42 °C supports the

conclusion that E. co/i Adk is functionally involved in T4 dNTP synthesis. In

addition, with respect to E. coli Adk involvement in the T4 dNTP synthetase

complex, the thermostability of the ts Adk (Pro87Ser) in situ even at 42 °C suggests

its involvement in a multiple protein complex. That is, according to the data for the

thermolability of ts Adk (Pro87Ser) (Ray et al., 1976; Haase et al., 1989), the
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relative activity of the ts Adk to the wild-type is 3 0-40 % around 25 °C in vitro, and

the half-life of its activity at 42 C is five minutes. Nevertheless, there was no

significant decrease in the incorporation rate in the T4-infected adkmutant (CV2) at

25 °C in comparison to that in the T4-infected adk wild-type during the measuring

time, and at 42 °C, the incorporation rates in the both of the plasmolyzed cell

preparations were quite similar at 10 minutes after incubation (shown in Figure 6.1).

This observation was consistent with a publication that the thermosensitive E. coil

ribonucleotjde reductase (rNDP reductase) mutant was resistant to thermal

inactivation in vivo at 42 °C, suggesting that the mutant is physically protected by its

presence in a replication hyperstructure (Guzmán et al., 2002). These observations

led us to tentatively conclude that E. coil Adk may be functionally involved in the

T4 dNTP synthetase complex.

7. 3. 2 Identification of E. coil Adk as a component in the T4 dNTP synthetase
complex and complementing NDP kinase deficiency

If E. coil Adk is involved in the complex, it must interact with proteins involved in

the function of the T4 dNTP synthetase complex. Fortunately, the analysis of protein

affinity chromatography and coimmunoprecipitation were well established in our

laboratory (Wheeler et al., 1992; Wheeler et ai., 1996). An additional development

in this study is to analyze proteins coimmunoprecipitated with antibodies to a protein

of interest as described in Materials and Methods. In comparison to the extraction

of coimmunoprecipitated proteins from the beads by acidic or basic buffer, the

newly developed extraction method was much more efficient and was comparable to

application in two-dimensional gel electrophoresis. The results from the His-tagged
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Adk- immobilized column chromatography (shown in Figure 6.2) and

coimmunoprecipitation with E. coil Adk antibodies (shown in Figure 6.3) raised the

possibility that E. coil Adk may specifically interact with E. coil NDP kinase, dCMP

HMase (gp42), thymidine kinase (gptk), and dihydrofolate reductase (gpfrd), but the

interaction with dNMP kinase (gpl) was ambiguous. These data helped identify

putative proteins that may directly interact with E. coil Adk, for further examination.

Using GST pull-down analysis, the possible interactions were separately examined.

These identified direct interactions of E. coli Adk with E. coil NDP kinase, dCMP

HMase (gp42), dNMP kinase (gpl), and dihydrofolate reductase (gpfrd) (shown in

Figures 6.4 and 6.5). These results confirmed the involvement of E. coil Adk in the

T4 dNTP synthetase complex through protein-protein interactions. Among these

interactions the direct interactions ofE. coil Adk with E. coil NDP kinase and dNMP

kinase (gp 1) were especially interesting in that E. coli Adk is likely to be located in

the complex to efficiently complement E. coil NDP kinase defiency as well as

catalyzing the conversion of dAMP to dADP. The observation that E. coil NDP

kinase did not directly interact with dNMP kinase (gpl), but probably is juxtaposed

with it through the interactions with aerobic ribonucleotide reductase (gpnrdAB) and

E. coii Adk was unexpected. In terms of substrate channelling, this unexpected result

led us to assume that E. coil Adk could more readily utilize the deoxynucleoside

diphosphate generated by dNMP kinase (gpl) than does E. coil NDP kinase. This

assumption was somewhat supported by the measurement of T4 DNA synthesis rate

in T4-infected E. coil strains, the ndkwild-type (KA796) and the ndk null mutant

(NR11814). As shown in Figure 6.7, only a 2.5-fold difference in the T4 DNA
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synthesis rate between the two T4-infected E. coil strains was observed. This

difference seems to be very small relative to the fact that the specific activity of NDP

kinase of E. coli Adk was 20- to 100-fold lower than that ofE. coli NDP kinase (Lu

and Inouye, 1 996a). Therefore, this result suggests that E. coil Adk efficiently

complements NDP kinase deficiency in vivo. This efficiency is likely not only due to

the readiness of subtrate utilization through channeling, but it might be also due to

multicopies ofE. coli Adk existing in the complex. In fact, E. coli Adk is a

monomeric protein, but is present in multiple conformations associated with

substrate nucleotides binding in solution (Schulz et aL, 1990; Berry et al., 1994;

Elamranie, 1996; Sinev et al., 1996). This fact and our assumption for involvemant

of muticopies of Adk in the complex could provide an answer to the question of how

the monomeric E. coil Adk can specifically interact with several proteins and play

dual functions in the complex as described above. This assumption was also deduced

from the observation that although the interactions of E. coil Adk with the proteins

were not significantly changed by the presence of nucleotides, the interaction ofE.

coil Adk with GST-gpl was somewhat enhanced by dADP in contrast to the

interaction with GST-gp42 (shown in Figure 6.6).

In either of the reasons or both as described above, we concluded that E. co/i Adk

would efficiently complement NDP kinase deficiency in the T4 dNTP synthetase

complex.

7. 3. 3 E. coil NDP kinase quantitatively required for T4 DNA synthesis
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We have demonstrated that E. coli NDP kinase directly interacts with several

proteins, gp32, ribonucleotide reductase (gpnrdAB), thymidylate synthase (gptd),

and dCMP HMase (gp42), in the T4 dNTP synthetase complex (Wheeler et al.,

1996; Shen et al., 2004). Additionally, its interactions with dihydrofolate reductase

(gpfrd) and E. coli Adk were newly identified (shown in Figures 5.4, 5.5, and 6.6).

With respect to the catalytic function of E. co/i NDP kinase and its interactions with

the proteins in the complex, E. co/i NDP kinase seemed to play an important role in

the complex. However, the measurement of T4 DNA synthesis rate in either of the

ndkwild-type or the ndk mutant (shown in Figure 6.7) indicates that NDP kinase is

quantitatively required for T4 dNTP synthesis, but is not essential. The small

difference between the two cells observed in this experiment brought a question

whether or not NDP kinase activity is required for T4 dNTP synthesis. As shown by

the T4 DNA synthesis rate in two T4 infected-ndk mutant transformed with pKT8P3,

encoding kinase-active NDP kinase, or ipKT8P3, encoding kinase-inactive NDP

kinase (His 11 7Gly) (shown in Figure 6.7), the rate in the cells bearing ipKT8P3 was

even slightly faster than that in the cells bearing pKT8P3. This means that the

nucleotide kinase catalytic activity of E. co/i NDP kinase is unlikely to contribute to

the facilitation of T4 DNA synthesis. However, as depicted in Figure 6.8,

continuous utilization of dNDPs for T4 DNA synthesis under nonpermissive

temperature for the ts adkmutant indicates that E. coli Adk is not necessarily

required for conversion of dNDPs to corresponding dNTPs in the presence of NDP

kinase; and that the activity of E. coli NDP kinase is required for T4 dNTP synthesis.
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7. 4 Protein-DNA and protein-protein interactions in the T4 dNTP synthetase
complex

For decades, our laboratory has accumulated several lines of evidence for the

existence of the T4 dNTP synthetase complex in T4-infected E. coil. During this

period, the term umetabolonu was introduced to denote a complex of sequentially

acting enzymes (Srere, 1987). Central to the metabolon concept is that complex

formation among successive enzymes effectively channels substrates from one

active site to the other and raises their local concentration in the vicinity of the active

site of the next enzyme. It also prevents the loss or dilution of substrate by diffusion

and protects chemically labile intermediates, decreases the transit time required for

an intermediate to reach the active site of the next enzyme, segregates the

intermediates of competing chemical and enzymatic reactions, and provides new

means of metabolic regulation by the modulation of enzyme associations (Mathews,

1 993b; Spivey and Ovadi, 1999; Ovadi and Srere, 2000). As noted earlier, the rapid

process of DNA metabolism in cells seems to demand channeling, or at least some

process other than diffusion, to deliver deoxyribonucleotides to replication sites at

the enormous rates needed to sustain DNA chain growth. For the process of

channeling, enzymes of sequential metabolic reactions must be closely located

together.

Based upon the metabolon concept and protein-protein interactions in the T4 dNTP

synthetase complex identified to date (Mathews, 1993; Wheeler et al., 1996; Bernard

et al., 2000; Shen et al., 2004; Kim et al., 2004), we here propose a model of the

formation of the complex, as shown in Figure 7.1. This model shows direct
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interactions (solid line) or probable direct interactions (dotted line) among 10

enzymes and gp32 as a component of the replisome. Although all of the possible

interactions have not been identified, the fact that the dNTP synthetase complex is

stabilized by interactions among both sequential and nonsequential enzymes in this

model could be very informative with respect to the nature of comparable complexes

in other cells that carry out sequential enzyme reactions through substrate

channeling. Presumably, the multiple interactions within the complex render the

active sites of enzymes to be sufficiently closely juxtaposed to efficiently carry out

sequential enzyme reactions, as described in the interactions among the proteins

including E. coil NDP kinase, Adk, gpl, and gp nrdA/B. As shown in Figure 7.1, the

T4 dNTP synthetase complexes could be recruited to DNA replication sites through

the interactions of gp32 with aerobic ribonucleotide reductase (gpnrdA/B),

thymidylate synthase (gpta), and E. coil NDP kinase. Of these the interactions

among proteins, gp32, gpnrdA/B, and E. coil NDP kinase, are consistent with

substrate channeling for purine nucleotides because deoxypurine nucleoside

triphosphates (dGTP and dATP) generated from the corresponding ribonucleoside

diphosphates by sequential actions of gpnrdA/B and E. coii NDP kinase are readily

delivered to DNA replication sites. However, the interaction between gptd and gp32

is not fully understandable. With respect to a hierarchical concept on dNTP

metabolism, enzymes acting to produce distal precursors such as gp42, gpl, and

gpfrd did not interact directly with gp32 (shown in Figure 4.10) so that they appear

to be located away from replication sites.
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Regarding a regulatory function of the complex, note that the interactions of E. coli

NDP kinase were differently stimulated by different substrate nucleotides.

Obviously, E. co/i NDP kinase directly interacts with gp32 and several enzymes

including gpnrdA/B, gptd, gp42, gpfrd, and E. co/i Adk. Therefore, we assume that

the protein is likely to help stabilization of the complex at DNA replication sites,

acting as a scaffold protein. Furthermore, some of those interactions differently

affected by metabolites led us to suppose following scenarios in vivo: When the level

of nucleoside diphosphate pools increases, the interactions of E. coli NDP kinase

with downstream enzymes become tightened, resulting in facilitating substrate

channeling. In contrast, when the level of nucleoside triphosphates relatively

increases to that of nucleoside diphosphate, it causes enhancement of the connection

of E. coli NDP kinase to gp32, but relatively weakens the interactions with the

downstream enzymes, resulting in reducing in flux rate of substrates among

enzymes. This possible regulatory function may be another contribution of E. coli

NDP kinase to the T4 dNTP synthetase complex and be a fundamental aspect of a

multienzyme complex to efficiently respond to cellular processes. Thus, this

regulatory function related to E. co/i NDP kinase in the complex deserves to be

further investigated in the future. At first, effect of each metabolite on stabilization

of the T4 dNTP synthetase complex could be tested by using gel filtration

chromatography or sucrose-gradient ultracentrifugation. Second, quantitative

analyses of the individual interactions in the presence or absence of metabolites will

allow us to obtain kinetic terms for each interaction and stoichiometric relationships

among enzymes and will outline changes in the interactions induced by metabolites.
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Following reconstitutional experiments based upon the quantitative analyses of the

individual interactions could shed light on regulatory functions of the complex.

'a

DNA

Figure 7.1. A model for the organization of the T4 dNTP synthetase complex around
DNA. This model shows protein-DNA and protein-protein interactions in the
complex. Solid lines represent direct interactions identified to date, and dotted lines
represent probable direct interactions. 1, gp32 (T4 SSB); 2, E. coli NDP kinase; 3,
aerobic ribonucleotide reductase (gpnrdA/B); 4, thymidylate synthase (gptd); 5, E.
co/i Adk; 6, dNMP kinase (gpl); 7, dCMP HMase (gp42); 8, DHF reductase (gpfrd);
9, dUTPase-dCTPase (gp56); 10, dCMP deaminase (gpcd); 11, thymidine kinase
(gptk).
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A.1 Generation of gene 32 mutants

A. 1. 1 Bacteriophage T4 Insertion / substitution vector system

A bacteriophage T4 insertion / substitution vector system has been developed as a

means of introducing in vitro generated mutations into the T4 chromosome. The

insertion / substitution vector is a 2,638-base pair plasmid containing the pBR322

origin of replication, ampicillin resistance gene, a T4 gene 23 promoter fused with

synthetic supF tRNA gene, whose product suppresses amber stop codon, and

muticloning sites. A target DNA sequence containing homologous regions to T4

chromosomal DNA is cloned into this vector and mutated by standard recombinant

DNA techniques. E. coli cells containing this plasmid are then infected with T4

phage carrying amber mutations in essential genes. The plasmid integrates into T4

chromosome by homologous recombination between the plasmid-borne T4 target

sequence and its homologous chromosomal counterpart, resulting in duplicating

target sequence in T4 chromosome. The resulting phage, termed "integrent", can be

propagated even under amber non-suppressing conditions and be selected. In

addition to one homologous DNA sequence to T4 chromosome in the vector, the

other homologous sequence allows the vector sequence in the T4 chromosome to be

subsequently segregated through a second homologous recombination event,

resulting in generation of gene replacements and deletion. As depicted in Figure A-

1, the successful development of an I/S vector system for T4 phage demands that a

number of requirements are satisfied; 1) The phage containing the integrated plasmid

must be selectable. 2) The plasmid DNA must be able to integrate into the phage in a

target-specific manner via homologous recombination and subsequently segregate
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back out of the chromosome via a second homologous recombination event. 3) The

plasmid DNA must not be degraded by the infecting phage. For this reason, T4K1O,

in which gene den A and den B are defective, is proper as a phage strain. 4) The

integration of the plasmid must not increase the length of the phage so much that it

prevents the packaging of a complete, intact chromosome into the phage head.
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Figure A-i. T4 I/S system. The I/S vector system can be used to disrupt specific
genes in a single step or to substitute plasmid-bome T4 sequences for their
chromosomal counterparts. A, the T4 target sequence (a-c) is cloned into the
multicloning sites of the I/S plasmid. For gene disruptions, the target must be derived
from within the gene to be disrupted so that integration by the I/S plasmid will
always result in fragmentation of the target gene. For a sequence substitution within
an essential gene (b* for b, as shown), it is necessary to duplicate the target gene
upon integration of the I/S plasmid so as to maintain at least one intact copy of the
gene within the chromosome. B, In a first homologous recombination, the I/S vector
integrates into T4 chromosome, so-called "integrant". The integrant is selected by
their ability to grow on the nonsuppressing host, E. coli. C and D, the vector as well
as one copy of the target sequence are segregated back out of the phage chromosome
by intramolecular recombination during growth on a nonselective, suppressing host.
A substitution of the plasmid-borne target containing an in vitro generated mutation
(here designated as b*) for its chromosomal counterpart is attained with an averaging
frequency approaching 50 % [From Selick et al., 1988]
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A. 1. 2 Selection of T4 gene 32 deletion mutant

Since gene 32 is essential for the growth of T4 phage, a simple disruption of the

gene by insertion of foreign DNA sequence into it will cause to yield no viable

integrant. Even when gp32 is provided for the growth of the integrant by expression

of it from a plasmid containing gene 32 in E. coli, there is another problem caused

by homologous recombination between disrupted gene 32 in the integrant's

chromosome and intact gene 32 on the plasmid, resulting in generation of

revertants. Therefore, we decided to make gene 32 deletion mutant instead of a

simple disruption of the gene. As described in Materials and Methods, both of 5'

and 3' flanking region (around 400-base pair) was cloned in T4 I/S vector. As

depicted in Figure A-2, T4K1O (38arn5larndenAdenB) was infected into amber

nonsuppressing E. coli strain Mill and was allowed to grow. During the first round

of infection cycle, there could be three genotypes of T4K1O harvested. These

include T4K1O, integrant (containing the I/S vector in the chromosome), and

segregant (subsequent segragation of the I/S vector). Of these only the integrant is

able to grow under nonsuppressing conditions. Therefore, we were able to select

only the integrants on the plate ofamber nonsuppressing E. coli such as E. coli

strain BE. In next step, integrants were infected into E. coli and were allowed to

grow for only one- or two-infection cycle. Harvested phages from the culture could

include integrants and segregants, which also includes revertants and gene 32

deletion mutants. To select the segregants, a small amount of the harvested phages

were plated on amber suppressing E. coli (CR63) moderately expressing gp32. In

this stage, the critical factor to successfully select phage plaques was how to set
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proper conditions for the induction of gp32 expression enough to support the

growth of gene 32 deletion mutant phages but not to harm growth of the host, P1

coli. We have found that the induction of gp32 expression in CR63 containing

plasmid pMAL-32 by a mixture of 0.5 mM lactose and 0.05 mM IPTG minimizes

the death of the host and allows the mutants to form plaques on the plates. Plaques

selected in this stage were tested for their ability to form plaques on both E. coli

strain BE and CR63. Plaques that were not able to form on the both of E. co/i strains

but CR63 expressing gp32 were subject to PCR analysis.
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T4K1 0(denAdenff38arn5 1 )

Suppressing E. coli

/rvestin

Suppressing E. coli expressing gp32 with a
mixture of 0.5 mM lactose and 0.05 mM IPTG
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Harvesting and plating

Non-suppressing E. coli

Plating

Suppressing E. coli

4
PCR analysis for mutants ()

Figure A-2. A diagram for the selection of a gene 32 deletion mutant. I, integrant; R,
revertant; M, gene 32 deletion mutant.
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A. 1. 3 Selection of T4 gene 32 amber mutants

Amber mutations in gene 32 were selected by following procedures; In the first

stage, selection of "integrant" was same to the methods as described above. The

integrant was infected into amber suppressing E. coli (CR63) to allow segregants,

whose chromosome does not contain the supF gene of the I/S vector any more, as

well as the integrants to be propagated. A small amount of harvested phage from the

culture was plated on CR63 host. In this step, plaques arose could include the

inte grants and the segregants (including revertants and amber mutants). The

segregants were selected by their ability only to form a plaque in CR63 host, but not

in nonsuppressing E. coli such as E. coli BE. The revertants and amber mutants were

distinguished by PCR, using primer specifically base-paired with the amber codon

within a target gene. The mutants were further identified by immunoblotting with

antiserum to T4 gp32.
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A. 2 Purification of E. coli NDP kinase and Adk

As described in Materials and Methods, expression of His-Adk was induced in E.

coli Origami(DE3) canying plasmid pETADK by 0.5 mM IPTG and was purified by

the HIS-Select HC Nickel Affinity chromatogrphy (shown in Figure A-3). Only a

fraction eluted by 250 mM imidazole containing buffer was concentrated to 2.5

mg/mi by centriftigal filter (amicon centricon, Millipore, Bedford, MA), and its

purity was estimated in 12 % SDS-PAGE. No other bands were seen in the gel. This

purified His-Adk was used for the generation of polyclonal antibodies to E. coli Adk.

In addition, a 6X histidine tag was cleaved from His-Adk by Thrombin as described

in Materials and Methods, As shown in Figure A-3, tag-cleaved Adk was barely

seen in a fraction of the reaction mixture, which contains His-Adk and Thrombin,

after 16 hours incubation at room temperature. However, when it was re-purified by

the HIS-Select HC Nickel Affinity chromatogrphy (Sigma), elution of tag-cleaved

Adk was seen in a washing fraction with 5 mM imidazole containing buffer. On the

basis of the measurement of total protein concentration in each fraction, only 5 % of

His-Adk was found to be cleaved.

Meanwhile, Trx-NDP kinase was purified, and a tag was cleaved off as described

in Materials and Methods (shown in Figure A-4). The efficiency of tag-cleavage

was very high so that no band corresponding to uncleaved Trx-NDP kinase was seen

in Coommassie blue-stained SDS-PAGE. In the fraction eluted with 250 mM

imidazole, there were two bands observed. One band (bottom) is Trx-tag, and the
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other (top) is tag-cleaved NDP kinase left on the column after washing with 10 mM

imidazole containing buffer.
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Figure A-3. 12 % SDS-PAGE stained with Coommassie blue for the purification of
His-Adk and tag-cleaved Adk. a, Purification of His-Adk expressed in E. coli
Origami(DE3) carrying pETADK by using HIS-Select HC Nickel Affinity column.
1, Total cell lysate; 2, Supernatant after centrifugation; 3, Flow through; 4, Washing
with 10 mM imidazole containing buffer; 5, Washing with 50 mM imidazole
containing buffer; 6, Elution with 250 mM imidazole containing buffer; 7,
concentrated His-Adk (2.5 mg/mi). b, Purification of tag-cleaved Adk. lane 1, His-
Adk (uncieaved); 2, Reaction mixture of His-Adk with Thrombin after 16 hrs
incubation; 3, Washing fraction with 5 mM imidazole containing buffer.
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Figure A-4. 12.5 % SDS-PAGE stained with Coommassie blue for the purification
of Trx-NDP kinase and tag-cleaved NDP kinase. a, Purification of Trx-NDP kinase
expressed in E. coil Origami(DE3) carrying pETNDPK by using HIS-Select HC
Nickel Affinity column. 1, Total cell lysate; 2, Supernatant after centrifugation; 3,
Flow through; 4, Washing with 10 mM imidazole containing buffer; 5, Washing
with 50 mM imidazole containing buffer; 6, Elution with 250 mM imidazole
containing buffer. b, Purification of tag-cleaved NDP kinase. lane 1, Trx-NDP
kinase (uncleaved); 2, Reaction mixture of Trx-NDP kinase with Enterokinase after
16 hrs incubation; 3, Washing fraction with 5 mM imidazole containing buffer. 4-5,
Washing fraction with 10 and 20 mM imidazole, respectively, containing buffer; 6,
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Washing fraction with 250 mM imidazole containing buffer; 7, Concentrated tag-
cleaved NDP kinase.




