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The enzymes of dNTP synthesis in T4 infection associate to form a multienzyme
complex, the T4 dNTP synthetase complex, facilitating the flow of metabolites en route
to dNTPs, and their subsequent flow into DNA. Study of protein-protein interactions
helps one to understand how the enzymes in the complex are organized and coordinated
to function efficiently. By use of several approaches, namely, 1Asys optical biosensing,
fluorescence spectroscopy and analytical ultracentrifugation, a large number of direct
protein-protein interactions among the proteins in the complex were detected. Those
associations involved not only T4-encoded proteins but also two host-encoded enzymes,
namely, E. coli NDP kinase and adenylate kinase. Quantitative analysis of some of those
associations show that their equilibrium dissociation constants fall into the micromolar
range, which is comparable to the estimated intracellular protein concentrations,
suggesting that those interactions are significant in vivo. In addition, direct interactions

between T4 single-strand DNA binding protein (gp32) and several proteins in the



complex suggest a linkage between the dNTP synthetase complex and DNA replisome.
We also found that some nucleotides, especially ATP, enhanced most of the direct
protein-protein interactions. Quantitative analysis shows that, in the presence of 1 mM
ATP, the dissociation constants were an order of magnitude lower than that in the absence
of ATP. The intracellular concentration of ATP was determined in millimolar range,

suggesting that in vivo the associations are even more significant.

IAsys analysis shows the self-association of E. coli NDP kinase and its enhancement by
ATP. Equilibrium sedimentation indicates that, in the absence of ATP, the dissociation
constant between dimers and tetramers was 0.8 uM. However, in the presence of 0.5 mM
ATP, NDP kinase appeared completely in tetramer, suggesting that ATP might exert its

effect through influence upon the quaternary structure of NDP kinase.

A mixture of purified T4 enzymes was assayed for activity of a three-step sequence
(dCTP>dCMP->dUMP->dTMP), sequentially catalyzed by dCTPase/dUTPase, dCMP
deaminase and thymidylate synthase. Kinetic coupling behavior was observed. Other
proteins in the complex that are not catalytically involved in this pathway enhanced the
kinetic coupling, suggesting positive cooperativity among interactions stabilizing the

complex.
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Protein-Protein Interactions in the Bacteriophage T4 dNTP Synthetase Complex

Chapter 1

Introduction and Literature Review

1.1 Protein-Protein Interactions

Protein-protein interactions exist in virtually all biological processes (Walhout and Vidal,
2001). Any major process in biology involves protein complexes. These processes, for
example, include DNA replication and repair, transcription, translation, cell cycle control,
cell movement, signal transduction, cell growth, and metabolic pathways (Srere and
Mathews, 1990; Mathews, 1993a; Mathews, 1993b; Mathews et al., 2000). Protein-
protein interactions play pivotal roles in those processes. Understanding biological
processes largely depends on understanding interactions among the proteins involved in

those processes.

There are three types of protein-protein interactions (Phizicky and Fields, 1995). First,
subunit-subunit associations in multi-chain proteins are clear since the proteins are
purified as multi-subunit complexes. For instance, the R1 and R2 subunits interact with
each other in bacteriophage T4 ribonucleotide reductase R1-R2 holoenzyme (Hanson and
Mathews, 1994). Second, some well-known assemblies contain multiple tightly

associated proteins. These complexes include pyruvate dehydrogenase (Mathews ef al.,



2000), the ribosome (Mathews et al., 2000) and bacteriophage T4 tail assembly
(Kostyuchenko et al., 2005). Third, what is more interesting to many researchers is the
transient protein-protein interactions that control most cellular processes, for example,
DNA replication apparatus in phage T4 and Escherichia coli (Trakselis et al., 2001;
Benkovic et al., 2001; O'Donnell, 2006). Some proteins undergo chemical modifications
such as phosphorylation by protein kinases, acylation by acyl transferases, cleavage by
proteases, and so forth. These processes include signal transduction, cell cycle control
and cell growth. Other transient protein-protein interactions do not involve modifications,
but dynamic associations, such as protein folding assisted by chaperonins, transcription
complex interacting with different promoters, initiation, elongation and termination of
translation, protein transport across membranes (Mathews, 1997; Mathews et al., 2000),
and so on. Because these interactions are specific to their microenvironment and process
phase in vivo, they are more difficult to study using the approaches from traditional

biochemistry.

Protein-protein interactions can result in some measurable biochemical and biophysical
effects (Phizicky and Fields, 1995). First, proteins can change their kinetic properties,
such as altering an enzyme’s K, or allosteric properties. Second, protein-protein
association can facilitate substrate channeling. Channeling is a kinetic facilitation of a
metabolic pathway, usually involving preferential transfer of an intermediate from the
catalytic site of one enzyme to the next, in preference to its release to the surrounding

milieu (Mathews, 1985; Mathews, 1997). Third, they can form a new binding site for



another protein or new substrate. Fourth, they can also inactivate a protein through
interaction. Fifth, protein-protein interactions can change the specificity of a protein, e.g.,

an enzyme, for its substrates.

1.2 Multifunctional Enzymes, Multienzyme Complexes and Metabolons

Multifunctional proteins juxtapose the active sites of enzymes catalyzing sequential
reactions so that intermediates can be channeled directly from site to site. Fatty acid
synthase (Mathews et al., 2000) is a classical example of multifunctional proteins.
However, in many other cases, multiple enzymes rather than a single-chain protein
catalyze sequential reactions. These separate proteins associate with each other strongly
enough to form a multienzyme complex. Some of these complexes are tightly but
noncovalently bound aggregates, while others are loosely associated complexes, which
are called “metabolons” in metabolic pathways (Srere, 1987). The high concentration
dependence of these associations within the cell implied that “metabolons” are often
difficult to detect following the dilution that usually occurs when enzymes are isolated

from cells.

Like multifunctional proteins, multi-enzyme complexes also benefit from metabolic
channeling. Metabolic channeling possesses at least two apparent advantages. First,

channeling prevents diffusion of intermediates away from their sites and provides



efficient utilization of substrates and delivers them to the next site. Second, channeling
keeps average concentrations of most intermediates low and prevents the accumulation of
intermediates from exerting adverse osmotic pressure in the cell. A multienzyme complex
from T4 bacteriophage-infected E. coli has been highly purified and kinetically
characterized (Tomich et al., 1974; Reddy et al., 1977; Mathews and Allen, 1983;
Mathews, 1993b; Greenberg ef al., 1994). This multienzyme aggregate, called T4 dNTP
synthetase complex, conducting the conversion from ribonucleoside diphosphates to
dNTPs through a series of enzymatic reactions, will be further discussed in the following

sections.

1.3 Bacteriophage T4 and Its Life Cycle

Bacteriophage T4 has been among the most important model systems in the study of
modern genetics and molecular biology (Mathews, 1994). Although phage T4 has been
intensively studied over the past sixty years or so, it still has the ability to answer
important questions through its further study and continues to contribute to the paradigms
of genetics and biochemistry. T4 phage is a particularly powerful system for analyzing
dNTP biosynthesis and DNA replications, and the relationship between them, since it
encodes almost all the enzymes for these two fundamental processes and most of

enzymes have already been well-characterized. Because its DNA replication is



comparable to that of prokaryotes and eukaryotes, it possesses broad biological

significance.

Bacteriophage T4 is a virus to Escherichia coli. It contains a large linear double-stranded
DNA with genome size of 168,903 base pairs — one of the longest DNAs in phages,
which encodes about 300 gene products: 289 probable proteins, 8 tRNAs and at least 2
small and stable RNAs of unknown function (Miller et al., 2003). Phage T4 can finish
DNA replication, protein synthesis, capsid structure package and host cell lysis within
about 25 to 30 minutes at 37°C from its infection through the release of mature progeny.
Figures 1.1 and 1.2 show the major events of phage T4’s life cycle. Unlike A phage, T4 is
only capable of undergoing a lytic lifecycle and not the lysogenic life cycle. At first, T4
phage adsorbs to host E. coli outer cell membrane through its baseplate. The
conformational change of the baseplate promotes the contraction of the tail sheath and
pushes the inner tube through the cell’s outer membrane. After the tail lysozyme (gp5 or
gene 5 product) digests the peptidoglycan layer, the inner tube reaches the inner
membrane. T4 DNA is injected into the host cell cytoplasm with the aid of
electrochemical potential (Miller ef al., 2003; Kostyuchenko et al., 2005). T4 phage
utilizes entirely the host core RNA polymerase throughout its infection. Immediately after
infection, the unmodified bacterial RNA polymerase transcribes a set of T4 genes through
their promoters that share some common features with yet are stronger than those of E.
coli. T4 redirects the transcriptional machinery to T4 promoters with high efficiency

(Mathews, 1994). Among those early proteins, gpalc, an RNA polymerase-binding



6
protein, prevents the host RNA polymerase from transcriptional elongation of RNA using
the cytosine-containing host DNA as template. In addition to gpalc, three different ADP-
ribosyltransferases — gpalt, ModA and ModB — involve in ADP-ribosylation on o
subunits of E. coli RNA polymerase so that host RNA polymerase further prefers T4

promoters to host ones.

During the early stage of T4 phage life cycle, proteins involved in ANTP synthesis, DNA
replication, recombination, repair, host cell DNA degradation, and dNTP synthesis are
synthesized. Expression of all these proteins are complete within 10 minutes after
infection. Meanwhile, DNA synthesis starts at around 5 minutes. T4 life cycle enters the
middle stage around 5 minutes. Middle transcription is activated by AsiA —
heterodimerizing with ' — and MotA — a transcriptional activator. Late transcription
occurs at around 9 minutes after infection and late proteins include components required
for T4 head, tail, fiber, and several virion assembly factors (Mathews, 1994; Miller et al.,
2003). Around 25 minutes, 200 or more phage particles are released and ready to infect

other host cells.

1.4 T4 dNTP Synthesis Pathway

In the T4 phage life cycle, one of the major biological activities is DNA synthesis.

Following infection, phage T4 shuts off all the host RNA synthesis and redirects



ribonucleotides to the flow into pools of DNA precursors. In the early stages of the T4
life cycle, proteins required for AINTP and DNA synthesis are synthesized within the first
5 minutes (Figures 1.2) (Mathews, 1994; Miller et al., 2003). T4 phage encodes almost
all of the proteins needed for AINTP and DNA biosynthesis. DNA synthesis starts at
around 5 minutes after infection at 37°C and dNTPs as DNA precursors are on demand
simultaneously. Figure 1.3 shows the T4 dNTP biosynthesis pathway. There are at least
10 enzyme activities contributing to dNTP synthesis in T4-infected host, 8 of which are
encoded by T4 and 2 of which are from preexisting host, i.e., nucleoside diphosphate
kinase (NDP kinase, or NDPK) and adenylate kinase (ADK) (Mathews and Allen, 1983).
What’s unique in the pathway is dCMP hydroxymethylase (gp42 or gene 42 product),
which modifies dCMP to hm-dCMP (hydroxymethyl-dCMP). Hm-dCMP will be further
discussed below. Table 1.1 lists the basic information of those 10 enzymes involved in de

novo DNA precursor synthesis.

The nucleotide source directly from the degradation of host DNA is about 20 phage-
equivalent genomes (169 K base pairs) per E. coli chromosome (3 M base pairs). About
half of the nucleotides released are actually incorporated into progeny phage DNA.
Therefore, host DNA provides approximately 5% of total ANTPs contained in phage
progenies released from each infected host cell. The remaining 95% of dNTPs are de
novo synthesized from ribonucleotides released from host mRNA degradation or
synthesized de novo (Figure 1.3) (Mathews and Allen, 1983; Mathews, 1994; Greenberg

et al., 1994).



Phage T4 incorporates 5-hydroxymethyl dCMP (hm-dCMP) in its genome completely
replacing the unmodified dCMP. Hm-dCMP residues in DNA are further glucosylated:
70% of them are a-glucosylated, and 30%, B-glucosylated, catalyzed by DNA a- and [3-
glucosyltransferases, respectively (Mathews and Allen, 1983). The glucosylation of hm-
dCMP residue of phage DNA protects its DNA from restriction by host endonucleases,
and improves the stability of phage double stranded DNA as well. The
hydroxymethylation from dCMP to hm-dCMP is catalyzed T4 dCMP hydroxymethylase
(abbreviated to be dCMP HMase, also called gp42 (gene 42 product)), which is an

essential enzyme.

After T4 phage infection, the rate of DNA synthesis in the infected E. coli increases up to
10-fold higher than in uninfected cells. However, ANTP pools are not augmented
substantially (Mathews, 1972). Meanwhile, the dCTP pool disappears and is completely
replaced by hm-dCTP. To fulfill the higher demand of ANTP synthesis, phage T4 employs
several approaches (Mathews and Allen, 1983; Mathews, 1994). First, T4 synthesizes
enzymes such as T4 aerobic ribonucleotide reductase (RNR) and thymidylate synthase
(TS), duplicating preexisting activities in the host cell, but enhancing them greatly.
Second, T4 encodes dUTPase/dCTPase (gp56 or gene 56 product) to replace its host
counterpart — E. coli dUTPase that lacks dCTPase. Third, T4 synthesizes its unique
dCMP hydroxymethylase to convert dCMP to hm-dCMP to meet the uniqueness of T4

DNA nucleotide composition. Fourth, due to the disappearance of the dCTP pool, the E.



coli dCTP deaminase, which works on dCTP as its substrate, becomes useless. Instead,
T4 replaces it with dCMP deaminase, encoded by gene cd, to carry out an important
function in thymine nucleotide biosynthesis. Finally, T4 directly makes use of two host-

encoded nucleotide kinases: NDP kinase and adenylate kinase.

In the T4 ANTP biosynthesis pathways, there are several other noteworthy features. First,
T4 aerobic ribonucleotide reductase (RNR), encoded by genes nrdA and nrdB, and dCMP
deaminase are two key enzymes allosterically regulating the whole pathway. T4 RNR
will be further discussed in detail in the next section. T4 phage-encoded dCMP
deaminase activity is almost completely dependent on the presence of hm-dCTP as an
allosteric activator in vivo (Fleming and Bessman, 1967) although in vitro dCTP is a
more effective activator (Maley and Maley, 1982a; Maley and Maley, 1982b). On the
other hand, dCMP deaminase is inhibited by dTTP (Fleming and Bessman, 1967). It
plays an important role in maintaining the 2:1 ratio of synthesis rates of dTMP
(thymidine monophosphate) to hm-dCMP in vivo (Flanegan and Greenberg, 1977). Chiu
et al (Chiu et al., 1977) observed that E. coli cells infected by dCMP deaminase-defective
T4 phage can synthesize dTMP and hm-dCMP at about 0.6:1 ratio. This further suggests

the regulating function of dCMP deaminase.

Second, anther essential enzyme for phage T4 growth is INMP (deoxynucleoside
monophosphate) kinase, gene product 1 (abbreviated as gp1). Gp1 exclusively converts

three ANMPs, i.e., hm-dCMP, dTMP and dGMP (deoxyguanosine monophosphate), to
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their corresponding ANDPs (Brush et al., 1990; Brush and Bessman, 1993; Teplyakov et
al., 1996). However, it does not act upon dCMP and dAMP. dAMP is phosphorylated to
dADP by E. coli ADK. dCMP need not be phosphorylated since it will be converted into
either dUMP (deoxyuridine monophosphate) by T4 dCMP deaminase or hm-dCTP by T4

dCMP hydroxymethylase.

Third, T4 thymidylate synthase not only methylates dUMP at 5-carbon to dTMP using
tetrahydrofolate (THF) as the one-carbon group donor, but oxidizes methylene-THF to
dihydrofolate (DHF). DHF reductase, another enzyme in the pathway, is responsible to

reduce DHF to THF.

Finally, the pathway also includes two host-encoded enzymes. Adenylate kinase, as
mentioned above, phosphorylates dAMP to dADP. The other is NDP kinase, which has
extremely high activity and low specificity for NDP substrates. In crude extracts, NDP
kinase activity is as much as 20-fold higher than that of T4 dNMP kinase, thus obviating
a need for a T4-coded NDP kinase (Mathews and Allen, 1983). NDP kinase will be

further discussed in the later sections.

1.5 T4 Ribonucleotide Reductase

Ribonucleotide reductase (RNR) is an essential enzyme in DNA synthesis, catalyzing all
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de novo synthesis of deoxyribonucleotides. In all organisms, the remarkable
ribonucleotide reductase represents the branch point between RNA and DNA precursor
biosynthesis. Ribonucleotide reductase reduces all the four ribonucleoside diphosphates
(rNDPs) —i.e., ADP, GDP, CDP, UDP — to their corresponding deoxyribonucleoside
diphosphates (ANDPs) — i.e., dADP, dGDP, dCDP, dUDP — by reducing the hydroxyl at
carbon 2 to a hydrogen via a free radical mechanism (Jordan and Reichard, 1998). Unlike
ribonucleotides that are utilized in all compartments of the cell, deoxyribonucleotides
play their sole role to provide DNA synthesis as precursors. The enzyme ribonucleotide
reductase is the point that is closely regulated to control the right ratio of four different

dNDPs and subsequent dNTPs. The rates of synthesis of four ANTPs must also be

controlled to avoid unbalanced dNTP pools. ANTP pool imbalance could cause enhanced
mutagenesis, chromosomal abnormalities, induction of endogenous viruses, enhanced
genetic recombination and cell death (Mathews, 1997; Mathews, 2006). The enzymes
from all organisms possess the regulatory patterns of activation and inhibition with

different nucleoside triphosphates — rNTPs and dNTPs — as allosteric effectors.

There are three classes of ribonucleotide reductases, namely, Class I, Class II and Class
IIT shown in Table 1.2 (Thelander and Reichard, 1979; Reichard, 1985; Reichard, 1988;
Reichard, 1993; Jordan and Reichard, 1998; Reichard, 2002; Nordlund and Reichard,
2006). Class I ribonucleotide reductases are most widely distributed. Class I enzymes act
upon ribonucleoside diphosphates (rNDPs). The enzyme generates a free radical on a

tyrosine residue with the aid of a diferric oxygen bridge. Therefore they are limited to
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aerobic conditions. Class II enzymes are found in cyanobacteria and some bacteria, and
have either aerobic or anaerobic forms. The Class II enzyme acts on ribonucleoside
triphosphate substrates (rNTPs). It uses adenosylcobalamin, a By, coenzyme to generate a
free radical. Class III ribonucleotide reductases are found only in facultative or obligate
anaerobes. The Class III enzyme acts on ribonucleoside triphosphate substrates (rNTPs).
It uses S-adenosylmethionine and an iron-sulfur center to generate the catalytically

essential radical on a glycine residue.

The most common form, Class I, is an a3, dimer. Both E. coli and T4 aerobic RNRs
belong to Class Ia. The structure of E. coli RNR is shown in Figure 1.4. The two a
subunits form the large subunit of the protein called R1 containing the activity and
specificity sites. Table 1.3 shows the details of allosteric regulation on T4 RNR. The
activity site, binding either ATP (adenosine triphosphate) or dATP (deoxyadenosine
triphosphate), increases or decreases all the reduction activities, respectively. However,
unlike the enzymes from other organisms that inhibit all four activities, dATP only shows
a weak inhibition on GDP reduction (Berglund, 1972). The specificity site, binding ATP,
dATP, dTTP (thymidine triphosphate) or dGTP (deoxyguanosine triphosphate), regulates
the reduction activities for particular ribonucleoside diphosphates. In addition, the unique
hm-dCTP in T4 is also a potent activator for UDP and CDP reduction (Berglund, 1975).
The counterpart of hm-dCTP in the host cell, dCTP, plays little or no role in regulating T4
RNR. The two [ subunits make up the small subunit of the protein called R2, which

contains the free radical. Hydroxyurea (HU), an inhibitor of ribonucleotide reductase,



13
destroys the free radical (Thelander and Reichard, 1979; Reichard, 1985; Reichard, 1988;
Reichard, 1993; Jordan and Reichard, 1998; Reichard, 2002; Nordlund and Reichard,

2000).

Besides aerobic ribonucleotide reductase (abbreviated as RNR), both E. coli and T4 also
encode a Class III ribonucleotide reductase, the anaerobic form (Young et al., 1994a;

Olcott et al., 1998; Fontecave et al., 2002).

1.6 T4 dNTP Synthetase Complex

After phage T4 infection, the DNA synthesis rate per infected E. coli cell is up to 10-fold
higher than that of the uninfected cell while ANTP pools do not increase substantially
(Mathews, 1972; Mathews and Sinha, 1982; Mathews and Allen, 1983). Unlike the
rNTPs, which are utilized in all compartments of the cell, AINTPs have extremely limited
functions other than acting as DNA precursors and need to be in the close vicinity of the
place where DNA is synthesized. It is necessary to organize and regulate the synthesis of
deoxyribonucleotides in order to deliver to DNA replication sites as needed. Moreover,
deoxyribonucleoside triphosphates must be provided at the same relative rates as the

composition of DNA to be synthesized to avoid dNTP imbalance.
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However, the chain growth rate at each replication fork in infected cells is about the same
as that of the uninfected cell, that is, about 800 nucleotides per second at 37°C. Werner
(1968) observed that the number of replication forks increases dramatically to about 60
forks in T4 phage-infected cells, from the original 2-6 forks in uninfected cells. Since
replicative DNA polymerases operate at maximum velocity (Mathews, 1976), it is
essential that the cell be organized so that ANTPs can be delivered to these replication
sites fast enough to meet the tremendous demand for DNA precursors and to maintain
saturating concentrations in the vicinity of DNA replication forks (Mathews, 1976).
Therefore, in a T4 phage-infected host cell, the ANTP pools must turn over at up to 10
times the rate of an uninfected cell (Ji and Mathews, 1991). All these factors suggest that
there exist ANTP concentration gradients at replication sites in vivo. Furthermore,
Mathews’ lab proposed that enzymes of dNTP synthesis form a multi-enzyme complex
and this complex is juxtaposed with replication sites (Reddy et al., 1977). Several years
earlier, Greenberg’s lab had already suggested a similar model based on indirect evidence
(Tomich et al., 1974). They devised an innovative technique to simultaneously measure
the activity of dCMP hydroxymethylase and thymidylate synthase in vivo by assaying the
release of tritium from [5-"H]uridine administered to a Thy host. [5-*H]uridine is
converted to labeled substrates by both enzymes, each of which displaces the tritium from
the 5-position. Tritium is then released to the solution. Tomich et al. found that, in vivo,
these enzymes start to be active about 5 minutes after enzyme activities can be detected
in the cell extract, and their activation starts at the same time as DNA replication. They

suggested that these enzymes and others must assemble into a multi-enzyme complex and
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become activated in vivo. Flanegan and Greenberg also modified this method to estimate
flux rates in vivo for dCMP hydroxymethylase and thymidylate synthase. They found the
flux rate ratio was 1:2, which is very close to the ratio of hm-dCMP to dTMP residues in
T4 DNA (Flanegan and Greenberg, 1977; Flanegan et al., 1977; Chiu et al., 1982). They
proposed that individual activities in the multi-enzyme complex are closely controlled so
that all four ANTPs can be synthesized at the same rates that the T4 DNA is replicated.

This helps to explain how balanced dNTP pools can be controlled.

The concept of a T4 ANTP synthetase complex (Tomich et al., 1974; Reddy et al., 1977,
Mathews and Allen, 1983; Mathews et al., 1993; Mathews, 1993a; Greenberg et al.,
1994) is further supported by the following evidence. First, evidence from our laboratory
suggests that T4 phage-infected cells might have two distinct pools of ANTPs.
Subcellular compartmentation means the maintenance within a cell of two or more
distinct pools of a particular metabolite where pools may be separated either physically or
kinetically. A small pool, believed to be near the replication sites, is rapidly turned over,
and a large pool, distributed throughout the rest of the cell, is slowly replenished (Pato,
1979; Mathews, 1993a). Reddy and Mathews (1978) studied T4 phage-infected host cells
permeabilized by sucrose plasmolysis. The infected cells incorporate distal DNA
precursors, i.e., INDPs or ANMPs, into DNA seven-fold faster than they incorporate
proximal precursors, i.e., ANTPs. This suggested that the replication apparatus
preferentially utilizes dNTPs from the small pool in situ rather than free AINTPs

(Mathews and Allen, 1983; Mathews, 1993a). dNTPs might be subject to the process of
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dephosphorylation and then phosphorylation before incorporation into DNA. This
hypothesis is further supported by other experiments showing that permeabilized cells
infected with T4 phage with a gene 42 (encoding dCMP hydroxymethylase) or gene 1
(encoding dNMP kinase) mutation synthesize little or no DNA even if they were
administered with exogenous dNTPs, including the T4-unique hm-dCTP (North ef al.,
1976; Stafford et al., 1977). In addition, inhibition of NDP kinase inhibits direct

incorporation of dNTP into DNA in permeabilized cells (Reddy and Mathews, 1978).

Second, both Mathews’ and Greenberg’s laboratories isolated a multienzyme aggregate
using sucrose gradient centrifugation or gel filtration chromatography (Reddy et al.,
1977; Chiu et al., 1982; Allen et al., 1983). There are eight T4 enzymes and two host
enzymes in the aggregate that are capable of synthesizing dNTPs in vitro (Allen et al.,
1983; Thylén and Mathews, 1989). These enzymes are: dCMP hydroxymethylase (gp42),
thymidylate synthase (TS), INMP kinase (gp1), dCTPase/dUTPase (gp56), dCMP
deaminase (CD), ribonucleotide reductase (RNR), thymidine kinase (TK), and E. coli
NDP kinase (NDPK), E. coli adenylate kinase (ADK), shown in Figure 1.3. Interestingly,
only about 5% of the total host NDP kinase activity was detected in the large aggregate.
The aggregate has roughly 0.7-1.0 and 1.0 mDa of molecular mass from sedimentation
experiments and gel filtration chromatography, respectively. These numbers are close to
the sum of molecular weights of those 10 enzymes above, assuming the complex contains
one molecule of each enzyme (Allen ef al., 1983; Moen et al., 1988). The possibility of

artefactual aggregation after lysis of the cells was ruled out by a mixing experiment
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(Allen et al., 1983). A pre-isolated mixture of radiolabeled T4 proteins was added to
phage-infected host cells just before lysis and sucrose gradient analysis, none of those
radiolabeled proteins sedimented rapidly. This indicates that artefactual aggregation did

not occur.

Finally, kinetic coupling assays provide more evidence for the hypothesis. Kinetic
coupling reduces the transient time for catalysis in a multi-step reaction pathway. The
transient time is defined as the zero time intercept of the plot of product concentration
versus time (Welch and Gaertner, 1975). In other words, the time interval required to fill
all intermediate pools. Because the two enzymes are juxtaposed, the intermediates
released by the first enzyme need not diffuse to reach the catalytic site of the second
enzyme. This greatly reduces the time required for accumulation of substrate for the
second enzyme to reach the saturating level. Meanwhile, the overall average
concentration of intermediates is kept much lower than those in uncoupled systems, even
though local concentrations near catalytic sites are relatively high enough to saturate the

enzyme.

Mathews’ laboratory first analyzed kinetic coupling in the three-step pathway as follows:

TS gpl NDPK
dUMP ———dTMP dTDP

dTTP

where TS is thymidylate synthase, gpl is ANMP kinase and NDPK is NDP kinase. The
pathway was analyzed with the rapidly sedimenting enzyme fraction from a cell extract

of the T4 phage-infected host cells. The steady-state concentration of dTDP
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(deoxythymidine diphosphate), one of the intermediates, was found to be reduced to
about one-tenth and the transient time was lowered to about one-twentieth the values
calculated for uncoupled enzyme mixtures. A computational simulation suggested that the
local concentrations of intermediates were concentrated 50-fold (Reddy et al., 1977). The
longest sequence that demonstrated kinetic coupling involves five enzyme activities,

including the key enzyme ribonucleotide reductase, catalyzing a series of reactions from

UDP to dTTP (Allen et al., 1980).

RNR NDPK gp56 TS gpl NDPK
—

UbP dUDP——»dUTP ——» dUMP ———=dTMP dTDP ———dTTP

where RNR is ribonucleotide reductase and gp56 is dCTPase/dUTPase.

Of great interest is the three-step pathway, dCTP—-dCMP—dUMP—dTMP, sequentially
catalyzed by gp56, dCMP deaminase and thymidylate synthase. The pathway was
analyzed 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 gp42 (dCMP hydroxymethylase) is not directly involved in catalyzing the
pathway, the highly truncated dCMP hydroxymethylase at C-terminus abolishes kinetic
coupling in the above three-step pathway, while the mutants of almost full length of
dCMP hydroxymethylase give the normal kinetic coupling (Mathews et al., 1988; Thylén
and Mathews, 1989; Mathews, 1993a). This suggests that the enzymes within the
complex are functionally and physically associated with each other and any structural and

functional mutation could disrupt the integrity of the complex.
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To sum up, a “funnel” model of ANTP biosynthesis by the T4 dNTP synthetase complex
in T4 phage-infected E. coli juxtaposed with the replication machinery is given in Figure
1.5 (Mathews, 1993a). Although the breakdown of host cell DNA provides about 5% of
total DNA in progeny phages, all the remaining 95% source of ANTP comes from
ribonucleotides. Ribonucleotides are sequentially converted to dANTPs as DNA
precursors, catalyzed by a series of enzymes initialized with the key enzyme
ribonucleotide reductase. Those dNTPs produced in the ANTP synthetase complex
directly are released in the intermediate vicinity of DNA replication sites. All the
processes are carried out like a “funnel” since almost no intermediates could leak out

from the complex.

Since the isolated ANTP synthetase complex does not contain DNA polymerase or other
replication proteins, there is no direct evidence supporting the hypothesis that the ANTP
synthetase complex is localized near replication sites. New approaches were carried out,
including protein affinity chromatography, which had been earlier applied in gp32 (T4
single-strand DNA-binding protein) column (Formosa ef al., 1983). Formosa ef al. (1983)
immobilized gp32 on an Affi-Gel-10 column and applied a cell lysate of T4-infected host
cells on to the column. The eluates at different NaCl concentrations were analyzed by
two-dimensional gel electrophoresis to identify proteins specifically retained by the
immobilized gp32. Formosa ef al. identified nine T4 proteins involved in DNA
replication or recombination, including gp43 — T4 DNA polymerase. Our laboratory
applied the same approach to immobilize T4 dCMP hydroxymethylase (gp42) (Wheeler

et al., 1992). Several proteins of the ANTP synthetase complex and a few proteins of
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DNA replication and repair/recombination were retained in the columns. Those DNA
replication proteins include gp43 (DNA polymerase), gp44 (clamp-loader subunit), gp45
(sliding clamp), gp61 (primase) and gp62 (clamp-loader subunit). In subsequent protein
affinity chromatography experiments, where eight T4 proteins of dNTP synthetase
complex were individually immobilized, gp32 was retained by each of these columns
(Wheeler ef al., 1996). This implies a potent linkage between the dNTP synthetase

complex and DNA replication apparatus.

1.7 dNTP compartmentation in other organisms

Although the concept of phage T4 dANTP synthetase complex was proposed more than 30
years ago, it is surprising that there is relatively little work done with higher organisms,
including the host of T4 phage — E. coli, one of the model systems of prokaryotes. First
evidence of ANTP compartmentation in E. coli is from Werner’s laboratory (Werner,
1971). He found that radiolabeling of DNA at maximal rates was observed long before
the dTTP pool was fully radiolabeled when E. coli cells were treated with radiolabeled
thymine. In 2002, Guzman et al. (Guzman et al., 2002) reported an interesting finding.
They used an E. coli strain with nrdA 101 allele encoding a temperature-sensitive
ribonucleotide reductase (RNR), whose activity is completely destroyed at 42°C within 2
minutes. Surprisingly, incubation of this strain at 42°C allows DNA replication for about

40 minutes, which is almost the lifetime of E. coli, while hydroxyurea stops DNA
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synthesis immediately. This suggests that mutant RNR is protected by some replication
hyperstructure from thermal inactivation and RNR is a component of the replication
complex. A more recent publication by Molina and Skarstad (Molina and Skarstad, 2004)
suggests the existence of a replisome-forming hyperstructure. Replication factories,
consisting of 4 polymerases, are organized into higher order structures comprising 8 or 12
polymerases. In addition, the replication factories were dissociated due to lack of
nucleotide supply or mutant thymidylate synthase. These findings suggest that the
nucleotide synthesis apparatus/complex co-localizes with the hyperstructure formed by
DNA replisome factories and further suggest that nucleotide metabolism is closely

responsible for keeping the integrity of the replication factories and hyperstructure.

The situation in eukaryotic cells is much more complicated than that in prokaryotic cells.
In eukaryotic cells, although some aggregated forms of the enzymes of ANTP
biosynthesis were reported (Mathews and Slabaugh, 1986), direct coupling of ANTP
synthesis to DNA replication seems unlikely, if only because the enzymes of ANTP
synthesis are found largely in the cytosol while DNA replication occurs inside the
nucleus (Mathews, 1997). There are two properties in which DNA replication in
eukaryotic cells is distinct from that in prokaryotic cells. First, DNA chain growth is
about an order of magnitude slower in eukaryotic cells than that in prokaryotic cells.
Second, the Ky values of DNA polymerase for ANTPs in mammalian cells are at least an
order of magnitude lower that those of prokaryotic enzymes. For example, the polyoma

virus-infected nuclear system saturates at as low as 5 uM dNTPs. However, the
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intracellular ANTP concentrations are estimated to be higher than this value. For instance,
the least abundant dNTP pool, that of dGTP, is about 10 uM (Zhang and Mathews, 1995).
Thus the kinetic coupling and substrate channeling is evidently rendered unnecessary

since substrates can saturate DNA polymerase by simple diffusion (Mathews and Allen,

1983; Mathews, 1997).

The third category of ANTP compartmentation falls into organelles of eukaryotic cells,
such as mitochondria and chloroplast. Since these organelles possess their own DNA
distinct from nuclear DNA, they also have their ANTP pools. Song et al. (Song et al.,
2003; Song et al., 2005) in our laboratory reported that mitochondrial ANTP pools were
quite different from those in cytosol in that dGTP pool is unexpectedly higher than other
dNTP pools. This suggests ANTP compartmentation in mitochondria. However, there are

no reported data on dANTP pools in chloroplast up to date.

1.8 Known Protein-Protein Interactions in T4 dNTP Synthetase Complex

Although several lines of evidence support the concept of the T4 ANTP synthetase
complex in T4 phage-infected E. coli cells, which is one of the best understood of ANTP
metabolic machines, the way enzymes are organized and they coordinate to function as a
multi-enzyme complex are not clear. Our laboratory made efforts to better understand the

complex by employing various approaches to study protein-protein interactions, which
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would definitely provide indispensable and valuable information. Protein affinity
chromatography is one of the early methods as mentioned in earlier section. Gp42 —
dCMP hydroxymethylase — was immobilized on an Affi-Gel column (Wheeler et al.,
1992). More than a dozen proteins from an extract of T4-infected E. coli cells were
retained on the column relatively strongly (bound at 0.2 M NaCl and eluted at 0.6 M
NaCl), implying specific interactions with gp42 (might be indirect association). Among
those proteins as shown in Table 1.4, five are enzymes involved in dNTP synthesis, and
several are DNA replication proteins, such as gp43 and gp32. This suggests the linkage
between the INTP synthetase complex and DNA replication apparatus. Furthermore, the
number of proteins retained on the column is reduced when an extract from phage T4
with amber mutant gp32 or thymidylate synthase was applied on the column under the
same condition. This implies that some of the observations are not direct protein-protein

associations or the full length proteins are required for their associations.

Following the success of gp42 affinity column, more proteins in the T4 dNTP synthetase
complex were individually immobilized on columns to identify the protein-protein
interactions. Table 1.5 summarizes the results obtained by 1996 (Wheeler ef al., 1996).
Since gp32, T4 single-stranding DNA-binding protein, was retained by all eight proteins,
Mathews’ laboratory suggested that T4 gp32 could be a candidate organizing factor for

the ANTP synthetase complex.
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Gp32, the DNA double-helix-destabilizing protein, binds to single-strand DNA (ssDNA)
unwound by primosome before being replaced by DNA replisome and is known to be
required for T4 DNA replication, recombination and repair (Alberts and Frey, 1970;
Nossal and Peterlin, 1979; Sinha et al., 1980; Jarvis et al., 1989). Gp32 binds to ssDNA
as the replications forks move and stimulates replisome processivity and accuracy by
about 700-fold. Gp32 consists of three domains: B domain, core domain and A domain,
in order from N-terminus to C-terminus (Shamoo et al., 1995b). The B domain is
responsible for cooperative binding to ssDNA (Villemain and Giedroc, 1996; Villemain et
al., 2000). The A domain is essential for its interaction with other proteins. The core
domain has a DNA binding site. Gp32 is suggested to be responsible for recruiting the
dNTP synthetase complex proteins and leading the complex to the vicinity of DNA
replication forks (Wheeler et al., 1996). In addition, several replication proteins were also
specifically retained on these columns. All these findings imply that the ANTP synthetase
complex is juxtaposed to DNA replication apparatus to provide relatively high localized

dNTP concentration to sustain the rapid DNA replication rate after phage infection.

Apart from protein affinity chromatography, some other methods were also employed.
Those approaches include analysis of an anti-idiotypic antibody (Young and Mathews,
1992; Wheeler et al., 1996), band shift non-denaturing gel electrophoresis (Wheeler et
al., 1996; Bernard et al., 2000), cross-linking (Mathews ef al., 1987), and amber mutant

and temperature-sensitive mutant and coimmunoprecipitation (Mathews and Allen, 1983;
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Hanson and Mathews, 1994; Bernard et al., 2000). The protein-protein interactome was

proposed as shown in Figure 1.7 according to the results obtained as of 2000.

1.9 E. coli NDP Kinase Function and Structure, and Oligomeric Structure of NDP
Kinases from Other Organisms

Because of its role as one of very few host-cell enzymes involved in T4 DNA
metabolism, E. coli NDP kinase is of particular interest. Nucleoside diphosphate kinase
(NDP kinase or NDPK) catalyzes the reaction in which the terminal y-phosphate group
from nucleoside triphosphate (NTP) is transferred to a nucleoside diphosphate (NDP)
(Lascu and Gonin, 2000). Like almost all other reactions involving nucleotides, the
reaction requires Mg®" as a cofactor. The enzyme exhibits broad substrate specificity and
utilizes any kind of nucleoside (or 2’-deoxynucleoside) di- and triphosphates (Parks and
Agarwal, 1973). The catalytic mechanism is an ordered bi-molecular ping-pong type by
forming a covalent high-energy phosphoenzyme intermediate through its catalytic

histidine residue. The reaction scheme is shown as following:

NDPK - His + Mg - N,TP == NDPK - His ~ P+ Mg - N,DP
NDPK - His ~ P +Mg- N,DP —— NDPK - His + Mg - N,TP
Mg N, TP +Mg-N,DP——=—Mg-N,DP + Mg- N, TP

where nucleotides are chelated with Mg”". The reaction is very efficient and rapid and the
phosphorylated enzyme is very stable even if there is no NDP acceptor for a couple of

hours (Lascu and Gonin, 2000).
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Although the reaction is theoretically fully reversible, it is highly prone to move to the
right in vivo when ATP is abundant. The intracellular levels of ATP, the most common
high-energy phosphate donor, are considerably higher than other nucleoside
triphosphates. In addition, ATP is far more abundant than ADP or AMP, so there is a
strong thermodynamic tendency for the potential energy of ATP to be used in the

synthesis of other high-energy compounds (Mathews et al., 2000).

Since NDP kinase functions on both ribo- and deoxyribonucleotides, it is considered to
play an important role in maintaining the NTP and dNTP pools for RNA and DNA
biosynthesis, respectively. A null mutation of E. coli ndk gene, however, causes ANTP
pool imbalance, where dCTP pool increased 23-fold and dGTP pool, 7-fold, and a high
mutation frequency resulted (Lu et al., 1995). This implies that E. coli ndk is not just a
housekeeping gene. As mentioned in the previous sections, E. coli NDP kinase, as part of
T4 ANTP synthetase complex juxtaposed to the T4 DNA replication machinery, is
physically and functionally involved in dNTP synthesis. Although most of the mispairs
generated by an E. coli strain lacking NDP kinase could be corrected by mismatch repair
system, double mutants of both ndk and mutS significantly increased base substitution
and frameshift mutations (Miller ef al., 2002). It is of great surprise that E. coli ndk gene,
encoding NDP kinase, is not essential, and the knockout of this gene does not cancel the
normal cell growth and can sustain the growth of T4 phage-infected E. coli (Hama et al.,
1991a; Zhang et al., 1996). But Myxococcus xanthus NDP kinase is essential for cell

growth (Munoz-Dorado ef al., 1990). Later, E. coli ADK was reported to complement the
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deficient NDPK kinase activity in nucleotide metabolism (Lu and Inouye, 1996).

NDP kinase is a ubiquitous enzyme found in many organisms. Interestingly, NDP kinases
share high level of sequence and structure similarity across organisms from prokaryotes
to eukaryotes. All NDP kinases are composed of four or six identical subunits of about
150 residues (16-20 kDa each). Eukaryotic NDP kinases are hexamers and some bacterial
enzymes are tetramers (Figure 1.7). Each subunit has an independent active center with a
nucleophilic histidine and a nucleotide-binding site capable of binding both NDPs and
NTPs (Lascu et al., 2000). Each subunit has an o/ sandwich or ferredoxin fold (Janin,
1993; Janin et al., 2000). The fold features a surface a-helix hairpin, the Kpn (Killer-of-
prune) loop and a C-terminus. The a-helix hairpin and the Kpn loop form the nucleotide-
binding site (Lascu ef al., 1992), and the C-terminal segment is largely divergent
throughout the NDP kinase family (Milon et al., 2000). Prokaryotic NDP kinases from
Myxococcus xanthus (Williams et al., 1993) and E. coli (Ohtsuki et al., 1984; Almaula et
al., 1995) are 5-7 residues shorter at the C-terminus than that from eukaryotic enzymes
(Mesnildrey et al., 1998). In eukaryotic NDP kinase, the C-terminus (about 20 residues)
protruding from the a-heli