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Although the Escherichia coli host has almost all of the enzymes necessary to

synthesize nucleotides needed for bacteriophage T4 DNA replication, phage genes
expressed early in infection encode enzymes for de novo DNA precursor biosynthesis

and salvage from degraded host DNA. Eight early enzymes and two host enzymes
comprise the multienzyme dNTP synthetase complex. The complex utilizes two host

kinases for phage replication: nucleoside diphosphate kinase (Ndk) and adenylate
kinase (Adk). The dNTP synthetase complex and the replication apparatus interact in

vivo. dNTP synthesis is kinetically coupled to T4 DNA synthesis in a wild-type host
but not in an ndk host. Moreover, one indirect and four direct experimental approaches

demonstrate partial reconstitution of interactions between the two complexes in vitro.
These interactions include Ndk and T4 DNA polymerase, which catalyze consecutive
metabolic steps (dNTP synthesis and replication).

The effect of the ndk mutation on the E. coli host was also studied. Disruption
of the host ndk gene has been reported to cause a mutator phenotype due to nucleotide

pool imbalances from a hugely increased dCTP pool.

The pool imbalance has little

effect on growth rate, since the ndk strain growth rate is 5.8 min. (15%) slower.
However, the rate of phage DNA synthesis is reduced by 83.7% in the ndk strain
relative to its parent.

Although Adk complements ndk disruption, Adk's NDP kinase activity has

high KM values for dNDP substrates.

Adk has

a novel (dNTP:AMP)

phosphotransferase activity which synthesizes the dNTP's for replication.

As

measured by selectivity (kca/KM), Adk's (dNTP:AMP) phosphotransferase activity

not its NDP kinase activityis the physiologically relevant mechanism for dNTP

synthesis in the ndk mutant. Therefore, ADP is the physiological phosphate donor
instead of ATP.

The ndk strain was found to have abnormally elevated nucleotide pools of UTP,

CTP, dCDP and dTTP. In the ndk mutant, a high activity of Adk upon UDP leads to

excess UTP production. Accompanied by a 3.2-fold increase in CTP synthetase
activity, subsequent nucleotide pools are also increased, culminating in 18-fold dCTP
and 2.4-fold dTTP pool accumulations, and hence, the mutator phenotype.
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Host Kinases Involved in DNA Precursor Biosynthesis
during Bacteriophage T4 Infection

Chapter 1. Background: Protein-protein interactions
in DNA precursor biosynthesis

Overview of the bacteriophage T4 infectious cycle

Bacteriophage T4 is a large virulent bacteriophage which infects Gram-negative

bacteria such as Escherichia coll. The infectious cycle can be as short as 30 minutes

and produce burst sizes of 200 or more phage particles per infected cell.

Early

promoters of the ds-DNA virus are compatible with the E. colt RNA polymerase. By

three minutes after infection at 37°C, bacteriophage T4 shuts down host protein
synthesis. The early genes encode enzymes responsible for host DNA degradation,

nucleotide metabolism and DNA replication. The ds-DNA genome of 168,898 by has

a 35.3% hydroxymethyl-C + G content (NCBI Data Repository for the T4 Genome,
ftp://ncbi.nlm.nih.govirepository/t4phage/seq_files/All_T4.SEQ). The phage genome

is circularly permuted. 172,000 by of DNA is packaged; 2% of packaged DNA is

redundant at each end of the chromosome (reviewed in Mathews, 1994). The phage
DNA is modified by incorporation of 5-hydroxymethyl deoxycytidine. To block host
restriction endonucleases, some of the hm-C residues of T4 DNA are modified at the
hydroxymethyl group by bulky a- or P-glucosylation.

After the early stage of infection when T4 DNA replication has commenced,
the middle genes are expressed via the modifier of transcription MotA (Pulitzer, 1985).

Late genes are turned on via the mobile enhancer element gene 45 protein (Herendeen

et al., 1989, Herendeen et al., 1992).

The late genes encode many structural

components like capsid proteins (reviewed in Mathews, 1994). Lysis can occur at 25-

30 min. after infection.

Superinfection, however, causes the lysis-inhibition

phenomenon (Doermann, 1948; Bode, 1967), which allows a protracted time frame for
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T4 phage infection, yielding large burst sizes of 200 to 500 phages per infected cell
(reviewed in Mathews, 1994).

DNA precursor biosynthesis and replication
T4 sharply increases the rate of DNA synthesis compared to E. coli replication.

At a doubling time of 30 minutes, E. coli B/r has 5.92 replication forks per cell, 4.70
origins per cell and 3.0 genome equivalents of DNA (Bremer and Dennis, 1996). Prior

to infection E. coli B has a high rate of RNA synthesis, which is 5.9-fold greater than

DNA synthesis (Mathews, 1968).

After T4 infection, these rates are dramatically

reversed. T4 DNA synthesis takes place at a rate at least 3.0-fold greater than that of
pre-infection E. coli DNA synthesis (Mathews, 1968). T4 DNA synthesis is 3.2-fold
more rapid than RNA synthesis (Mathews, 1968). During T4 replication there are as
many as 60 replication forks or "growing points" per infected cell (Werner, 1968).

The E. coli K-12 genome DNA is 4,639,221 by with a 50.8% G+C content
(Blattner et al., 1997). The 3.0 genome-equivalent units of exponential phase E. coli

DNA per cell (Bremer and Dennis, 1996) can yield a theoretical maximum of 62
phage-equivalent units of packaged T4 DNA. In order to support the observed burst
sizes of 200 or more phages per infected cell, the majority of T4 DNA is synthesized

by de novo nucleotide biosynthesis mostly by phage-encoded enzymes.

To

accommodate such a rapid rate of DNA synthesis, T4 establishes 10 times as many
replication forks as in log-phase E. coli. In vivo replication was estimated at 750 nt/sec

for each strand of the replication fork in early infection (McCarthy et al., 1976). Each

replication fork synthesizes 500-1000 nt/sec on both leading and lagging strands
(Mathews, 1991) or 400 nt/sec in vitro (Capson et al., 1992). In the presence of the
processivity factors (gene 45 protein sliding clamp and gene 44 and 62 protein clamp
loader), processivity of T4 DNA polymerase is 800-3000 nt per initiation event (Mace
and Alberts, 1984).

The demand for DNA precursors is higher than what would be expected by the

V. and KM values of prokaryotic DNA polymerases. Prior to infection the estimated

concentration of dNTP substrates in E. coli grown in glucose minimal medium is
estimated at 65 IuM dCTP, 175 µM dATP, 77 IAM dTTP, 122 11M dGTP (Neuhard and

Nygaard, 1987). The KM values for the prokaryotic replication enzymes are high: 50-

100 1.1M, (Mathews, 1991; Gil lin and Nossal, 1975), and the reconstituted T4
replication apparatus has a KM of 75 WvI dTTP (Sinha et al., 1980). In vitro systems

require 200-1000 gM dNTP's to achieve maximal rates of DNA synthesis (Mathews
and Sinha, 1982). If nucleotides must diffuse throughout the cytosol, the resulting
nucleotide pools are too low to account for the high rate of T4 DNA synthesis. Could

the phage generate higher effective concentrations of nucleotides to achieve the
observed rates of replication?

Bacteriophage T4 dNTP synthetase complex

The majority of early genes of bacteriophage T4 are involved in nucleotide

metabolism or DNA replication.

Although T4 degrades and salvages the host

Escherichia coli DNA, most of the nucleotides synthesized for phage replication come
from the de novo pathway (Fig. 1.1).

In order to sustain the rates of DNA synthesis observed during T4 phage

infection, a much greater rate of dNTP synthesis must be achieved than can be
explained if the intermediates must freely diffuse within the entire volume of the
infected cell for catalysis by non-interacting enzymes (Reddy et al., 1977).

If the

enzymes catalyzing a metabolic sequence are resident in a multi-enzyme complex, the

average steady-state concentration of reaction intermediates on a whole-cell basis
(cellular pools) is reduced, but the effective concentrations (local pools) are increased.
Thus the rate of product synthesis is increased. Products of one enzyme in the pathway

emerge from the active site producing a high "local pool" which provides a higher
apparent concentration of substrates for the next enzyme in the pathway. The high
local pools of metabolic intermediates in the immediate vicinity of the complex allows

for higher throughput to the next enzyme of the pathway, less time for degradation of
labile intermediates, and more rapid throughput at each step of the metabolic pathway.
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Figure 1.1. Nucleotide metabolism during bacteriophage T4 infection. The early
genes involved in nucleotide precursor biosynthesis. Dark arrows indicate enzymes

that are encoded by bacteriophage T4.

Light arrows indicate host enzymes for

nucleotide precursor biosynthesis. Reproduced with permission from Academic Press,
© Copyright 1993 (Mathews, C.K. (1993) Progress in Nucleic Acid Research and
Molecular Biology 44 167-203).

In sucrose gradient fractions of T4-infected cells, the reaction sequence dUMP

> dTMP > dTDP > dTTP exhibited a concentration of dTDP intermediate much
lower and concentration of dTTP product much higher than can be explained by
diffusion of intermediates within the entire reaction volume (Reddy et al.,

1977).

The

effective pools of dTMP and dTDP intermediates would have to be an estimated 50fold greater if the enzymes of the pathway were not complexed (Reddy et al., 1977).

These data suggest that a multienzyme complex catalyzing these steps produces an
effectively 50-fold greater "local pool" of intermediates than if these intermediates
must first diffuse within the entire reaction volume before each metabolic step.
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Moreover, T4 replication forks have been estimated to consume the dNTP
pools near the forks 10 times per secondsuggesting a higher effective local dNTP
pool in order to maintain V,n and meet the demand for DNA synthesis (Ji and Mathews,

1991). A feature of enzyme complexes is the use of reduced average concentrations of

intermediates (but with increased local concentrations of intermediates) compensates
for unfavorable kinetic parameters of the individual enzymes of a metabolic pathway
(Mathews, 1993). Enzymes of T4 nucleotide metabolism have originally been found to

co-purify (Tomich et al., 1974), accompanied by two enzymes of T4 replication: T4
DNA polymerase and T4 topoisomerase (Chiu et al., 1982). The apparatus was later
purified as a 1.3x106-Da complex by Moen et al. (1988), which constitutes the "dNTP
synthetase complex" metabolon.

Similarly, T4's replication apparatus has been found to feature specific protein-

protein interactions in Alberts' "5-protein" (Morris et al., 1975) and "7-protein"
replication systems (Sinha et al., 1980). The first enzymatically active T4 replication

apparatus (5-protein system) was reconstituted from five purified phage proteins:
DNA polymerase (43 protein), ss-DNA-binding protein (gene 32 protein or SSB),
helicase (41 protein), and two processivity factorssliding clamp (45 protein), and the

clamp loader (a tight complex of 44 and 62 proteins) (Morris et al., 1975). The 5protein system also included small amounts of DNA primase (61 protein) which was

present in the gene 32 protein preparation (Sinha et al., 1980). The 7-protein system

includes purified 61 protein in addition to the components of the 5-protein system

(Sinha et al., 1980). The 7-protein system replicates DNA at 500 nt/sec, which is
nearly the estimated 750 nt/sec in vivo rate (McCarthy et al., 1976). The replication
apparatus includes several protein-protein interactions.

Gene 41 and 61 protein

associate to form the helicase/primase complex (Dong and von Hippel, 1996; Cha and

Alberts, 1986). Gene 44 and 62 proteins comprise the subunits of the active clamp
loader, and the 44/62 complex (Barry and Alberts, 1972) binds 45 protein (Jarvis et al.,

1990) during clamp loading. T4 DNA polymerase binds T4 SSB (Huberman et al.,
1971), the sliding clamp (Latham et al., 1997) and 41 protein (Dong et al., 1996).
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Although bacteriophage T4 encodes most of the enzymes required for de novo

nucleotide biosynthesis, the phage lacks two key enzymatic activities. These two
enzymes of E. coli are sequestered from the host and incorporated into the T4 dNTP
synthetase complex: nucleoside diphosphate kinase (Ndk) and adenylate kinase (Adk).

E. coli nucleoside diphosphate kinase (Ndk) is sequestered in the dNTP synthetase
complex (Wheeler et al., 1996; Ray, 1992; Moen et al., 1988). Poised as the final
metabolic step for dNTP biosynthesis, Ndk resides at the confluence of all four dNTP's

immediately before providing them for replication.

In order to funnel precursors

efficiently into replication, does Ndk interact directly with T4's replication machinery?

Evidence is accumulating which suggests that there is a functional interaction

between the dNTP synthetase complex and the replication apparatus that could
maintain a local pool of dNTP's distinct from the cellular pool. Purified proteins
known to be in the T4 dNTP synthetase complex have been tested for binding to other

constituents of the complex. Seven purified T4 proteins and one E. coli protein have
been immobilized on separate affinity columns. All of these columns retained various
ensembles of proteins from the dNTP synthetase complex and from DNA replication.

All of the columns bound two proteins in common: the T4 ss-DNA binding protein
(SSB or gene 32 protein) and T4 UvsY (DNA repair protein) summarized in Wheeler

et al. (1996).

T4 SSB has therefore been proposed to be the core organizing

constituent of the dNTP synthetase complex. Since SSB is also involved in replication,

it may be a key link at a putative interface between the T4 dNTP synthetase complex

and the T4 replication machinery.

The metabolic advantage is that the dNTP

synthetase complex could deliver high local pools of the four dNTP's to the vicinity of
the replication fork for incorporation into phage DNA.
This thesis will examine protein-protein interactions within and between the T4

dNTP synthetase complex and the T4 replication apparatus. Five different methods
will

be used to

test for protein-protein interactions with purified proteins:

immunoprecipitation using anti-Adk and anti-idiotypic antibodies, electrophoretic

mobility shift assay (EMSA), affinity chromatography and IAsys resonant mirror
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biosensor (Affinity Sensors), which is similar to surface plasmon resonance as
measured by the Pharmacia BIAcore.

T7 is another bacteriophage reported to form a multi-protein complex during
replication.

In a genome-wide screening of phage T7 using the yeast two-hybrid

system, 25 protein-protein interactions were identified (Bartel et al., 1998). Six of

these interactions included proteins involved in DNA replication.

The DNA

replication protein-protein interactions included the gene 4 helicase/primase

interactions with itself and with T7 gene 5 DNA polymerase. The gene 5 DNA

polymerase also binds two proteins of unknown function (gene 6.5 and gene 4.7
proteins). The gene 4.7 protein also binds gene 19 terminase protein. In addition a
protein-protein interaction involving the T7 ss-DNA binding proteins (gene 2.5 protein

or SSB) was shown. Another study demonstrated a complex of the gene 5 DNA
polymerase and T7 SSB (Kim et al., 1992).

Escherichia con enzymes with nucleoside diphosphate kinase activity

The nucleoside diphosphate kinase (NDPK) activity is important because it
activates the nucleotide precursors for DNA replication. In E. coli the product of the

ndk gene catalyzes the NDP kinase reaction (Hama et al., 1991). In the presence of

Mg2+, Ndk catalyzes the transfer of the y-phosphate from any ribo- or
deoxyribonucleoside triphosphate to any ribo- or deoxyribonucleoside diphosphate in a
ping-pong reaction mechanism.

(d)N1TP + E ---> (d)NiDP + E-P
E-P + (d)N2DP -+ E + (d)N2TP
(d)N1TP + (d)N2DP ---> (d)N1DP + (d)N2TP

The enzyme has broad specificity for nucleotide substrates due to the complete

lack of base-specific contacts in all X-ray crystal structures of NDP kinases cocrystalized with substrate/inhibitor. ATP is the primary physiological phosphate donor

for the reaction since it is by far the most abundant nucleoside triphosphate. During
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catalysis NDP kinase is transiently phosphorylated on a histidine residue buried deep in

the active site. The phosphoenzyme intermediate has a phosphorusnitrogen (P-N)
bond at No of histidine-117.

Enzymes other than Ndk have been shown to catalyze nucleoside triphosphate

synthesis in E. coli.

Under anaerobic conditions, pyruvate kinase synthesizes

nucleoside triphosphates (Hori and Saeki, 1974). In addition polyphosphate kinase
(Ppk) also phosphorylates nucleoside diphosphates (Kuroda and Kornberg, 1997). Ppk

is known to catalyze phosphoryl transfer from ATP to polyphosphate. In a second

step, Ppk can phosphorylate NDP substrates (ADP > GDP > UDP, CDP) using
polyphosphate as phosphoryl donor (Kuroda and Kornberg, 1997). The Ppk might be
expressed only in stationary phasenot in log-phase E. coli, since the enzyme supports

stationary phase survival (Rao and Kornberg, 1996) and the gene is induced by
phosphate starvation in Acinetobacter sp. (Geissdorfer et al., 1998). Neither of the
alternative NDP kinase activities (pyruvate kinase or polyphosphate kinase) of E. coli
is manifest under log-phase aerobic growth in a rich medium.

Another nucleoside diphosphate kinase activity was found which co-purifies

with the small subunit of E. coli ribonucleotide reductase (NrdB) even in highly
purified enzyme preparations (von Dobe ln, 1976). E. coli Ndk may be responsible for
the co-purifying activity. A protein-protein interaction suggested by the ribonucleotide

reductase and NDP kinase activity could provide a kinetic advantage to the cell when

catalyzing these two consecutive reactions: NDP

dNDP

dNTP (von DObeln,

1976).

Escherichia coli ndk mutants
The ndk gene was thought to be essential since it is necessary to provide all four

dNTP's for replication. Surprisingly enough, NDP kinase genes were found to be

dispensable in yeast; disruption in the Saccharomyces cerevisiae ynk/ynkl gene
(Fukuchi et al., 1993) or in the Schizosaccharomyces pombe ndkl gene (Izumiya and
Yamamoto, 1995) are without detectable phenotype even in haploid cells. Similarly,
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ndk is dispensable in E. coli and without significant effect on the growth rate (Lu et al.,

What protein(s) comprise the alternative NDP kinase activity? Additional

1995).

evidence for alternative NDP kinases came from mechanistic studies of eukaryotic
NDP kinases. These studies found that the 3' OH of the substrate is essential for the
reaction mechanism of human NDPK-B (Deville -Bonne et al., 1998; Bourdais et al.
1996) and Dictyostelium discoideum NDPK (Schneider et al., 1998; Xu et al., 1997).

How could the diphosphate forms of anti-viral nucleotide analogs which lack the 3'

OH, e.g. azidothymidine (AZT) or dideoxyinosine (ddI) be phosphorylated to the
corresponding triphosphates in order to inhibit retroviral reverse transcriptase? There

must be some alternative enzyme(s) that phosphorylate the nucleoside diphosphates
which does not depend on NDP kinase.

E. coli ndk mutants provided a number of surprises. The first surprise is that
the mutant was viable even though ndk was thought to be an essential gene. Moreover,

the ndk mutant has a mutator phenotype (Lu et al., 1995). Analysis of the nucleotide
pools of the ndk mutant shows a vastly elevated dCTP pool which is 23-fold larger than

normal. The asymmetry in the dNTP pools is expected to cause mis-incorporation of
dCTP into DNA and thereby increase the mutation rate (Lu et al., 1995). Interestingly
enough, analysis of the mutations that occur in the ndk mutant shows a large number of

AT*TA transversions (R. Schaaper, personal communication) instead of the expected
mis- incorporation of dCTP into DNA. One of the two major thrusts of this thesis is to
examine the cause of the nucleotide pool expansion in the ndk mutant.

The second major surprise is that the ndk mutant host supports T4 infection,
and the hm-dCTP pool is elevated even during T4 infection (Zhang et al., 1996). Ndk
protein is known to be a constituent of the T4 dNTP synthetase complex. The ndk gene

encodes a host enzyme used by the phage to synthesize dNTP precursors for phage
DNA replication.

dNTP synthesis and DNA synthesis represent two consecutive

enzymatic steps.

dNTP substrates could be channeled efficiently from Ndk

sequestered in the dNTP synthetase complex to the T4 DNA polymerase (gene 43

Lack of Ndk (due to ndk targeted deletion) might disrupt the interface
between the dNTP synthetase complex and the replication apparatus. Lack of Ndk
protein).
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protein could de-couple the dNTP synthetase complex from putative channeling
interaction with the T4 replication machinery, and this in vivo interaction will be
evaluated in this thesis work. De-coupling should result in a reduced rate of T4 DNA
synthesis.

Table 1.1 shows the E. coli strains used to study knockout of NDPK activities.
The ndk gene was found to be dispensable when the ndk+ E. coli parental strain JC7623

was insertionally inactivated with a chloramphenicol resistance gene cmR. The ndk
mutant strain was termed QL7623 (Lu et al., 1995) or alternatively JC7623 ndk:: cmR.

Since pyruvate kinase has been implicated to have NDPK activity under anaerobic

conditions (Hori and Saeki, 1974), the pykA pykF genes of E. con HW760 were
knocked out to yield strain E. coli HW1387. The insertionally inactivated ndk::cmR
gene was introduced into E. coli HW1387 chromosomal DNA to generate the QL1387

ndk pykA pykF triple mutant (Lu et al., 1995). HW760, HW1387 and QL1387 all
have a kanamycin resistance gene kmR.

Strain
JC7623
QL7623
HW760
HW1387
QL1387

Genotype Relative to
NDP Kinase ActiVity
(Parental strain)
ndk::cmR

(Parental strain)
pykA pykF: :Tn5
pykA pykF::Tn5 ndk:: cmR

Other
thi-1
thi-1
tyrA::kmR
tyrA::kmR
tyrA::kmR

Table 1.1. Escherichia coli strains used to study NDP kinase mutations.

The pyruvate kinase mutants are viable when grown in the presence of a PTS

carbon source like glucose. The phosphotransferase system (PTS) (Postma, 1987)
complements pykA pykF mutation by acting as a metabolic shunt (Fig. 1.2). Since

glucose was the PTS carbon source used in this work, glucose import will be the
example illustrated here. Transfer of phosphate from phosphoenolpyruvate to Enzyme

I of the PTS generates pyruvate which enters the tricarboxylic acid cycle as normal.
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Enzyme I phosphorylates the PTS protein HPr. HPr then phosphorylates PTS Enzyme

Ific. Among the three subunits of Enzyme Il Gic, the phosphoryl group is transferred

first to IIAGic then to IB3Gic and then to glucose by the transmembrane transporter
Hc Glc.

i/Gic

imports glucose coupled with glucose phosphorylation to yield

Subsequently G-6-P is consumed by glycolysis.

intracellular glucose-6-phosphate.

Note that the nomenclature for the PTS importer has been changed. Protein "Ha' has
been re-named to

and the two "Ill'

subunits have been re-named

and DBGIC55

The Phosphotransferase System Supports Growth
of E. coil pykA pykF mutant.

Membrane

Glyaalysi s

In

out

Monnitol-l-P

Mannitol

Pyruvat
Kinass

PEP

py ruvOte

P- HPr

Enzyme I
-1

HPr

Glucose

Glucose-6-P

Figure 1.2. Phosphotransferase system (PTS) supports growth of E. coli pykA pykF
mutant. Pyruvate kinase mutants of E. coli are still viable even though they have the

last step in glycolysis disabled. By using the PTS system the phosphate from
phosphoenol pyruvate is transferred in a series of reactions which is coupled to glucose
import. Pyruvate kinase mutants must grow in the presence of glucose in order to
circumvent the pyruvate kinase block in glycolysis. Modified and reproduced with
permission from the American Society for Microbiology, © Copyright 1987 (Postma,

P.W. "Phosphotransferase System for Glucose and Other Sugars" pp. 128-141 from
F.C. Neidhardt Escherichia coli and Salmonella typhimurium: Cellular and Molecular
Biology, IS` Edition, American Society for Microbiology (1987)).
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Novel NDP kinase

The novel "NDP kinase" in ndk cells should have some expected properties.
Like the known NDP kinases, the novel enzyme should be capable of phosphorylating

all four dNDP substrates. The enzyme(s) should have broad substrate specificity. I
therefore postulated that the kinase would have no base-specific contacts: the dipoles
of the base should be exposed to the bulk solvent in order to avoid hydrogen bonding
to the enzyme as is the case for crystal structures of all true NDP kinases. All existing
NDP kinase crystal structures show only an aromatic stacking interaction with the base

moiety of the nucleotide substrate. I attempted to purify the novel NDP kinase using a
column matrix coupled to the guanine of GTP. While I was fractionating and purifying
the novel NDP kinase, Lu and Inouye reported an important development.

Lu and Inouye (1996) identified the novel NDP kinase from the E. coli ndk

mutant as adenylate kinase (Adk). Adk is estimated to recycle up to 50% of ADP
during high demand for ATP in the reaction 2ADP

ATP + AMP (Atkinson, 1971).

For adenylate kinase's NDP kinase activity, ATP can serve as phosphoryl donor (Lu
and Inouye, 1996). GTP can serve as phosphoryl donor only for AMP, but not for the

diphosphate substrates dCDP, CDP or UDP (Lu and Inouye, 1996). In addition they
report that E. coli adenylate kinase shows a substrate preference (UDP > CDP > GDP

and dGDP > dCDP > dTDP) in contrast to the broad substrate specificity for E. coli
Ndk. Incidentally, human NDPK-B has a modest substrate preference of dGDP >

dADP > dTDP > dUDP > dCDP; second-order rates of phosphoryl transfer from the
enzyme to these substrates occurs in a ratio of 1 : 0.44 : 0.42 : 0.13 : 0.02 respectively,
and thiophosphoryl transfer from the enzyme to substrates occurs with relative kccalKm
values in a ratio of 1 : 0.50 : 0.91 : 0.22 : 0.05 (Schaertl et al., 1998). The NDP kinase

specific activity of E. coli Ndk is 20-100 times higher than the estimated NDP kinase
specific activity of adenylate kinase (Lu and Inouye, 1996). The eukaryotic adenylate
kinases (myokinase) from porcine or chicken muscle also exhibit NDP kinase activity
(Lu and Inouye, 1996).
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Adenylate kinase has two substrate binding sites:

one for AMP and one for

ATP (Fig. 1.3 from Muller and Schulz, 1992). The AMP binding site has multiple
hydrogen bonding contacts with the adenine ring (Fig. 1.4 from Miiller and Schulz,
1992). Specificity for AMP is thought to be absolute. The ATP binding site, on the
other hand, has only a single good hydrogen bond to the adenine ring via backbone

carbonyl of Lys-200 (Miller and Schulz, 1992). The base-specific face of the ATP
adenine is indeed exposed to the bulk solvent as I predicted. I proposed that the "ATP

site" of adenylate kinase would be the dNDP/dNTP-binding site due to the nearly
complete lack of base-specific contacts and hence lack of nucleotide specificity. The
"AMP site" is unlikely to be the dNTP-binding site due to the five hydrogen bonds to
the adenine base.

The structure (Muller and Schulz, 1992) of Adk co-crystallized with P 1 , P5-bis

(5'-adenosyl) pentaphosphate or "Ap5A", a bi-substrate inhibitor of Adk (Lienhard and

Secemski, 1973) suggests a possible reaction mechanism for the novel NDP kinase
activity. Normally, the enzyme-bound intermediate (2 ADP or AMP+ATP) has four
phosphates in the reaction intermediate. The Ap5A shows almost a linear conformation

Figure 1.3. The structure of E. coli
adenylate kinase co-crystallized with
the bi-substrate inhibitor P 1,P5-bis (5'adenosyl) pentaphosphate. The crystal
structure of adenylate kinase shows a
hinged region which folds over to form
the complex of the Ap5A inhibitor with
the enzyme. The ATP-binding site is
on the left, and the AMP-binding site is
on the right.
Reproduced with
permission from Academic Press, Ltd.,
© Copyright 1992 (Muller, C.W. and
Schulz, G.E. (1992) Journal of
Molecular Biology 244 159-177).

Crystal Structure of
Escherichia coli
Adenylate Kinase (Adk)
Cornplexed with Ap5A
ATP Site

AMP Site
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of the four phosphates with the extra phosphate bent upward out of the way. Does the
tetraphosphate reaction intermediate suggest that the optimal reaction has ADP as the

physiological phosphoryl donor instead of ATP as in the conventional NDP kinase
reaction?
ADP + dNDP ---> AMP + dNTP
ATP + dNDP ADP + dNTP

(dNTP:AMP) phosphotransferase reaction
NDP kinase reaction

Figure 1.4. E. coli Adk active site contacts with Ap5A. In the AMP site of adenylate
kinase there are five base-specific contacts to AMP. At the ATP site there is only a
single base-specific contact at Lys-200. Could the paucity of base-specific contacts at

the ATP site confer broad specificity of adenylate kinase for other nucleotides?
Reproduced with permission from Academic Press Ltd., © Copyright 1992 (Muller,
C.W. and Schulz, G.E. (1992) Journal of Molecular Biology 244 159-177).

Other kinases of Escherichia coli which phosphorylate nucleosides or nucleotides
E. coli genes have been cloned which encode kinases specific for nucleosides.

Guanylate kinase (gmk) was identified by Gentry et al. (1993).

Inosine-guanosine

kinase (gsk) was cloned by Harlow et al. (1995). Uridine kinase (Udk) (Neuhard and
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Tarpo, 1993) converts uridine or cytidine to UMP or CMP. The E. coli tdk gene
encodes a thymidine kinase which is specific for thymidine or deoxyuridine (Black and
Hruby, 1991).

Many nucleoside monophosphate kinases besides adenylate kinase (adk) have

been cloned from E. coli. Uridylate kinase, encoded by the pyrH/smbA gene, is
allosterically activated by GTP and inhibited by UTP (Serina et al., 1995). Cytidylate
kinase (cmk) gene has been cloned, and cmk mutants have a slower growth rate, with

dCTP and dTTP pools only 30% and 70% of normal (Fricke et al., 1995). The
thymidylate kinase (fink) gene has been cloned by Reynes et al. (1996). The guanylate
kinase is encoded by the gmk gene (Gentry et al., 1993).

Regulation of nucleoside diphosphate kinase genes and proteins
The E. coli NDP kinase is regulated at the level of transcription and is posttranslationally phosphorylated. E. coli ndk is regulated by rnk (Shankar et al., 1995).

rnk mutations cause a reduced level of Ndk protein. In addition an sspA mutation
causes a reduced level of an unknown NDP kinase immunologically distinguishable
from Ndk (Shankar et al., 1995). E. coli Ndk protein is phosphorylated on Ser-119 and

Ser-121 (Almaula et al., 1995). These two serines are buried deep within the active

site of Ndk and made and are distinct from the active-site His-117 phosphorylated
during catalysis. It is not known whether these serine phosphorylations regulate some
aspect of Ndk's enzymatic activity.

The enzymatic activity of NDP kinase is regulated. Thompson and Atkinson
(1971) reported that the adenylate "energy charge" of the cell regulates the activity of

nucleoside diphosphate kinase from bovine liver. The adenylate energy charge was
originally proposed as an index of the cell's energy-status, where 0
system AMP + 2Pi <---> ATP + 2H20 (Atkinson and Walton, 1967):

Energy Charge =

[ATP ] + [ADP ]
[AMP ] + [ADP] + [ATP ]

E.C.

1 for the
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Increasing adenylate energy charge inhibited the activity of bovine liver NDP

kinase (Thompson and Atkinson, 1971). When I re-plotted their inhibition data in a
Lineweaver-Burke plot, the energy charge exhibited competitive inhibition of NDP
kinase activity. The energy charge regulation appears to be an overly complicated way
of saying that ATP and ADP competitively inhibit phosphorylation of other nucleoside
diphosphates.

Adenosine 3',5'-cyclic monophosphate (cAMP) is a competitive inhibitor of
NDP kinase. The Streptomyces coelicolor enzyme (KM = 85 1..tM ATP) is weakly

inhibited with an IC50 = 6 mM cAMP (Brodbeck et al., 1996). The Myxococcus
xanthus enzyme co-crystallized with cAMP has cAMP bound in the active site in the

same manner as the ADP substrate, and kinetics experiments also demonstrated that

cAMP is a competitive inhibitor (Strelkov et al., 1995). cAMP analogs inhibit
autophosphorylation of the eukaryotic enzyme (Nm23) and NDP kinase activity in

vitro, and in rat C6 glioma cells treated with 1 mM cAMP analog (Anciaux et al.,
1997).

Phosphorylation of NDP kinases may be an important regulatory mechanism
for the activities of these proteins. In another study of NDP kinase regulation, Biondi

et al. (1996) found that protein kinase CK2 regulates NDP kinase activity in human
(HeLa) cells.

In vitro CK2 phosphorylates NDPK-A, which inhibits the NDPK

activity. Both NDPK-A and NDPK-B are phosphorylated in vivo.

Regulation of the human nm23-H2 gene for NDP kinase is important due to its
involvement in tumor metastasis and progression. Nm23-H2 protein has been found to

be identical to the polypurine binding factor (PuF) which binds upstream of the c-myc

proto-oncogene and activates c-myc transcription (Postel et al., 1993). The enzymatic
activity of Nm23-H2 is not essential for c-myc activation in site-directed mutants of the

active site histidine of Nm23-H2 (Postel and Ferrone, 1994).

nm23-H2 promoter

analysis reveals a large number of transcription factor binding sites: seven AP2, five
SP1, two CF1, two E2A, one Ets-1, two Myc 1 and two PuF sites (Seifert et al., 1995).

The promoter analysis suggests complex auto-regulatory and para-regulatory
interactions between nm23-H2 and c-myc (Seifert et al., 1995).
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Nucleoside diphosphate kinase gene family

Nucleoside diphosphate kinase exists as the product of a single gene in
prokaryotic systems (Table 1.2). In eukaryotes, however, there are more than one NDP

kinase genes with distinct characteristics that may allow them to take on different
cellular roles. The NDP kinase of E. coli is a tetramer of 15.5-10a subunits. The
Myxococcus xanthus enzyme has a similar tetrameric structure and the crystal structure
has been solved.

Accession #
E. coli K-12
M.

xanthus

Gene

ndk
94527 (un-named)

1788866

S. cerevisiae
548341 YNK/YNK1
S. pombe
1709244
ndkl
D. melanogaster 127980
nm23
D. discoideum
127985
ndkC
D. discoideum
ndkM
462691
Human NDPK-A
Human NDPK-B
Human NDPK
Human NDPK
Human NDPK
Human NDPK
Human NDPK

Map

Position
56.9 min
n.d.

XI
n.d.
n.d.
n.d.
n.d.

nm23-H1 17q21-q22
127983 nm23-H2/puf 17q21.3
127981

2135180 DR-nm23
1945762 nm23-H4
3228530 nm23-H5
2935619 (un-named)

3220239 nm23-HTS

16q13-21
16p13.3
n.d.
12q
n.d.

Amino
Acids

Protein
pl
MW

4° Structure

143
145

5.54 15,463.4 tetramer (c,d)
6.92 16,134.6 tetramer (a)

153

8.65 17,166.7 tetramer (c)
n.d.
6.84 17,012.6
7.83 17,169.9 hexamer (a)
7.97 16,794.4 hexamer (a)
n.d.
9.79 24,081.8

151

153
155
220
152
152
168
187
186
137
212

5.83 17,148.7 hexamer (b,c)
8.52 17,298.0 hexamer (a,c)
tetramer (b,c)
n.d.
6.91 18,902.9
n.d.
10.30 20,658.6
n.d.
8.51 21,142.2
n.d.
8.76 15,529.1
n.d.
5.89 24,236.3

Table 1.2. Prokaryotic and eukaryotic nucleoside diphosphate kinase genes and
proteins. D. discoideum NdkM and human Nm23-H4 are precursors targeted to
mitochondria. Human Nm23-HTS is testis-specific. Quaternary structures were
determined by various methods: (a) X-ray crystallography, (b) sedimentation
equilibrium, (c) gel filtration chromatography and (d) native PAGE.

Seven distinct human NDP kinase genes have been cloned (Table 1.2). Human

nm23-H1 and nm23-H2 genes have been mapped to 17q21-q22 (Seifert et al., 1995).

The two genes lie within 4 kb of each other, and the proteins have 88% sequence
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identity (Seifert et al., 1995). DR-nm23, nm23-H4 and an un-named NDP kinase gene

have been mapped to 16q13-q21, 16p13.3 and 12q respectively. Currently, nm23-H5
and nm23-HTS have not been mapped.

The human NDP kinases have various sub-cellular localizations and tissuespecificity. nm23-H1 and nm23-H2 are ubiquitously expressed and the proteins are

localized in the cytoplasm. Nm23-H4 protein has a mitochondrial-specific leader
peptide which is cleaved upon import into the lumen of the mitochondrion (Milon et

al., 1997). Nm23-HTS is testis-specific (Mehus and Lambeth, Genebank accession
number 3220239). The slime mold Dictyostelium discoideum has two NDP kinases:
cytosolic NdkC and mitochondrial NdkM (Troll et al., 1993).
NDPK-A (Nm23-H1) and NDPK-B (Nm23 -H2) forms can assemble into mixed
hexamers, e.g. (A6, A5Bi, A4,B2,

B6). Since the two subunit types have an acidic

(NDPK-A) and a basic (NDPK-B) pI, the various hexameric mixtures of subunit could
account for many of the various NDPK "isozymes" found in cellular extracts.

The quaternary structure of the NDP kinases is somewhat controversial.
Current dogma states that all prokaryotic NDP kinases are tetramers, and all eukaryotic

NDP kinases are hexamers. The human NDP kinase proteins are about 17 kDa in size

and take on a hexameric quaternary structure. So far crystal structures for eukaryotic
NDP kinases are all hexamers: D. melanogaster Nm23/Awd (Chiadmi et al., 1993), D.

discoideum NdkC (Morera et al., 1994), and human Nm23-H2 (Webb et al., 1995).
Although gel filtration chromatography experiments have shown that both Nm23H1

and Nm23-H2 are hexamers (Gilles et al., 1991; Presecan et al., 1989; Lascu et al.,
1992; Palmieri et al., 1973), a dissenting gel filtration and sedimentation equilibrium
study shows that Nm23-H2 can assume a tetrameric structure instead (Schaertl, 1996).

In agreement with earlier work, the Schaertl (1996) sedimentation equilibrium and gel

filtration study confirms that Nm23-H1 is a hexamer. Further evidence for eukaryotic

NDP kinases which are tetrameric instead of hexameric came from gel filtration
chromatography analysis of the S. cerevisiae NDP kinase (Jong and Ma, 1991.)

Perhaps alternative quaternary structures of Nm23-H2 allow the human NDPK-

B protein to take on different roles depending on the physiological needs of the cell. A
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mutant Dictyostelium NDP kinase which forms a dimer binds a single-stranded
polypyrimidine DNA, but the wild type enzyme does not (Mesnildrey et al., 1998).

The system is reminiscent of the Nm23-H2/PuF transcription factor binding to the
polypurine tract upstream of c-myc. The authors propose that the stability of the
hexameric structure might be responsible for the DNA-binding activity. Assembly and

disassembly of the hexameric structure may allow Nm23-H2 to regulate c-myc
expression.

Other roles of NDP kinase
Why are so many NDP kinases necessary in a single organism? Seven human

NDP kinases have been identified so far (Table 1.2). The NDP kinases have cellular
functions other than their enzymatic activity; they possess other unexpected activities
including protein kinase and protein phosphotransferase activities, interaction with the
translational apparatus, and interaction with G-proteins.

E. coli Ndk has protein kinase activity. Ndk participates in signal transduction

by phosphorylating and activating two E. coli histidine protein kinases. Instead of
ATP, the sole phosphate donor of histidine kinases, Ndk and GTP can phosphorylate

the histidine kinases EnvZ and CheA in vitro (Lu et al., 1996). CheA is a histidylaspartyl phosphorelay protein involved in chemotaxis signal transduction.

EnvZ is

another phosphorelay protein which modulates porin gene expression in E. coli. EnvZ
is a membrane-bound receptor that regulates the phosphorylation of OmpR. Phospho-

OmpR binds to and regulates expression of the ompC and ompF porin genes (Head et
al., 1998).

Human Nm23 has a serine/threonine-specific protein phosphotransferase
activity (Engel et al., 1995). Engel et al. (1998) subsequently showed that Nm23-H1
(but not Nm23-H2) forms a stable protein-protein complex with a glyceraldehyde-3phosphate dehydrogenase (G3PDH) isozyme. The complex, a dimer of Nm23-H1 and

a dimer of G3PDH, has a novel protein phosphotransferase activity. The protein
phosphotransferase activity is absent with either protein alone.
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The NDP kinase also interacts with the translation apparatus in both prokaryotic

and eukaryotic systems.

NDP kinase binds to Pseudomonas aeruginosa EF-Tu

(Mukhopadhyay et al., 1997), to Dictyostelium discoideum translation apparatus
(Sonnemann and Mutzel, 1995) and to rabbit reticulocyte ribosomes (Walton and Gill,

1976). NDP kinase association with the translation apparatus presumably helps to
recycle the GDP product of translation to provide a high local pool of GTP substrate
for more efficient translation.

Another possible role of NDP kinase, which will be detailed in succeeding

sections, is in signal transduction via interaction with GTP-binding proteins (Gproteins).

G-proteins and signal transduction

A transmembrane receptor binds a heterotrimeric G-protein (a, f3 and y
subunits) in the cytoplasm (Alberts et al., 1995). GDP is bound to the a subunit in the

inactive state. When an exogenous agonist binds to a transmembrane receptor, a
conformational change results in the exchange of GDP for GTP at the a subunit. This

exchange might be facilitated by a guanine nucleotide releasing protein (GNRP)
(Ruggieri and McCormick, 1991). The G-proteins dissociate into 13/7 and an activestate a-GTP complex (Alberts et al., 1995). The aGTP complex turns on intracellular

signals and cascades which trigger the cellular response. GTPase activating protein
(GAP) stimulates a's intrinsic hydrolysis of GTP, and the activated aGTP complex is

converted back to the inactive state aGTP.

The 13/y subunits bind aGTP to

reconstitute the heterotrimeric inactive G-protein.

One theory about the putative interaction between NDPK and G-proteins is that

NDP kinase binds G-proteins directly (Ohtsuki et al., 1987; Uesaka et al., 1987) as a
GNRP (Ruggieri and McCormick, 1991). The theory is that in a direct protein-protein

interaction with a, NDP kinase turns over ATP + GDP > ADP + GTP, and the GTP
product is exchanged for the a-bound GDP.
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NDP kinase interactions with G-proteins

NDP kinase interaction with GTP-binding protein (G-proteins) has been
controversial. G-proteins are involved in signal transduction events, and several labs
purport to show interactions between NDP kinase and G-proteins, which potentiate Gprotein coupled signaling. These studies will be discussed below.

An early controversy arose concerning an erroneous theory that NDP kinase
phosphorylates GDP while the nucleotide is still bound to the G-protein. Randazzo et

al. (1991) reported that NDP kinases of bovine liver, human Nm23-H1 and mouse

Nm23-M1 use ARF-GDP as substrate. The paper was subsequently withdrawn
(Randazzo et al., 1992a). In a major reversal, the title of their next paper flatly
proclaims "Regulatory GTP-binding proteins (ADP-Ribosylation Factor, Gt and Ras)
are not activated directly by nucleoside diphosphate kinase" (Randazzo et al., 1992b).
They demonstrated that GDP is not phosphorylated while bound to Gt, Ha-Ras p21, or

ARF. Instead GDP dissociates from the G-protein prior to phosphorylation by NDP
kinase to yield GTP.

Drosophila melanogaster Nm23/Awd may be

involved with

signal

transductionpossibly interacting with a GTPase activating protein (GAP) (Timmons
et al., 1995). Mutations in Drosophila nm23/awd gene have an "abnormal wing disc"
phenotype accompanied by leg and eye-antenna imaginal disc abnormalities (Dearolf et

al., 1988). This observation suggests that Nm23/Awd promotes normal development

of the imaginal discs possibly through an important signal transduction pathway
responsive to morphogen(s) during Drosophila development. The awcf-P" allele of
NDP kinase is a conditional dominant lethal. awdlc-Pn is incompatible with a prune (pn)

mutation; pn awcf-Pn is a lethal combination. Thus the awd mutation has been termed

the "Killer of prune" or awd'". Awc11("Pn is an Nm23 point mutation (P97S) in the
"Killer of prune" loop which is buried within the center of the Awd hexamer at inter-

subunit contacts (Chiadmi, 1993).

Revertants of pn awdi-Pn have mutations in

conserved residues in the active site of Awe-1'n which result in little or no NDP kinase

activity (Timmons et al., 1995). Prune may be a GAP-like protein (Teng et al., 1991),
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but homology to a mammalian GAP is weak at best (Barnes and Btirglin, 1992). The
mutation nm23/awctc-P" suggests Nm23 /Awd involvement in cell
Drosophila

signaling.

Nm23/Awd interacts in some way with Pn and circumstantially with G-

proteins.

Several reports have examined interactions of NDP kinase and G-proteins. In

bovine brain membranes treated with the wasp venom substance mastoparan, NDP
kinase was found to stimulate exchange of GDP for GTP bound to Go (Kikkawa et al.,
1992).

In myeloid differentiated human leukemia (HL-60) membranes mastoparan

activates GTP hydrolysis by Gi proteins and stimulates NDP kinase activity.

The

stimulated NDP kinase activity increases GTP synthesis (Klinker et al., 1996).
Other studies report NDP kinase and G-protein interactions with muscarinic K+

channels (Xu et al., 1996; Yi

et

al.,

et al.,

1996; Heidbuchel

et al.,

1992 and 1993; Nakajima

1992), transducin (Gt) (Orlov and Kimura, 1997), C5a receptorG-protein

complex in HL-60 cells (Wieland and Jakobs, 1992), Gs in rat liver membranes

(Kimura and Shimada, 1990), G-protein activation by NDPK in Dictyostelium
membranes (Bominaar

et

al., 1993) and c-Ha-Ras in osteosarcoma (Honoki

et

al.

1993).

A system reminiscent of NDPK/G-protein interactions involves adenylate
kinase regulation of potassium channels. The ATP-sensitive K+ (KATp) channels have

been shown to interact with adenylate kinase (Dzeja and Terzic, 1998). This system

makes membrane excitability responsive to the energy status (energy charge) of the
cell.

The ATP-bound channel is closed and the ADP-bound channel is open.

Proximity of adenylate kinase to the KATT channel alters the probability that the
channel will be open or closed depending on the concentrations of ATP, ADP and
AMP (Dzeja and Terzic, 1998).

Prokaryotic G-protein homologs
Recently prokaryotic systems have been shown to have G-protein homologs
which interact with NDP kinase. The essential E. coli Ras-like protein Era binds GDP
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or GTP and has an intrinsic GTPase activity (March et al., 1988). Era appears to serve

at a kind of cell cycle checkpoint between chromosome partitioning and cytokinesis

(Britton et al., 1998).

The era-1 (mutant in the GTP-binding domain of Era)

suppresses dnaG2903 and parB mutations (Britton et al., 1997). dnaG encodes the

primase for synthesizing Okazaki fragments, and parB encodes a chromosomepartitioning protein.

The Pseudomonas aeruginosa Ras-like protein Pra (Chopade et al., 1997) is
another prokaryotic G-protein homolog. Pra cross-reacts with antibodies against E.

coli Era. Pra binds a truncated 12-kDa form of Ndk but not the full length 16-kDa
form, and Pra also binds pyruvate kinase (Pk). Binding of Pra to Ndk or Pk may
inhibit its intrinsic GTPase activity (Chopade et al., 1997).

Mycobacterium smegmatis and Mycobacterium tuberculosis also have proteins

which resemble G-proteins.

The bacterial G-protein homologs cross-react with

antibodies against the three subunits of G-proteins (Shankar et al., 1997). Complexes
of membrane-associated Ndk and G-protein homologs were identified (Shankar et al.,
1997).

Thesis aims
This work was designed to study two broad aspects of host kinases involved in
bacteriophage T4 infection. The first aim is to study protein-protein interactions of the

E. coli host's adenylate kinase (Adk) and nucleoside diphosphate kinase (Ndk) with
enzymes of the T4 dNTP synthetase complex and the T4 replication machinery. The
second broad aim is to study the cause of the nucleotide pool perturbation in an E. coli
ndk mutant.
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Experimental approaches

Protein-protein interactions involving E. coli kinases in the T4 dNTP
synthetase complex and the T4 replication apparatus
This work will examine whether the dNTP synthetase complex interacts with

the T4 replication machinery since the former would be able to funnel precursors

efficiently into the replication fork.

Affinity chromatography experiments with

immobilized individual proteins (seven T4 proteins and one E. coli protein) of the
dNTP synthetase complex show that T4 SSB (gene 32 protein) is bound by all of these
columns (Wheeler et al., 1996). If gene 32 protein is the common ligand in every case,

perhaps tracts of 32 protein bound to ssDNA is the "organizing principle" to permit
binding of the dNTP synthetase to the T4 replication apparatus (Wheeler et al., 1996).
The key kinetic link between the two complexes rests on the question of whether Ndk

interacts directly with T4's replication machinery. Ndk catalyzes the fmal step of the

dNTP synthetase complex to yield dNTP's which are consumed by the T4 DNA

polymerase (gene 43 protein).

Since Ndk and T4 DNA polymerase catalyze

consecutive metabolic steps, interaction between the two could be the key contact
responsible for the functional interaction of the T4 dNTP synthetase complex with the
replication apparatus. Absence of the gene could kinetically de-couple (or at least

hinder) the putative funneling of precursors from the dNTP synthetase complex into

the replication fork.

Unless another NDPK activity is in the complex that can

substitute for Ndk in vivo, the rate of DNA synthesis should decrease.

Lack of Ndk from an ndk knockout host might kinetically de-couple flux of
metabolites from the dNTP synthetase complex into the replication fork by disrupting

the putative protein-protein interface between the two complexes. Flux through the

dNTP synthetase complex and incorporation into phage DNA was tested by using
[3H]uracil as a DNA precursor in T4 infection of E. coli hosts with or without ndk
knockout. Uracil conversion to dTTP and hm-dCTP and incorporation into phage

DNA was reduced significantly in the ndk host. Either the dNTP synthetase complex
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was de-coupled from the T4 replication apparatus, or the novel NDP kinase's effective
activity was lower than that of Ndk.

Since the T4 dNTP synthetase complex and replication apparatus have been
implicated to interact in vivo, what are the specific protein-protein interactions at the
interface of the two multi-protein complexes? What is the quaternary structure at the
interface

of the two complexes suggested by the individual protein-protein

interactions? Does the presence of substrates enhance some of these protein-protein
interactions as is the case with T4 ribonucleotide reductase NrdA and NrdB subunits
(Hansen, 1995) and between T4 thymidylate synthase (Td) and dihydrofolate reductase
(Frd) (Chul and Bernard, unpublished results)?

For these interaction studies, I have overexpressed and purified three enzymes

to homogeneity as recombinant proteins: E. coli adenylate kinase (Adk), E. coli

nucleoside diphosphate kinase (Ndk) and T4 DNA polymerase (gene 43 protein).

Other proteins purified for these studies included T4 ribonucleotide reductase
(NrdA/NrdB) by Steve Hendricks, T4 ssDNA binding protein (gene 32 protein) by Cho

Byung Chul, one enzyme preparation of NDP kinase (Ndk) by Jake Zelenka, and T4
topoisomerase (gene 39, 52 and 60 proteins) from the laboratory of Dr. Ken Kreuzer
(Duke University).

Antibodies against purified proteins serve as immunological probes in the
interaction studies.

I raised polyclonal antibodies against my purified T4 DNA

polymerase and E. coli Adk antigens.

antibodies against Adk.

In addition, I raised four anti-idiotypic

Polyclonal antibodies against Ndk and anti-idiotypic

antibodies of Ndk were raised by Nancy Ray (1992).

Several physical methods were used to study these protein-protein interactions.

One of these is the electrophoretic mobility shift assay (EMSA). A purified protein
"A" is mixed with or without excess of a purified binding partner "B". The proteins
are resolved under non-denaturing conditions using agarose gel electrophoresis. The
migration depends on the isoelectric point (and hence the net charge) and mass of the

proteins or protein complexes.

After electroblotting the proteins onto PVDF

membrane, the blots are probed with antibody against the limiting protein "B", and the
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Western blot is developed. Protein-protein interactions are identified by a shift of
electrophoretic mobility of protein "A" due to the net charge and net mass of the AB
complexes.

The molecular-crowding agent polyethyleneglycol (PEG) enhances

binding in the protein complexes.

Another method to study protein-protein interactions was immunoprecipitation.

Two types of antibodies (a polyclonal a-Adk antibody and an a-idiotypic antibody to
Adk) were used to probe for protein-protein interactions with Adk. Proteins that form
protein-protein complexes with Adk should be co-precipitated with the a-Adk antibody

but not by the antiserum before immunization (pre-immune serum). Antibody binding

to the Adk binding partner (ligand) is indirect:

(a-Adk Ab)(Adk)(Adk ligand).

Immunoprecipitations were performed using the affinity-purified a-Adk IgG rather

than crude a-Adk antiserum in order to reduce the non-specific background bands
observed in immunoprecipitations using the pre-immune serum. I raised and affinity-

purified two a-Adk antibodies. Both of the antibodies immunoprecipitated Adk, and
both co-precipitated a 75-kDa E. coli protein.
The second type of antibody used in immunoprecipitations to probe for protein-

protein interactions with Adk was the "a-idiotypic antibody to Adk" or "aa -Adk
antibody".

After affinity-purifying the oc-Adk IgG from a rabbit, a second antibody

was raised against the idiotype of that a-Adk antibody. The second anti-idiotypic
antibody can have specificity for the antigen-binding site of the first antibody and thus

a resemblance to the original antigen (Adk). Anti-idiotypic antibodies to Adk are

capable of binding ligands of Adk directly since the variable region resembles an

epitope of Adk: (aa -Adk Ab)(Adk ligand). The advantage of the anti-idiotypic
antibody is that the ligands of Adk can be precipitated more readily since the antibody-

antigen interaction is direct and with tighter binding. Each anti-idiotypic antiserum is

specific for only one or two protein ligands of Adk. I raised four different antiidiotypic antibodies against E. coli Adk to probe for binding partners of Adk. The anti-

idiotypic antibodies to Adk immunoprecipitated two T4 proteins and three E. coli
proteins.
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In a similar study Ray (1992) reported a 43-kDa T4 protein immunoprecipitated

by an anti-idiotypic antibody to Ndk. Although the T4 genome has been completely

sequenced, the unknown protein could not be identified. I reproduced the 43-10a
protein immunoprecipitation and describe the identification of the unknown protein. In

addition, the same anti-idiotypic antiserum immunoprecipitates small amounts of the

large subunit of T4 ribonucleotide reductase (NrdA) and the large subunit of T4
topoisomerase (gene 39 protein) when viewed on a PhosphorImager.

Affmity chromatography is another method to probe for protein-protein
interactions with [35S]methionine-labeled E. coli or T4 proteins. After purifying Adk, I

coupled the enzyme to an Affi-Gel column.

Radiolabeled T4 proteins or E. coli

proteins were applied to the column. Non-specifically bound proteins were resolved
from specifically-bound proteins in a three-step salt gradient. Proteins were identified
by 1-D and 2-D gel electrophoresis.

The last method used to study protein-protein interactions of enzymes of dNTP

precursor biosynthesis and DNA replication was the Affinity Sensors IAsys resonant
mirror biosensor. The instrument is similar in configuration to the Pharmacia BlAcore,

which measures surface plasmon resonance (SPR). After immobilizing a purified
protein to an NHS/EDC-activated carboxymethyl dextran cuvette, the IAsys instrument

is sensitive to ligand binding at the surface of the cuvette. When a second purified
protein in the mobile phase is applied, it binds to the immobilized protein at the cuvette
surface. The accumulated mass causes a change in the index of refraction at the

cuvette surface that is detected as an alteration in the maximal deflection angle of the

emitted light. The IAsys instrument was only available to the Mathews laboratory on

a two-week demonstration basis, so it was mostly used to screen for protein-protein
interactions using purified proteins rather than to quantitate the dissociation constants
of the interactions.
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Basis for nucleotide pool perturbations in an E. colt ndk mutant

The second broad aim of this thesis is to learn the basis for the nucleotide pool

perturbation in an E. colt ndk mutant. Nucleotide pool imbalances are important
physiologically because they are known to cause a mutator phenotype.

Since ndk

knockout cells have a mutator phenotype and a hugely expanded (23-fold) dCTP pool
relative to the parental strain (Lu et al., 1995; Zhang, 1995), can a substrate preference

of the novel NDP kinase explain the cell's nucleotide pool perturbation and hence the

mutator phenotype? What is the expected substrate specificity based on the crystal
structure of adenylate kinase?

The crystal structure of the enzyme shows an "ATP site" and an "AMP site"
(Muller and Schulz, 1992). Their co-crystal structure with Ap5A shows the "AMP
site" has multiple base-specific contacts to the adenine ring of AMP, whereas the "ATP

site" has only a single base-specific contact with the adenine ring of ATP (Milner and

Schulz, 1992). The almost complete lack of base-specific contacts at the "ATP site"
suggests that this would be the site where dNDP's bind before catalysis.

The novel NDP kinase (adenylate kinase) may have a substrate preference for
dCDP which results in accumulation of dCTP relative to the other three dNTP's (Dr.
Christopher K. Mathews, personal communication). The substrate bias could be due to

the sole base-specific contact (Lys-200 amide carbonyl group) at the "ATP-binding
site" where dNDP substrates ought to bind. Does adenylate kinase thus favor dCDP as
substrate with Lys-200 backbone carbonyl group interacting with the C-4 amino group

of the cytidine ring? In order to test this hypothesis, I measured the kinetic parameters

of adenylate kinase for the four dNDP substrates in an NDP kinase assay. Contrary to

expectation, dCDP was by far the poorest substrate. Adk does not cause dCTP
accumulation by dCDP substrate preference in an ndk mutant.
The second model for the dCTP pool expansion would require other factor(s) to

explain the observations. E. colt ribonucleotide reductase (NrdA and NrdB) catalyzes

the rate-limiting step for dNTP synthesis. The enzyme also exerts significant control
over the proportions of the four dNTP pools via allosteric regulation when ATP, dATP,
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dTTP or dGTP are bound at the specificity site (Reichard, 1993). For the second
model, I proposed that ribonucleotide reductase could be involved in the dCTP pool
perturbation (Bernard and Mathews, 1996). Does Adk have a substrate preference for

dADP? If so, the resulting dATP accumulation could thus enhance reduction of CDP
by ribonucleotide reductase.

To test the second model for the increased dCTP pool, the ndk mutant was
grown in medium with or without thymidine, and the nucleotide pools were measured.

Thymidine is taken up by the cells and converted to dTTP. Since dTTP is known to
reduce the specificity of ribonucleotide reductase for CDP, the presence of thymidine

in the medium should significantly elevate intracellular dTTP and counteract the

preference of ribonucleotide reductase for CDP. The dCTP pool should return to
normal levels.

As expected, the dTTP pool increased.

The dCTP pool fell

significantly but remained high.

Nucleotide pool assays by }PLC showed that the nucleotide pool perturbations

were more extensive than expected. In addition to the previously observed dCTP pool
expansion, a general increase in many pyrimidine nucleotide levels was observed. The
ribo CTP pool and to a lesser extent the UTP and dTTP pools were also elevated. It is

important to consider the biosynthetic pathway which ultimately results in the
increased dCTP pool: lUMP > UDP -+ UTP > CTP > CDP > dCDP > dCTP. The

UTP pool was the first nucleotide pool expanded in this pathway.

This is not

surprising, because UDP is estimated to be the best substrate for the novel NDP kinase

activity of adenylate kinase (Lu and Inouye, 1996), which should result in a higher

UTP pool in the ndk mutant. Since the dTTP pool was mildly elevated in the ndk
mutant, the following pathway, which accounts for 75% of the dTTP synthesis in E.

coli (Neuhard and Thomassen, 1971), shows how a dCTP pool elevation can also

account for a dTTP pool increase: dCTP > dUTP > dUMP > dTMP -+ dTDP >
dTTP.

Ribonucleotide reductase could not be the sole cause of the pool expansion for
two reasons. First, nucleotide pools upstream in the biosynthetic pathway leading to

ribonucleotide reductase were elevated.

Second, reductase could not completely
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eliminate the dCTP excess even in the presence of exogenous thymidine (which yields

the allosteric effector dTTP.) I therefore postulated in the third model that the ndk

mutant must also have some effect on the biosynthetic pathway upstream of
ribonucleotide reductase.

To test the third model, I examined a candidate enzyme involved in nucleotide

pool perturbation that is allosterically controlled.

CTP synthetase (PyrG) is

immediately upstream of the first observed pool perturbation (UTP). The enzyme is
allosterically activated by ATP, UTP and GTP and inhibited by CTP. The ndk mutant
has an increased UTP pool (a substrate of PyrG) and an increased PyrG product (CTP).

This disparity suggests that there might be an increased CTP synthetase activity in the

ndk mutant. The increased PyrG activity in the ndk mutant extracts (this report) helps

to support the elevated CTP pool. Presumably, the increased UTP pool of the mutant
helps to offset inhibition by CTP.

The final model to explain the observed increases in pyrimidine nucleotide
pools in an ndk mutant will be shown in the general discussion chapter.

The nucleotide pool studies performed in this thesis were carried out using the

boronate column and HPLC method of Hendricks and Mathews (1997).

In the

appendix, I describe an improvement in the old enzymatic nucleotide pool assay of
North et al. (1980). The old endpoint method measures incorporation of a radiolabeled

nucleotide complementary to the analyte of interest into a DNA co-polymer template.

The new rate method quantitates dNTP pools using competitive incorporation into a
DNA template. This new method has four significant advantages over the existing
enzymatic assay currently used in the laboratory.

dNTP synthesis by adenylate kinase: a novel NDP kinase or a novel
(dNTP:AMP) phosphotransferase activity?

The reaction mechanism of the NDP kinase activity of adenylate kinase is
poorly understood. The reverse reaction will give insight into the substrate preference

of adenylate kinase.

Enzymatic assays demonstrate the preferred substrates of

adenylate kinase with regard to its "NDP kinase activity."
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Substrate specificity experiments demonstrate the enzymatic activity of

adenylate lcinase's novel NDPK activity by assaying for the novel activity in the
reverse direction. Substrate combinations of dNDP + ADP would likely yield the

AMP + ATP products of the adenylate kinase reaction instead of the desired dNTP +

adenylate product. The advantage of assaying in the reverse direction is that one can
try to

force-fit the test

substrate

(nucleoside

triphosphate

or nucleoside

monophosphate) into the "ATP site" or "AMP site" respectively. I have assayed the
enzymatic activity of adenylate kinase using the following substrate combinations. In
the initial reaction the nucleoside triphosphates are expected to bind at the "ATP site,"
and adenosine monophosphate is the only substrate expected to bind at the "AMP site."

"ATP "AMP
Site"

Site"

"ATP "AMP
Site"

Site"

ATP + AMP > ADP + ADP
dTTP + AMP > dTDP + ADP
ATP + dTMP -->

ADP + dTDP

dTDP + ATP >

d'flP + ADP

Known or Tested Enzymatic
Activity of Adenylate Kinase
adenylate kinase (reverse)
(dNTP:AMP) phosphotransferase (rev.)
thymidylate kinase (forward)
nucleoside diphosphate kinase (forward)

The nucleoside diphosphate kinase reaction scheme for Adk has some major
problems. First, the novel NDP kinase reaction of adenylate invokes a pentaphosphate
reaction intermediate, whereas the well-known adenylate kinase reaction involves four
phosphates.

The second problem is that the active center of adenylate kinase is

normally the width of one phosphate group closer to the "AMP site" than it is to the
"ATP site." After catalysis in the above reverse NDP kinase reaction, ATP is bound at

the "AMP site." Thus the active center residues would have be shifted longitudinally
(at most) the length of a pyrophosphate group relative to its known position from the

crystal structure. Of course, a kinked conformation of the triphosphate chain could
reduce this displacement of the active center to perhaps the width of a phosphate group.

In any case, adenylate kinase's NDP kinase specific activity is expected to be
hampered due to these steric considerations.

Even before performing the substrate specificity experiments, the (dNTP:AMP)
phosphotransferase activity of adenylate kinase appeared to be the most logical activity
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for complementing the ndk mutation. The predicted (dNTP:AMP) phosphotransferase

activity of adenylate kinase avoids the steric problems posed by an NDPK activity.
Both adenylate kinase's conventional activity (involving only adenylate nucleotides)

and the novel (dNTP:AMP) phosphotransferase activity involve a total of four
phosphates in these reactions. Second, the phosphotransferase reaction allows AMP to

bind to its conventional "AMP site." The dNTP binds to the "ATP site" which has

only a single base-specific contact and hence little base-specificity.

If the

(dNTP:AMP) phosphotransferase scheme is correct, then ADP is the physiological
phosphoryl donor for dNTP synthesis in an ndk host. A wild type host primarily uses

ATP as the primary physiological phosphate donor, although any ribodeoxyribonucleoside triphosphate is permissible.

or
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Chapter 2. Materials and Methods

Materials
Luria Broth (LB): 20 mg/ml tryptone, 10 mg/ml yeast extract, 10 mg/ml NaC1 and 1
ml/liter 2 N NaOH.

LB agar plates: 15 g Bactoagar in 1 liter LB. Pour 20 nil/plate.
M9 Medium: 6 mg/ml Na2HPO4, 3 mg/ml KH2PO4, 1 mg/ml NH4C1, 1 mg/ml NaC1,
0.6% (w/v) glucose, 0.2 mg/ml MgSO4.7H20, 0.01 mg/ml CaC12 and 0.005
mg/ml Fe(NH4)2(SO4)2.

SM9 Medium: Add 1.6 ml of filter-sterilized 20% (w/v) casamino acids to 100 ml M9
medium.

Buffer A: 20 mM Tris pH 7.4, 10 mM MgC12, 10 mM P-mercaptoethanol and 10%
glycerol

Buffer B: 20 mM Tris pH 7.4, 10 mM MgC12, 50 mM KC1, 1 mM P-mercaptoethanol
and 10% glycerol.

DNAse Buffer: 20 mM Tris pH 7.7, 50 mM KC1, 10 mM MgC12, 2 mM CaC12 and
10% glycerol.

NP-40 Lysis Buffer: 50 mM Tris pH 8.0, 150 mM NaC1 and 1% Nonidet P 40.

Tris Potassium Glutamate Buffer: 20 mM Tris pH 7.4, 0.5 mM Mg acetate, 100 mM K
glutamate, 0.05% Tween-20.

Western Transfer Buffer: 3.03 g/liter Tris base, 14.42 g/liter glycine containing 5% or
20% methanol.

CAPS Transfer Buffer:

2.21 mg/liter 3-(cyclohexylamino)-1-propanesulfonic acid

(CAPS) free acid, 0.5 g dithiothreitol (DTT), 150 ml/liter methanol Adjust
to pH 10.5 with NaOH. Chill at 4°C. Prepare fresh.

Western Stain Buffer:
MgC12.

90 mM ethanolamine pH 9.6, 100 mM NaCl and 50 mM
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Native Gel (TG) Buffer: 25 mM Tris base and 190 mM glycine. Filter through 0.45
ium filter. Prepare fresh. A volume of 900 ml is exactly enough to pour one
native gel and use as the electrophoresis buffer.

Agarose Native Gel: 0.49 g electrophoresis grade agarose in 70 ml Native Gel (TG)
Buffer. Melt in microwave (defrost setting). Allow cooling before casting
the gel.

TBST Buffer:

100 mM Tris pH 7.5, 150 mM NaC1 and 0.1% polyoxyethylene-

sorbitan monolaurate (Tween-20).

PBST Buffer:

10 mM Tris pH 7.4, 137 mM NaC1, 2.7 mM KC1, 1 mM 13-

mercaptoethanol and 0.05% Tween-20.

Ndk/Adk Assay Buffer (2x): 160 mM Tris (pH 7.4 at 25°C), 160 mM KC1, 16 mM
MgC12.

CTP Synthetase Assay Buffer (2x): 70 mM Tris pH 8.2 at 37°C, 20 mM MgCl2, and 2
mM EGTA.

Coupling Buffer: 100 mM MOPS, pH 7.5 at 4°C and 80 mM CaC12.

2x SDS Sample Loading Buffer: 1.52 g Tris base, 20 ml glycerol, 2.0 g SDS, 2 ml

13-

mercaptoethanol, 8 mg bromphenol blue. Adjust to pH 6.8, and bring up to
100 ml final volume with Milli-Q H2O.

4x Stacking Gel Buffer: 6.05 g Tris base and 0.4 g SDS. Adjust to pH 6.8, and bring
up to 100 ml final volume. 0.45 pm filter. Store at 4°C.
4x Separating Gel Buffer: 91 g Tris base and 2 g SDS. Adjust to pH 8.8, and bring up
to 500 ml final volume. 0.45 pm filter. Store at 4°C.
Fixing Solution: 50% methanol and 10% acetic acid.
Destaining Solution: 5% methanol and 7% acetic acid.

Methods

Purification of T4 DNA polymerase (gene 43 protein). The T4 gp43 clone was a
gift of Dr. William Konigsberg (Yale University) and Dr. Mark Young (University of
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Oregon). The heat-inducible construct pTL43W is described in Lin et al. (1987). The
plasmid was propagated in E. coli and purified by the method of Rush and Konigsberg
(1989).

Purification involved polyethyleneimine (PEI) precipitation, ammonium

sulfate fractionation, a ss-DNA cellulose (Sigma) column and a cellulose phosphate
(Sigma) column.

Purification of E. coli nucleoside diphosphate kinase (Ndk).

The ndk clone

(plasmid pKT8P3) was the gift of Dr. Masayori Inouye (Rutgers University). E. coli

DH5a cells were made electrocompetent (Sharma and Schimke, 1996). Ndk was
always induced after fresh transformation since inducibility is unstable. Plasmid
pKT8P3 (2 p,1) was transformed into 40 p,1 competent cells by electroporation (protocol

PRO013A, BTX Inc.), and 1 ml LB medium was added immediately. Cells were
grown in a plastic tube in a shaking incubator at 37°C for 1 hr. Transformants were
selected by plating 10 pl and 100 pl culture on two separate LB plates containing 150
pg/m1 ampicillin.

Pick individual widely separated colonies, and inoculate tubes

containing 2 ml LB with 150 pg/m1 ampicillin for overnight growth. Flasks containing

LB with 150 pg/ml ampicillin were inoculated to an initial absorbance (600 inn)
between 0.005 and 0.010. Ndk was induced and purified by the method of Ray (1992)

and Wheeler et al. (1996). The Mono-Q column on the Pharmacia FPLC was run in
Buffer B with a gradient from 50 mM to 500 mM KC1. The FPLC program is given
below:

Command

Time (min)
0.0
0.0
0.0
0.0
8.0
15.0

25.0
35.0
40.0
40.0

conc %B
ml/min

0.0

cm/m1

0.5

port.set
conc %B
conc %B
conc %B
conc %B
conc %B
cm/ml
end method

6.1

1.0

0.0
40.0
60.0
100.0
100.0
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Purification of E. coli adenylate kinase (Adk). The overexpression system for Adk
involves two plasmids. The first is an ampicillin-resistant adk clone pET22b+adk
constructed by Veronique Perrier from the laboratory of Dr. Octavian Barzu (Pasteur

The adk gene was inserted into the Xbal and Sall sites of pET22b
(Novagen). The second plasmid, pDIA17 (Munier et al., 1991) has the lad and

Institute).

chloramphenicol resistance

genes.

E.

colt BL21(DE3)

cells were made

electrocompetent (Sharma and Schimke, 1996). Adk was always induced after fresh

transformation since the plasmids are not very stable in E. coli (Barzu, personal
communication). The two plasmids (1 pl) were transformed into 40 pl competent E.

coli BL21(DE3) by electroporation (protocol PRO013A, BTX Inc.), and 1 ml LB
medium was added immediately. Cells were grown in a plastic tube in a shaking
incubator at 37°C for 1 hr. Transformants were selected by plating out 10 pl and 100

gl culture on separate LB plates containing 150 pg/m1 ampicillin and 30 pg/m1
chloramphenicol.

Individual widely-separated colonies were picked and used to

inoculate tubes containing 2 ml LB with 150 pg/m1 ampicillin and 30 pg/ml
chloramphenicol for overnight growth. Overnight cultures were used to inoculate 3liter flasks containing 800 ml LB with 150 pg/m1 ampicillin and 30 pg/m1

chloramphenicol such that the initial absorbance (600 nm) was between 0.005 and
0.010. Cultures were grown in 3-liter flasks at 37°C and induced with 1 mM IPTG at

an absorbance of 1.0 for 3 hr. Cells were chilled in an ice water bath for 10 min. and

pelleted at 4000xg for 10 min. at 4°C. The cell pellet was re-suspended in 10-12 ml
Buffer A and sonicated for four cycles (15 sec. on and 30 sec. off) in an ice water bath.

The insoluble fraction of the lysate was pelleted in a Beckman GS-6R centrifuge (4°C
at 3000 RPM for 10 min.) The supemate of each lysate was diluted with Buffer A to a

final volume of 13.4 ml. If more than one 800-nil culture is being purified, the lysates
are pooled at this point. The pooled lysate is fractionated in three separate ammonium

sulfate cuts (0-40%, 40-60% and 60-80% of saturation). Note that the 40-60% cut
contains a major contaminating protein and is discarded. Most Adk is in the 60-80%
cut, and the remainder is in the 0-40% cut. The ammonium sulfate precipitates were
re-dissolved in a minimal volume of Buffer B. Over the course of 30 minutes at 4°C,
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0.3 volumes of 8% streptomycin sulfate was added, and DNA was precipitated by
centrifugation. The supernate was dialyzed against Buffer B, and was applied to a Blue

Sepharose column (Pharmacia Biotech, Inc.). Protein loading on the column was 0.27

mg protein/ml bed volume. After eluting the flowthrough proteins as observed by the
absorbance detector (280 nm), Adk was eluted by the addition of one column volume

of 1 mM AMP and 1 mM ATP. Fractions containing purified Adk were identified

from the protein and nucleotide absorbance signal (280 nm) and by SDS-PAGE.
Fractions positive for Adk were concentrated by using an Amicon concentrator and

were dialyzed against Buffer B. The purified protein and protein samples during

purification were assayed for adenylate kinase and nucleoside diphosphate kinase
activities and for total protein.

Protein sequence analysis of purified adenylate kinase. A 14% SDS-PAGE minigel
was cast and was pre-electrophoresed with mercaptoacetic acid (Ausubel et al., 1996)

for 45 min. to quench residual free radicals in the gel. A preparation of purified
adenylate kinase was run on the gel and electroblotted by using CAPS Transfer Buffer
onto Immobilon-P (Millipore) polyvinylidene difluoride (PVDF) membrane. The blot
was stained with Ponceau S as described earlier, and two protein bands were revealed.

The first band (29.4 kDa) corresponding to full-length Adk, and the 14-kDa band,
presumed to be a degradation product thereof, was cut out of the blot and submitted to
the Center for Gene Research and Biotechnology (Oregon State University) for peptide
sequencing.

Nucleoside diphosphate kinase assay.

NDP kinase activity was assayed by using

Ndk or Adk proteins or lysates of mid-log phase cells. Activity was assayed using the
coupled reaction method in a DU-64 spectrophotometer (Beckman Instruments, Inc.)

with the Peltier temperature controller set at 25°C. The reaction buffer was diluted

with Milli-Q water and other components in final reaction mixture of 1 mM 13mercaptoethanol, 2 mM PEP, 5 mM ATP, 0.2 mM NADH, 1500 U/L pyruvate kinase

and 5000 U/L lactate dehydrogenase. Enzyme sample was added to each of two

cuvettes. The last substrate (1 mM dTDP) was added to trigger the reaction in one
cuvette, and the same volume of Milli-Q water is added to the other cuvette to measure

38

the blank rate. The difference in reaction rates after the lag phase was measured by

monitoring absorbance at 340 nm. The reaction rates were calculated based on the
extinction coefficient of NADH (6.22x103 1\44cm-1), and the specific activity of NDP

kinase was expressed in !moles of ATP or dTDP turned over per min per mg of
protein.

The NDP kinase activity of adenylate kinase was also assayed by using dCDP,
dGDP or dADP as phosphoryl acceptors instead of dTDP mentioned above. For assays

using the purine substrates dGDP or dADP, a significant blank rate was observed (in

the absence of Adk) due to turnover by the coupling enzyme pyruvate kinase. For
example, in reactions with 5 mM ATP phosphoryl donor and 1 mM phosphate acceptor

(dADP, dGDP, dCDP or dTDP), the blank rates catalyzed by the coupling enzyme was

72%, 36%, 7% and 5% respectively of the total activity catalyzed in the presence of
both 4.7 laM Adk and coupling enzyme. Therefore, in reactions with dGDP or dADP,
the reaction rate without Adk was deducted from the rate of the complete reaction. The

kinetic parameters for the variable substrates (dADP, dCDP, dGDP and dTDP) were
calculated by using Hanes-Woolf plots.

Adenylate kinase assay. Adenylate kinase activity was assayed in the same manner as
the NDP kinase assay, except that 1 mM AMP was used to trigger the reaction instead
of dTDP. The specific activity of adenylate kinase was expressed in pmoles of ATP or
AMP turned over per min per mg of protein. Since the adenylate kinase reaction yields

2 moles ADP per mole of ATP or AMP consumed, the rate of NADH consumption
was divided by 2 during calculation of the specific activity.

Assay for the alternative activities of adenylate kinase. Alternative activities of
adenylate kinase were assayed as for the NDP kinase assay, except that the alternative
phosphoryl donor (5 mM dTTP) was used instead of ATP, and the phosphoryl acceptor

(1 mM AMP or dTMP) was used instead of dTDP.

Thus the (dNTP:AMP)

phosphotransferase activity was assayed by using 5 mM dTTP and 1 mM AMP. The

thymidylate kinase activity was assayed by using 5 mM ATP and 1 mM dTMP. For

each enzyme assay, the blank reaction was assayed by omitting the phosphoryl
acceptor. The absorbance (340 nm) of the blank reaction mixture was deducted from
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that of the complete reaction mixture, and the initial rates were measured. Note that

the direction of the (dNTP:AMP) phosphotransferase assay is the reverse of the
expected physiological reaction. The specific activity was expressed in !moles of
(d)NTP or (d)NMP turned over per min per mg of protein.

Activity assay of enzyme immobilized on a column matrix. The flowed method
for activity assay determines whether the enzyme immobilized on a column is active
and therefore in its native conformation. The assay apparatus is set up as shown in Fig.

2.1. A 10-m1 syringe is connected to the top (inlet port) of a three-way Luer lock
valve. Another 10-m1 syringe is connected to the side port via tubing. The bottom

Apparatus to Assay Activity
of an Immobilized Enzyme Column

Adk Rxn Mix
+ AMP substrate

Adk Rxn Mix

3-Way Valve

Peristaltic Pump

Syringe Needle

Adk-Affi-Gel Column

Flowcell Cuvette
in DU-64 Spectrophotometer

rV

A
Reaction Waste

Figure 2.1. Apparatus for assaying the enzymatic activity of an immobilized
adenylate kinase (AdkAffi -Gel) column. First, a colorimetric adenylate kinase
reaction mixture without the AMP substrate is delivered via three-way valve
(injector) to an AdkAffi -Gel column. The absorbance is read in a flowcell cuvette.
After incubation with the reaction mixture, the injector is switched to the complete
reaction mixture with AMP substrate, and the adenylate kinase reaction proceeds
inside the AdkAffi -Gel column. As NADH as turned over to NAD+, the absorbance
at 340 nm decreases and is read in the flowcell cuvette, thus permitting assessment of
the enzymatic activity of the enzyme bound to the Affi -Gel column.
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(output) port of the valve is fitted with an 18-gauge needle. The cols mn is connected
to the inlet tubing of the flowcell cuvette, and the cuvette's output tubing is connected

to a peristaltic pump. The 3-way valve injector is not yet connected to the top of the

AdkAffi-Gel column.

The 6-cuvette transport is removed from the DU-64

spectrophotometer, and the alternate single-cell holder is installed. The flowcell is
inserted in the cuvette holder, and the flowcell chamber is aligned with the beam. The
flowcell inlet/output lines are placed under the lid of the spectrophotometer. The edges
of the DU-64 lid are taped and sealed with foil to block stray light.

The mating of the injector with the column is done in the presence of
components of the adenylate kinase coupled assay mixtures. Reaction mixtures are the

same as in the adenylate kinase assay. An assay reaction mix (complete with 5 mM

ATP and 1 mM AMP substrates) is loaded into one of the inlet syringe barrels. A
couple of drops of complete reaction mix are allowed to pass through the injector
output to purge the line of bubbles. The other inlet barrel is filled with lx Adk Assay

Buffer. The valve is turned to allow the 1 x Adk Assay Buffer to purge the injector
output. Pierce the rubber plunger from the AdkAffi-Gel syringe column with the 18-

gauge needle from the injector output. Fill a minimum volume of lx Adk Assay

Buffer above the matrix of the AdkAffi-Gel column. At the same time, carefully
connect the plunger-fitted injector to the very top of the AdkAffi-Gel column, and
open the valve between the Adk Affi -Gel column and the 1 x Adk Assay Buffer inlet
to relieve back-pressure. The backpressure is due to the small plunger displacement at

the top of the syringe column. The dead volume above the matrix of the syringe
column should still be minimized, and lx Adk Assay Buffer should not leak into the
syringe column. Purge the injector line of bubbles with a Pipetman pipettor.

Equilibrate the column with 1 x Adk Assay Buffer by starting the peristaltic
pump at 0.3 ml/min for a 1-ml syringe column or at 1.0 ml/min for a 2.5-m1 syringe
column. The linear flow rate in the latter column was 1.3 cm/min. Calibrate the blank

absorbance (340 nm) of the spectrophotometer. Start logging real-time absorbance

data on the computer. Replace the lx Adk Assay Buffer in the inlet syringe with the
assay reaction mix without AMP substrate. A340 increases to a maximal level when it
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is equilibrated with the reaction mix containing NADH. Turn the injector valve to
deliver the complete reaction mix (with 1 mM AMP substrate) from the other inlet to

the Adk column. Substrate turnover by adenylate kinase immobilized in the Affi-Gel
column is detected in the flowcell by a steep drop in A340.

Data acquisition for enzyme assays. All enzyme assay data (from the 6-cuvette
transport or from the flowcell apparatus) were logged in real time from a DU-64
spectrophotometer (Beckman Instruments, Inc.) onto an IBM Personal Computer XT.
A DB-25 cable connected the DU-64 parallel printer port to the input jack of a DB-25
switch box. Output from the switch box could be routed to either the parallel printer or

to a parallel-to-serial data converter. A DB-25 serial cable connected output from the
parallel-to-serial converter box to the RS-232 COM1: serial port of the PC-XT. Data
were acquired by using the "capture file" facility of Qmodem 4.6 (Mustang Software,

Inc.) running under MS-DOS 6.22 (Microsoft Corp.).

Serial communication

parameters for the parallel-to-serial converter and the Qmodem software were

configured as 9600 baud, 8 data bits,

1

stop bit, no parity, and XON/XOFF

handshaking. Alternatively, data were also acquired using an IBM-compatible Cyrix

386DX-40 computer running the "Terminal" accessory software supplied with
Windows 3.1 (Microsoft Corp.). ASCII data files acquired by the communications
software were imported into Slidewrite Plus 4.0 (Advanced Graphics Software, Inc.) or
Origin 4.1 (MicroCal Software, Inc.) for rate analysis and graphic presentation.

Raising antibodies. Purified protein antigen (T4 DNA polymerase, E. coli adenylate
kinase, T4 topoisomerase, or affinity-purified a -Adk IgG) was assayed for total protein

by the Bradford method. Protein antigen was prepared in Hunter's TiterMax adjuvant
(Sigma) per manufacturer's instructions. A dose of 60-100 j.tg emulsified antigen was

injected into each of two New Zealand White rabbits. Test bleeds were drawn to test
antibody titer 10 days after injection. Antibody was harvested 14 days after injection.
If titer was very low, however, a booster injection was given on day 14 after injection.

When raising anti-idiotypic antibodies, rabbits were boosted three times with the
affinity-purified a-Adk IgG antigen. Antibody titer was evaluated by Western blot
analysis. Anti-idiotypic antibody binding activity was tested by immunoprecipitation.
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Western blot. Samples containing induced or purified antigen were resolved by SDSPAGE.

Proteins were electroblotted onto Immobilon-P (Millipore) polyvinylidene

difluoride (PVDF) membranes in Western transfer buffer in an blot apparatus (Idea
Scientific) for 2 hr at 200 mAmp. Lanes intended for total protein staining were cut

out and stained with Ponceau S dye. The portion of the blot intended for Western
staining was blocked overnight at 4°C with 1% gelatin in TBST. Blots were warmed
to RT and washed with TBST. For 1 hr at RT, the blot was incubated with antiserum

in MST. The blot was washed three times (5 min each) in TBST. Goat anti-rabbit
IgGalkaline phosphatase conjugate was applied as the secondary antibody for 1 hr at
RT.

The blot was washed three times (15 min each) in TBST.

The blot was

equilibrated in 25 ml Western Stain Buffer for 5 min. The buffer was discarded and

the blots were developed (Harlow and Lane, 1988) at RT in Western Stain Buffer

containing substrates (Gibco BRL) of alkaline phosphatase:

66 Id nitro blue

tetrazolium (NBT) and 50 pl 5- bromo,4- chloro,3- indolyl phosphate (BCIP) in 15 ml
Western Stain Buffer.

Staining blotted proteins with Ponceau S dye.

Proteins electroblotted on

Immobilon-P (Millipore) PVDF membrane as stated before. The blot was stained in

0.1% Ponceau S in 1% acetic acid for 1 min. The blot was destained in two or three
changes of 1% acetic acid. If the proteins were to be sequenced, the bands were cut out

with a razor blade and submitted to the Center for Gene Research and Biotechnology
(Oregon State University).

Preparation of bacterial stocks. E. coli strains were purified from individual colonies
on LB plates with antibiotic selection when possible. Individual colonies were used to

inoculate overnight cultures with antibiotic selection when possible.

Overnight

cultures (0.85 ml) were mixed with 0.15 ml sterile glycerol in sterile glass vials and
were flash frozen in liquid nitrogen (Sambrook et al., 1989). Bacterial stocks were

stored at 80°C.
Preparation of bacteriophage stocks. A T4D phage stock was dialyzed in M9 salts.
E. coli B was grown in M9 medium at 37°C. At mid-log phase (Aso() = 0.470), 20

µg/ml tryptophan was added to the medium, and the cultures were immediately

43

infected at a multiplicity of infection (M01) of 10. Phage stocks were stored at 4°C
away from fluorescent lighting.

Overnight cultures of E. coli pykA pykF and ndk series of strains. E. colt strains

were grown in selective medium when possible to assure purity of the cultures.
Antibiotic stock solutions were prepared (Sambrook et al., 1989). Bacterial strains
were plated at 37°C on LB with antibiotic. Individual colonies were used to inoculate
tubes of culture medium containing antibiotic.
Overnight growth medium in each tube was 2 ml SM9 with 0.5 jag/m1 thiamine.

E. colt JC7623 was grown in medium without antibiotic. E. coli QL7623 (JC7623

ndk::cmR) was grown in the presence of chloramphenicol.

E. coli HW760 and

HW1387 were grown in the presence of kanamycin. E. colt QL1387 was grown in
medium with both kanamycin and chloramphenicol. Antibiotic dosages were 25 µg/ml

chloramphenicol and 10 µg /ml kanamycin (Sambrook et al., 1989). Cultures were
grown overnight at 37°C for 10-12 hr. Overnight cultures were used to inoculate larger

cultures for nucleotide pool analysis, growth rate measurements or phage DNA
synthesis experiments.

Growth rate measurement. E. coli strains were grown overnight and inoculated into
SM9 medium at an initial absorbance (600 nm) between 0.005 and 0.015. Absorbance

measurements were taken at approximately 30- to 45-minute intervals. The (base 10)

growth rate constant k' was measured by a linear fit of log(A600) vs. time by using
Slidewrite Plus 4.0 (Advanced Graphics Software, Inc.). The (base e) growth rate
constant k was calculated as k = ln(10k). The doubling time was calculated from the
growth rate constant: ln(2) / k. On each respective day, the growth rate of the JC7623

parental strain was subtracted from that of the QL7623 strain. The difference in
growth rates was analyzed by the t-test of significance using Origin 4.1 (MicroCal
Software, Inc.)

Phage DNA synthesis measurement. E. coli JC7623 parental strain, as well as the E.

coli JC7623 ndk (also referred to as QL7623), was grown in SM9 medium with 0.5
µg/ml thiamine plus 20 1.1g/m1 uracil. At mid-log phase (A600 = 0.470, 2.5x108

cells/ml), cells were chilled in an ice water bath. A volume of 10 ml of culture was
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centrifuged, and then the cells were washed in SM9 medium.

After further

centrifugation, the cells were resuspended in 10 ml SM9 with 10 µg/ml uracil.
Immediately before infection with bacteriophage T4D, 10 µg/ml tryptophan was added

to the medium. The bacteria were infected with bacteriophage T4D at a multiplicity of
infection of four, and 1.0 pCi/m1 [3H]uracil was immediately added to the medium. At

several timepoints during the infection, samples were chilled in an ice water bath to
measure bacterial and phage titers and to quantitate phage DNA synthesis. To measure

T4 DNA synthesis, 250 pl infected culture was added to an equal volume of 10%
trichloroacetic acid (TCA). The mixture was chilled and centrifuged. After washing
twice with 5% TCA, 25 gl was treated with 0.3 N KOH for 16 hr. at 37°C to degrade

RNA. Whatman 3MM chromatography paper was pre-soaked in 5% TCA and 2%
pyrophosphate. Samples were applied to Whatman 3MM chromatography paper and
were subjected to paper chromatography using an aqueous solvent containing 5% TCA
and 2% pyrophosphate. Residual unincorporated radiolabeled nucleotide was removed

from the sample by washing twice in 5% TCA and three times in acetone. Acidprecipitable counts in phage DNA were quantitated in a scintillation counter (Beckman
Instruments, Inc.).

Nucleotide pool determination. The E. coli JC7623 parental strain, QL7623 ndk
mutant strain and E. coli B were grown to mid-log phase in SM9 medium at 37°C.

Cells were harvested by chilling the culture in an ice water bath for 10 minutes
followed by centrifugation in a GSA rotor (5000 RPM for 5 minutes at 4°C). The
pellet was washed by resuspension in PBS and resedimented by using 10 ml PBS and a

Beckman GS-6R centrifuge at 4°C. The supemate was removed, and the cell pellet
was re-suspended in 0.5 ml ice-cold Milli-Q water. Nucleotides were extracted from
cells by a modification of Shewach (1992). Cells were lysed by adding 500 pl of 0.4 N

perchloric acid for exactly 5 min at 4°C. The cells were centrifuged in an SS34 rotor
(3500 RPM for 10 min.). The supernate was transferred to a fresh chilled tube and was

neutralized to pH 7 with 30-45 pi 10 N KOH. Residual KC1O4 precipitate was
pelleted by centrifugation. The supemate from each extract was divided into two equal
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volumes and placed into separate Eppendorf tubes. The extracts were lyophilized in a
Speedvac (Savant) and stored frozen at 20°C.
Total ribonucleotides and deoxyribonucleotides from the first half of the extract

were analyzed on HPLC (Hendricks, 1998; Hendricks and Mathews, 1997, 1998a and
1998b). A sample from the other half of the extract was first passed over an Affi -Gel

601 (Bio-Rad Laboratories, Inc.) boronate column that bound the ribonucleotides and

allowed the deoxyribonucleotide flowthrough fraction to be analyzed by anionexchange HPLC. Samples were loaded onto a 500-0 sample loop and analyzed on a

Rainin (currently sold by Varian) HPLC system with a Partisphere-10 SAX strong
anion exchange column (Hendricks, 1998; Hendricks and Mathews, 1997, 1998a and
1998b).

Chromatograms were logged on a Macintosh computer using DynaMax

software (originally Rainin; currently Varian).

The chromatographic data were

exported to ASCII format and imported into Origin 4.1 (MicroCal Software, Inc.) for

peak integration. All nucleotide peaks were measured using Origin software, except

for the GTP peak, which was quantitated gravimetrically on a Mettler analytical
balance due to its non-linear baseline absorbance.

CTP synthetase assay of cell extracts.

E. coli B, JC7623, QL7623, HW760,

HW1387 and QL1387 strains were grown in SM9 medium with 0.5 µg/m1 thiamine at

37°C. The cells were harvested at mid-log phase (A600 = 0.470) by chilling in an ice
water bath for 10 min and pelleting in a Beckman GS-6R centrifuge at 3,000 RPM for

10 min. Twice the cell pellet was washed in 5 ml of Buffer A and centrifuged as
before. Cells were re-suspended in Buffer A and were sonicated for four cycles of 15

seconds on and 15 seconds off. The lysate was centrifuged as before, and the soluble
fraction was stored overnight at 20°C.

The crude cell extracts were assayed for CTP synthetase activity by the highsensitivity method of Van Kuilenburg et al. (1994) and for total protein. The assay was

performed in three steps (Fig. 2.2). Reaction mixtures included 1 x CTP Synthetase

Assay Buffer, 0.3 mg/ml crude cell extract, 4 mM ATP, 1 mM GTP, 1 mM UTP, 1

mM glutamine for 1 hr at 37°C. The UTP substrate was omitted in the "blank"
reaction. The second step of the reaction was to halt the CTP synthetase reaction with
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CTP Synthetase Assay
ADP

Step 1. ATP
PyrG
GTP

UTP

p CTP

EGTA
mg2+

glutamate

glutamine

Step 3.
Acetyl Pyridine
Adenine Dinucleotide (APAD1

Step 2.
+ EDTA
(halts Step 1)

glutamate
dehydrogenase

APADH
max = 365 nm

a-ketoglutarate + NH4+

Figure 2.2. Principle of the CTP synthetase assay by Van Kuilenburg et al. (1994).
This sensitive CTP synthetase assay method was used to measure activity in cell
extracts. The first step of the CTP synthetase reaction consumes ATP, UTP and
glutamine. The CTP synthetase reaction is halted by the addition of EDTA. In the
third step the glutamate product of the CTP synthetase reaction is turned over by
glutamate dehydrogenase (in a reaction that is the reverse of the normal direction) by
using the NADPH analog APAD+, which is read at 365 nm. The AA365 of reactions
in the presence or absence of UTP substrate indicates the enzymatic activity of CTP
synthetase.

15 mM EDTA, pH 8.0. The third step was a 1-hr. incubation at ambient temperature

with 46 U/m1 glutamate dehydrogenase and 1 mM oxidized acetyl pyridine adenine

dinucleotide (APAD+; Sigma), an analog of NAD+.

The coupling enzyme was

lyophilized bovine liver glutamate dehydrogenase (Sigma Cat. No. G-7882).
Glutamate dehydrogenase was ammonia-free (<0.5 lag NH4+ per mg protein) to avoid
product inhibition by N114+ ion. Reaction mixtures were diluted in 1 x CTP Synthetase

Assay Buffer, and the absorbance at 365 nm was measured. The absorbance of the
"blank" reaction (without UTP) was subtracted from the absorbance of the reaction
(with UTP). The AA365 was corrected for dilution.

The enzymatic coupling reaction was verified in two ways. First, a reaction

mixture for the second half of the CTP synthetase assay was assayed to validate the
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linearity of the coupling reaction (A365) with respect to the concentration of the
glutamate intermediate. The mixture included CTP Synthetase Assay Buffer, APAD+,

glutamate dehydrogenase, EDTA and variable concentrations of glutamate. Second,
the absorbance spectrum of APADH generated by the reaction was scanned to verify
the absorbance maximum at 365 nm.

Electrophoretic Mobility Shift Assay. Deoxyribonuclease I (20 µg/m1) was prepared
in DNAse Buffer. Purified proteins were treated with one volume of DNAse (10 pg/m1

final concentration) for 2 hr at 4°C. A four-fold molar excess of potentially interacting

proteins was added to purified T4 DNA polymerase for 60 min. at 4°C. A 3.7-fold to
5.8-fold molar excess of potentially interacting proteins was added to purified E. coli
Ndk for 30 min. at 37°C. A crude induced nucleoside diphosphate kinase preparation
from a 45-60% ammonium sulfate cut and dialyzed in Buffer B was added in excess to

purified T4 DNA polymerase. The protein mixtures were electrophoresed on 0.7%
agarose native gels for 1 hr. at 100 V. The agarose gels were soaked in SDS running

buffer for 7 min. and proteins were electroblotted onto PVDF membranes. The
membranes were blocked overnight using 1% gelatin in TBST at 4°C, and the Western

Blots were developed using the standard Western protocol. The blots were probed

with a-T4 polymerase antibody B7418 as primary antibody.

Goat a-rabbit

IgGalkaline phosphatase conjugate was used as secondary antibody.
EMSA was also performed on mixtures of 0.09 pM Ndk and either 0.33 pM T4

ribonucleotide reductase (NrdA and NrdB) or 0.52 µM T4 DNA polymerase. The
proteinprotein interactions were enhanced by 7.5% PEG 3000. Mixtures involving E.

coli Ndk and T4 NrdA/NrdB were prepared in the presence of 1 mM ATP. Binding

reactions were incubated at 37°C for 30 min. Native gels were run and blotted as
stated before, except that the blot was probed with a-Ndk antibody (Ray, 1992).

lAsys resonant mirror biosensor. Interaction runs were performed on a manual
IAsys (Affinity Sensors) resonant mirror optical biosensor. Instrument settings were

25.0°C temperature, 1.0 sec sampling interval, smoothing=1, and stirrer speed=50.
Deflection angle data were logged on an IBM 486SX computer running IAsys 1.03

(Fisons Applied Sensor Technology) software.

Data were analyzed using lAsys
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FASTfit 1.01 (Fisons) software and rendered using Origin 4.1 (Micro Cal Software,
Inc.) presentation graphics software. Both the IAsys and FASTfit software packages
were run under Windows 3.1 with DOS 6.22 (Microsoft Corp.) operating system.

Purified proteins were coupled to separate IAsys cuvettes before performing
interaction studies. Proteins were dialyzed against PBST buffer before coupling.

Coupling to cuvettes was per manufacturer's instructions (lAsys protocol 1.1.1.)
Carboxymethyl

dextran (CMD)

cuvettes

were

activated

with

1-ethy1-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS).

T4

DNA polymerase (pI 6.09) was coupled in 10 mM sodium acetate buffer pH 5.3. E.
coli adenylate kinase (pI 5.56), NDP kinase (pI 5.64) and T4 ribonucleotide reductase
(NrdA, pI 6.11 and NrdB, pI 4.93) were coupled to separate CMD cuvettes in 10 mM

sodium acetate buffer pH 4.85. Excess reactive groups were blocked with 1 M
ethanolamine, pH 8.0.

The first interaction was the control experiment with purified T4 DNA
polymerase and T4 gene 32 protein. T4 DNA polymerase was dialyzed in PBST.
Polymerase was applied to the cuvette with immobilized T4 gene 32 protein, and the
association reaction was logged on the computer. The cuvette was purged and washed

with PBST. Bound DNA polymerase was removed from gene 32 protein cuvette with

PBST containing 4 M NaCl. The cuvette was washed and re-equilibrated in PBST
before applying another concentration of mobile T4 DNA polymerase.

In the other IAsys experiments, interactions were tested in Tris Potassium
Glutamate Buffer to better replicate physiological conditions. Purified proteins were

dialyzed in the Tris Potassium Glutamate Buffer. Cuvettes with immobilized protein

were equilibrated with the same buffer before applying the dialyzed, potentially
interacting protein. After interaction, the cuvette was purged and washed in Tris

Potassium Glutamate Buffer.

Bound protein was removed by washing with Tris

Potassium Glutamate Buffer with 0.4 M potassium glutamate. Cuvettes were washed

and re-equilibrated in Tris Potassium Glutamate Buffer before the next binding
reaction with another potentially interacting protein.
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Raising anti-idiotypic antibodies of adenylate kinase (aa-Adk Ab). Anti-idiotypic
antibodies were raised via several procedures (Fig. 2.3) which will be described in
detail below. Briefly, purified Adk was used to raise antibody against adenylate kinase
as described earlier. The a-Adk was affinity purified on a Protein A Sepharose column

to yield total IgG. The IgG was affmity purified on an AdkAffi -Gel column to yield
a-Adk IgG. Affinity-purified a-Adk IgG was prepared as an antigen to raise antibody

in New Zealand White rabbits as described earlier. Details of raising anti-idiotypic
antibodies to adenylate kinase are described in subsequent sections.

Raising Anti- Idiotypic Antibodies to Adk (aa -Adk Ab)
-..-"=\<

Inject

Protein A

Rabbit #1

-----i,

Polyclonal
a -Adk
Antiserum

Adk'`

J

Total IgG
\Apply IgG
to Adk-Affi-Gel
Column

Purified Adk

Inject
Rabbit #2

Elute Ab

as -Adk

Antiserum

Affinity-Purified
a-Adk Ab

Figure 2.3. Raising anti-idiotypic antibodies to E. coli Adk. Purified Adk is injected
into rabbit #1 in order to raise a polyclonal a-Adk antiserum. The antiserum is purified
on two separate columns. The first column is a Protein A column from which total IgG
is eluted. The second column is an AdkAffi -Gel column in which only a-Adk
antibodies bind. These Adk-specific antibodies are eluted. The resulting affmitypurified a-Adk IgG are injected into rabbit #2, and antiserum is raised against the
original a-Adk IgG.
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Preparation of an Affi-Gel column with immobilized adenylate kinase. Purified
adenylate kinase (8 mg) was dialyzed in Coupling Buffer. Affi -Gel 10 (Bio-Rad
Laboratories Inc.) is an activated matrix for coupling the primary amine groups of
proteins. The agarose matrix is derivatized with reactive N-hydroxysuccinimide esters

at the end of a 10-atom spacer arm. In a 10-m1 syringe column, Affi -Gel 10 (3.3 ml)

was washed in cold isopropanol and then in 4°C Coupling Buffer. The slurry was
quickly transferred to an equal volume of Coupling Buffer in a 15-m1 Falcon Tube, and

purified, dialyzed adenylate kinase was added. A 50-id sample was taken at time 0 of
coupling. The coupling reaction was placed on an Orbitron at 4°C for 24 hr.

Samples of reaction supemate before and after coupling were tested to
determine coupling efficiency. The concentration of uncoupled protein was quantitated
in the reaction supemate by measuring absorbance at

280 nm.

The N-

hydroxysuccinimide leaving group also absorbs at 280 nm. Since this interference can

be eliminated by protonating the amine of N-hydroxysuccinimide, the supemate
samples (10 or 20 ul) were acidified with 80 µl 0.01 N HC1 before reading A280.

Affinity purification of antibody against E. coli adenylate kinase.

Protein A

Sepharose (0.50 g) was added to 5 ml 100 mM Tris pH 8.0. The resin was allowed to

swell on an orbiting rotator at 4°C for 1 hr. Two 1-ml syringe minicolumns were
prepared with two GF/C (Whatman) glass fiber filters as fits on each column. The

columns were packed with the Protein A Sepharose slurry to a 0.60-0.65 ml bed
volume. Crude a-Adk antisera from each of two rabbits (C3359 and C3360) were

affinity-purified on separate minicolumns to yield the total IgG fraction.

The

procedure was identical to the "low salt" method of Harlow and Lane (1988) except
that the solution of antibody + 0.1 volume 1.0 M Tris, pH 8.0 was clarified using 5 pm

syringe filter followed by a 0.22 pm filtration before being applied to the first column.

The clarified, buffered antiserum was applied to the Protein A Sepharose column.
After washing the column with 10 bed volumes of 100 mM Tris pH 8.0 and 10 bed
volumes of 10 mM Tris pH 8.0, total IgG was eluted with 100 mM glycine at pH 3.0.
During the elution, 500-u1 fractions were collected and neutralized in tubes containing

51

0.1 ml 1.0 M Tris pH 8.0. Total IgG fractions 1, 2 and 3, which tested positive for total
protein, were pooled before they were applied to the second column (AdkAffi -Gel).

Before the AdkAffi -Gel column was used, the column was assayed for
adenylate kinase activity by the flowcell method. The activity assured that the total
IgG fractions were applied to Adk in the native conformation.

Separate AdkAffi -Gel minicolumns were prepared to assure no crosscontamination between affinity-purified a-Adk Ab C3359 and C3360. Affi-Gel with
immobilized adenylate kinase was packed into in 1-ml syringes with GF/C frits. The

bed volume was 0.4 ml.

Total IgG fractions were pooled and passed over the

AdkAffi -Gel columns five times at 0.3 ml/min. After washing with 20 bed volumes
of 10 mM Tris pH 7.5 and 20 bed volumes of 500 mM NaC1, a-Adk antibodies were
eluted with 10 bed volumes of 100 mM glycine pH 2.5. The eluate containing affinitypurified a-Adk Ab was collected in a tube containing 1 bed volume of 1M Tris pH 8.0.

Labeling of T4 early proteins and E. coli log-phase proteins. E. coli B cultures

were grown in M9 at 37°C.
chromatography

experiments,

The 500-m1 cultures were used for affinity
and

the

300-m1

cultures

were

used

for

immunoprecipitation experiments. At mid-log phase 20 pg/ml tryptophan was added
to the medium and infection began with T4D phage (10 M01). A culture sample (50

pi) was serially diluted in M9 medium (4°C) to determine the bacterial titer before
infection.

Each dose of [35S]methionine and [35S]cysteine (NEG-772 Easy Tag

EXPRESS protein labeling mix, NEN Life Science Products) was 80 pCi or 50 pCi in

the 500 ml or 300 ml cultures, respectively. One radiolabel dose was added to the
infected cultures at each of the following time points post-infection: 3, 4, 5, 6 and 7

min. At 8 min post infection, 20 Rim' methionine was added to the infected culture,
and the flasks were chilled in an ice water bath. A culture sample (50 p.1) was serially

diluted in 4°C M9 medium followed by incubation on LB plates to determine the
bacterial titer after infection. The infected cultures were centrifuged at 5000 RPM for

20 min. in a GSA rotor. Serial dilutions of bacteria were grown overnight on LB
plates, and bacterial killing was calculated from the bacterial titers before and after
phage infection.
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Mock-infected cultures were labeled the same as the infected cultures with two
exceptions.

Cultures were mock infected with M9 medium, and doses of

[35S]methionine and [35S]cysteine were applied at each time point (5, 10, 15, 20 and 25

min. after mock infection). At 30 min. after mock infection, 20 14/m1 methionine was

added to the cultures followed by chilling in an ice water bath. The cultures were
harvested by centrifugation as for the infected cultures.

Fractionation of T4 or E. coli proteins on an AdkAffi-Gel affinity column. T4
early proteins (labeled 3-8 min post-infection) and proteins from mock-infected E. coli

proteins were applied to an affinity column with adenylate kinase immobilized on an
Affi-Gel matrix.

Proteins were eluted from the affinity column as described in

Wheeler et al., (1996 and 1992) and in Ray (1992) except that Tris Potassium
Glutamate Buffer, pH 8.0 at 4°C with 0.2 mM PMSF was used as the column buffer.
The three elution buffers were the column buffer with 0.2 M NaC1, 0.6 M NaC1 or 2 M
NaC1, respectively. Fractions were analyzed by 1-D and 2-D gel electrophoresis as

detailed in earlier reports (Ray, 1992; Wheeler et al., 1996). Radio labeled proteins

were detected on gels by autoradiography and by Phosphor Imager (Molecular
Dynamics).

Immunoprecipitation. One half of the pelleted 300-m1 culture of T4D-infected and

mock-infected cultures was added to 4 ml NP-40 Lysis Buffer. The cells were
sonicated (setting of 8) in an ice water bath for four cycles of 15 sec. on and 30 sec. off.

The supernate was placed in a separate tube and was spiked with 5 mM CaC12 and 5

mM MgC12 and 10 µg/ml DNAse I for 1 hr. at 4°C. After centrifugation at 10,000
RPM in an SS34 rotor, the supemate was aliquoted. Supemate (5 Ill) was sampled for
radioactivity in a scintillation counter.

T4D-infected extracts and mock-infected extracts (20 ill) were added to a 1.5-

ml Eppendorf tube containing 500 gl NP-40 Lysis Buffer. One of several different
antibodies was added to this mixture. For example, immunoprecipitations used 20 pl
of antibody against adenylate kinase: affinity-purified a-Adk IgG C3359 or C3360.
Other immunoprecipitations used 20 µl of anti-idiotypic antiserum to adenylate kinase

(C9846, C9847, D0668 or D0669).

Control immunoprecipitations used the same
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volume of the respective pre-immune serum.

By using first-bleed anti-idiotypic

antiserum 13173 (Ray, 1992) to NDP kinase, maximal immunoprecipitated protein was

obtained using 25 1.1.1 T4D-infected extract in 500 ill NP-40 Lysis Buffer and 150 ttl

aa-Ndk Ab. The antigen-binding reaction mixtures were incubated at 4°C for 1 hr.
Protein A Sepharose solution (10%) was pre-swollen in NP-40 buffer. Protein A
Sepharose slurry (100 gl) was added to the mixture, and binding to beads took place at

4°C on an Orbitron for exactly 1 hr. Longer incubations can allow non-specific
binding. The tubes were microcentrifuged at 15,000 RPM for 15 sec. The supemate

was removed by aspiration through a bent 18-gauge needle.
suspended in 500 IA NP-40 Lysis Buffer.

The pellet was re-

The pellet was microcentrifuged, the

supemate was aspirated, and the pellet was re-suspended three more times as before.

The pellet was re-suspended in 30 pl NP-40 Lysis Buffer and 30 µl 2x SDS Sample

Loading Buffer without bromphenol blue dye. The samples were boiled for 2 min.,

and the supemate was microcentrifuged 3 min. at 15,000 RPM at 4°C.

The

immunoprecipitated pellet was treated with Sample Loading Buffer and boiled once

more, and the supemate was microcentrifuged as before.

Radioactivity of

immunoprecipitated proteins was quantitated in a scintillation counter.

Samples (40 ptl/lane) from a-Adk or aa-Adk immunoprecipitate were resolved

on 12% SDS-PAGE run on a large format gel box (BRL). The gels were fixed for 30

min. each in Fixing Solution, Destaining Solution, Milli-Q H2O, 1 M Na salicylate.

The gel was dried on a gel dryer.

Radio labeled proteins were detected on a

Phosphor Imager plate and on Kodak X-OMAT.

Gel purification of 43-kDa T4 protein and cyanogen bromide cleavage. A 10%

SDS-PAGE large format gel (BRL) with 1.5-mm spacers was cast and preelectrophoresed with mercaptoacetic acid (Ausubel et al., 1996) for 45 min. to quench

residual free radicals in the gel. Immunoprecipitation using anti-idiotypic antibody to

NDP kinase were prepared in sample loading buffer as described earlier.
Immunoprecipitations with maximal counts were pooled before loading and resolving

on the gel.

Instead of fixing the gel for autoradiography, the proteins were

electroblotted by using CAPS Transfer Buffer onto Immobilon-P membrane.
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The position of the unknown 43-kDa T4 protein band was detected by autoradiography

and by PhosphorImager. Although cleavage can be performed by using a 100-fold
molar excess of cyanogen bromide (5.2 µg CNBr), excised bands were treated in situ
with a 500-fold molar excess of CNBr: 26 pig cyanogen bromide in 200 ml 70% (v/v)
formic acid for 24 hr. at ambient temperature in a fume hood. The bands were washed

in Milli-Q water and submitted to the Central Services Laboratory (Center for Gene
Research and Biotechnology, Oregon State University) for peptide sequencing.

Isoelectric point determination from 2-D gels. A non-linear pH gradient provided
optimal resolution of T4 early proteins on the basis of isoelectric point (Ray, 1992;
Wheeler et al., 1996). The isoelectric point of an unknown protein, such as the 43-kDa

T4 protein, was determined from 2-D gels.

An empirical engineering approach

approximated the relationship between the pI and the x position on the 2-D gel by using

a polynomial function (Bernard et al., 1993). By analyzing spots from T4 early
proteins, the migration distance along the pH gradient was fitted empirically as a cubic
equation in pI:
x = c3(pI)3 + c2(p1)2 + ci -(p1) + co

where x is the migration distance along the pH gradient on the 2-D gel, pI is the
c3 are parameters fitted by using
isoelectric point of the known protein, and co
Slidewrite Plus 4.0 (Advanced Graphics Software, Inc.). Thus, the pH gradient was
mapped onto the 2-D gel using the cubic equation.

The isoelectric point of an unknown protein was calculated from the 2-D gel
based on migration distance x. The cubic equation was rearranged in the form
2
3
c3(PI) + C2(13I) + C(PI) + CO x = 0

and the pI was calculated (Bernard et al., 1993) based on the given migration distance
x, using the Newton-Raphson method (Thomas and Finney, 1979).
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Chapter 3. Phenotypes of Escherichia coli ndk Mutants

An Escherichia coli strain with an insertionally inactivated nucleoside
diphosphate kinase gene (ndk) exhibit a number of observable phenotypes. Although

the gene was originally thought to be essential for cell viability, the gene was
subsequently found to be dispensable in E. coli (Lu et al., 1995). Moreover, the ndk
strain has a mutator phenotype due to a 23-fold increase of the dCTP pool (Lu et al.,
1995).

The mutants are also capable of supporting infection by bacteriophage T4

(Zhang et al., 1996; Fig. 3.2).

Effect of ndk disruption on E. coli growth rate and on T4 infection

This chapter demonstrates new phenotypic observations from E. coli ndk
disruption regarding the bacterial growth rate and the rate of T4 DNA synthesis in the

mutant host. In addition, this chapter shows partial purification and assay of the
enzymatic activity that complements ndk disruption both before and after the enzyme

was revealed as adenylate kinase (Adk) (Lu and Inouye, 1996). When grown in SM9

medium, the growth rate retardation in the E. coli ndk strain is mild; the average
growth-rate retardation was 5.8±3.6 minutes (15%) relative to the parental strain (Fig.
3.1). Since the rate of DNA synthesis increases dramatically after T4 infection, the

loss of Ndk activity could reduce the rate of T4 DNA synthesis. The characteristics of

the enzyme partially purified from an ndk mutant were consistent with the adenylate
kinase after it was overexpressed.

The hugely increased dCTP in the ndk mutant cells would be expected to result

in mis-incorporation of dCMP into DNA.

Moreover, the hm-dCTP pool is also

increased during T4 phage infection (Zhang et al., 1996). Since the elevated dCTP or

hm-dCTP pool is observed with or without T4-infection, this nucleotide pool
perturbation appears to be the result of some perturbation in enzymatic pathways of the

E. coli host. The enzymatic pathways of the ndk host cause a nucleotide pool
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imbalance which is beyond the ability of bacteriophage T4 to modulate the hm-dCTP
pool congruent to that of the other dNTP's.

The effect of ndk mutation on the growth rate of E. coli was measured by
growing the bacteria in SM9 medium with 0.5 mg/m1 thiamine aerobically at 37°C.
Growth curves were produced on 13 different days. The left side of Fig. 3.1 shows a

correlation plot of growth rate of the ndk mutant with respect to that of the parental
strain. Closed circles represent the growth rate determinations observed on each of 13

experiments, which were conducted on separate days. If both strains were to grow at

Slower Growth Rate of Escherichia coli ndk Strain
JC7623 Parental Strain and
JC7623 ndk::cmR Mutant Strain
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NDPK Mutant
Growth Rate

A

Figure 3.1. Effect of ndk disruption on growth rate of E. coli. Parental and mutant
strains of E. coli (JC7623 and JC7623 ndk::cmR) were grown at 37°C in SM9
medium with 0.5 µg/ml thiamine. Pairs of parental and mutant strains were grown
on 13 different days. Growth rates on each respective day were compared on the
correlation plot (at left). The growth rate retardation in the ndk mutant is shown as
the difference in growth rates (ndk mutant parental growth rate on each day
respectively) in the boxplot (at right). Retardation in the growth rate of the ndkdeficient mutant (5.8±3.6 min.) was statistically significant (p=-4.6x10-8 by the t-test)
at the 0.05 level of significance.
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the same rate, the closed circles would lie on the diagonal (dotted line), but this was not

observed. The solid vertical line between the observed ndk growth rate (closed circle)

and the observed parental growth rate (on the diagonal line) indicates the observed

difference in growth rates between the ndk strain and the parental strain for that
individual experiment. The differences in growth rate for each of the 13 experiments
were calculated for each respective day by subtracting the growth rate of the ndk strain

from that of the parental mutant strain.

The distribution of the 13 calculated

differences in growth rate are portrayed in the boxplot (Fig. 3.1, at right). Thus, the

growth-rate retardation of the ndk mutant was measured to be 5.8±3.6 min. The
JC7623 ndk::cmR strain grows 15% slower than the parental strain JC7623.

The

growth-rate retardation was statistically significant (p=4.6x10-8 by the t-test) at the 0.05
level of significance.

E. coli Strain
Relevant
Genotype:

B

Day #1:
Day #2:
Day #3:
Day #4:

N.D.
N.D.

41.7
39.4

46.3

39.3

47.3

31.0
35.0

33.5

37.8

35.1

39.7

JC7623

QL7623

(Parental ndk::cmR
Strain)

11W760

HW1387

QL1387

(Parental
Strain)

pykA

ndk::cmR
pykA

pykF

pykF
52.1

57.1

46.3
70.9

58.0
57.8

78.9
58.6

88.0
70.0

82.4

Table 3.1. Effects of genes, whose products are reported to phosphorylate nucleoside
diphosphates, on the growth rate of E. coli. Growth rates are expressed as the doubling
time in minutes. Cells were grown aerobically at 37°C in SM9 medium with 0.5 pg/ml
thiamine. Strains are described in Table 1.1.

Over the course of 13 different days, the individual growth rates of the parental
strain and the ndk mutants strain would appear to overlap at first glance. What the first

glance has not taken into account is day-to-day variation. For example, day-to-day
variability of medium preparation, shaker incubator speeds, etc., could affect the rate of
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the E. coli growth from one day to the next. What is consistent, however, is that on
each day there is a measurable, statistically significant reduction in the growth rate of

the ndk mutant. Growth rates should be compared only among strains grown on the
same day.

Effect of Escherichia coil ndk Gene
on Bacteriophage T4 DNA Synthesis
400
T4D-Infected E. coil JC7623 Parental Host and

3)

350
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Figure 3.2. Effect of the host ndk disruption on bacteriophage T4 DNA synthesis. E.
coli strains were infected at mid-log phase by T4D at a multiplicity of infection of 4.

The rate of T4 DNA synthesis was measured in an infected parental host E. coli
JC7623 (solid line) grown in SM9 medium with 0.5 µg/ml thiamine treated with
[3H]uracil immediately after T4D infection. The rate of T4 DNA synthesis of an ndk
host (dashed line) was measured in T4D-infected E. coli JC7623 ndk::cmR grown in
SM9 medium with 0.5 1.1g/m1 thiamine treated with [3H]uracil immediately after T4D
infection. At the individual timepoints, samples were taken, treated with 0.3 N KOH
for 16 hours at 37°C in order to degrade RNA. The samples were subjected to paper
chromatography and the acid-precipitable counts were quantitated in a scintillation
counter. During T4D infection, the ndk host exhibits a rate of T4 DNA synthesis
83.7% lower than that of the infected wild type host.
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Since pyruvate kinase has been reported to phosphorylate nucleoside
diphosphates under anaerobic conditions (Saeki et al., 1974), mutants in pyruvate
kinase genes pykA and pykF, as well as the triple mutant ndk pykA pykF, were also
examined. A pyruvate kinase mutant strain HW1387 (pykA pykF) shows a moderate
reduction in its growth rate relative to a parental strain HW760. Another mutant strain
QL1387 (ndk pykA pykF) shows a further incremental delay in growth rate (Table 3.1).

Infection of E. coli by bacteriophage T4 increases DNA replication rates by 3.0-

fold with a corresponding increase in the rate at which dNTP's must be produced
(Mathews, 1968). It was of interest to learn whether this demand would limit the rate
of T4 DNA synthesis, since the host NDP kinase converts dNDP's to dNTP's in phage-

infected cells.

Accordingly, the effect of the ndk disruption was also tested for its

effect on bacteriophage T4 DNA synthesis. E. coli JC7623 parental strain, as well as

the E. coli JC7623 ndk were infected by T4D, and the time course of phage DNA
synthesis was examined. The rate of phage DNA synthesis was 85% lower in the ndk
host than in the parental host strain (Fig. 3.2).

E. coli
Host Strain

Cell Killing

Burst

during T4
Infection

Size

JC7623
JC7623 ndk::cmR

98.0%
99.9%

400
66

Rate of T4
DNA Synthesis
(Phage-Equivalent
Units/Host CelUmin)
8.76 (100%)
1.43 (16.3%)

Table 3.2. Biological parameters for T4D infection of parental and ndk hosts. Both
infections were effective as demonstrated by the high percentage of cells killed. Burst
size was determined at 60 -min. post infection. The rate of T4 DNA synthesis was
83.7% lower in the ndk-deficient host.

Cell killing during T4 phage infection was high for both the parental and the
ndk mutant strains (>98%). The rate of T4 DNA synthesis for the parental strain was
8.76 phage equivalent units/host cell/min. During the T4 infection of the JC7623 ndk
mutant cell, however, the rate of T4 phage DNA synthesis fell dramatically by 83.7%.
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The rate of DNA synthesis of the ndk mutant was only 1.43 phage-equivalent
units/host cell/min.

Confirmation that the novel NDP kinase is adenylate kinase
Next, it was important to measure the nucleoside diphosphate kinase activity in

the various mutant strains. Variability of the enzymatic assay was assessed from
replicates and from linearity studies (Table 3.3). Both the adenylate kinase and the
nucleoside diphosphate kinase assays use the same coupled enzyme system: pyruvate

kinase and lactate dehydrogenase. The difference between the two assays is that the

nucleoside diphosphate kinase assay is triggered by addition of dTDP, and the
adenylate kinase assay is triggered by addition of AMP.

Assay precision was

evaluated from replicate assays and from linearity experiments of activity vs.
concentration of partially-purified E. coli nucleoside diphosphate kinase. Replicates
were in agreement within 5%.

Coupled
Assay of
Purified
Protein
NDPK
NDPK
NDPK
ADK

Study used
for
Variability
Calculation
Linearity
Linearity
Replicate
Replicate

Average
Activity
(gmole/min/mg)
234
979.2
676.5
542

SD

Min

Max

25.7
40.6

200
946
668
517

262
1028
685
567

Maximum
Deviation
From
Average
±12.0%
±5.0%
±1.3%
±4.6%

n
4
5

2
2

Table 3.3. Variability of the enzymatic assays for nucleoside diphosphate kinase or
adenylate kinase activities. Enzyme reactions were coupled to pyruvate kinase and

lactate dehydrogenase enzymes at 25°C. The precision of the coupled assays was
evaluated in two ways. First, tests for which NDPK and ADK assays were run in
duplicate are listed as "replicate" method. Another method used enzyme assay results
from "linearity" studies in which several dilutions of the enzyme were assayed. The
specific activity of the original enzyme preparation was calculated subsequently based
on dilutions from the linearity studies, and statistical calculations were performed.
Maximum deviation from the average was calculated as (100%) x (Max Average) ÷
Average.

61

Nucleoside diphosphate kinase activity was assayed in extracts of parental and

mutant strains. All five strains of E. coli were grown aerobically in SM9 medium at

37°C. Mid-log phase cells were harvested and extracts were assayed for nucleoside
diphosphate kinase activity (Fig. 3.3). Both parental strains (JC7623 and HW760)

showed a high enzymatic activity for nucleoside diphosphate kinase, whereas the
strains lacking the nucleoside diphosphate kinase gene ndk showed only marginal
activity. The HW1387 strain, which is mutant in the pyruvate kinase genes pykA pykF,

showed only a marginal decrease in nucleoside diphosphate kinase activity relative to
the parental strain HW760.

In contrast, growing the cells in rich medium (LB) instead of the minimal,
defined medium used in this study (SM9), Lu et al. (1995) reported that the extracts of

the ndk strain exhibited 10% of the NDP kinase activity present in the parental strain.

NDP Kinase Activity of Escherichia coli Strains
ATP + dTDP---> ADP + dTTP
7
6

5.9

5

4.5

41

4
3
2

-0.003

0.011

0

JC7623

QL7623
nak

HW760

HW1387 QL1387
ndk

PYkA pykF PYkA PY

Extract of Mid-Log Phase Cells

Figure 3.3. NDP kinase activity of E. coli strains. The cells were grown in SM9
medium at 37°C. Mid-log phase cells were harvested and the extracts were assayed
for NDP kinase activity. The pykA pykF mutant showed only a marginal decrease in

NDP kinase activity, whereas the ndk-knockout cells showed little or no activity.
See Table 3.2 for assay variability data.
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They also reported no difference in growth rate as measured by doubling time (22
min), which is twice as rapid as the growth rate of the ndk strain in SM9 medium (Fig.

3.1). As expected, the rate of bacterial growth increases with rich growth medium
(Hadas et al., 1997). The rich LB medium (Lu et al. 1995) provides abundant supply

of all the diverse nutrients for growth as assessed by growth rate and NDP kinase
activity. Growth in the poorer medium SM9 requires the cell to utilize many more

anabolic pathways to synthesize de novo many of the nutrients present in LB but
lacking in SM9. The net physiological effect of growth in SM9 instead of LB is slower
overall growth for both parental and ndk strains. In addition, the poorer medium shows

a greater effect on the ndk strain as exhibited by the slower growth rate and loss of
NDP kinase activity in comparison to the parental strain.

In attempting to purify the novel NDP kinase activity, the triple mutant

QL1387, which is deficient in all three genes previously reported to encode a
nucleoside diphosphate kinase activity (ndk, pykA and pykF), was grown in SM9
medium at 37°C. Mid-log phase cells were harvested. Extracts of the QL1387 strain
were fractionated by ammonium sulfate. The ammonium sulfate cuts were dialyzed in

Buffer B and the various fractions were assayed for enzymatic activity of nucleoside
diphosphate kinase by the coupled assay method and for total protein. At this point it

appeared that the ndk strain manifested two novel NDPK activities, since activity
appeared in two distinct ammonium sulfate cuts (25-40% and 60-100%) in Fig. 3.4.

While the novel NDPK activity was being purified, Lu and Inouye (1996)
reported that adenylate kinase was the enzyme responsible for complementing the

nucleoside diphosphate kinase activity of ndk mutant bacteria.

The activity of

adenylate kinase was compared with the novel nucleoside diphosphate kinase activity

that was partially purified from E. coli QL1387.

Briefly, a dual-plasmid

overexpression system for Adk was obtained from Barzu and Perrier. Both plasmids
pDIA17 and pET22b+adk were electroporated into E. coli BL21(DE3). The bacteria

were grown in LB and induced by addition of IPTG. Extracts of the overexpressed
Adk were fractionated by ammonium sulfate. The adenylate kinase specific activities
of these ammonium sulfate cuts were assayed.
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Figure 3.4 shows the partial purification of the nucleoside diphosphate kinase
activity in the QL1387 mutants in comparison with the adenylate kinase activity of the

Adk overexpressed in E. coli BL21(DE3). The novel NDP kinase activity appears to
be distributed in a bi-modal fashion in the 25-40% ammonium sulfate cut as well as in

the 60-100% ammonium sulfate cut. The Adk activity overexpressed in E. coli
BL21(DE3) also shows the same bi-modal distribution. Thus, instead of two different

enzymes being responsible for the two novel NDPK activities detected after
ammonium sulfate fractionation of QL1387 extracts, Adk can account for both peaks
of partially purified novel NDPK activity.

ADK and Novel NDPK Activities:
Bimodal Distribution during Ammonium Sulfate Fractionation
8070

PZZa Novel NDPK Activity

(nmole/min/mg)

60

of E. coli QL1387 Extract

50

ADK Activity
(i_tmole/min/mg)
of Adk Overexpressed
in E. coli BL21(DE3)

40

30
20

10

0

0-25% 25-40% 40-50% 50-60%

Ammonium Sulfate Cut

Figure 3.4. ADK and novel NDPK activities show a bi-modal distribution during
ammonium sulfate fractionation. The novel NDP kinase activity of E. coli QL1387,
which is defective in the ndk gene as well as in the pykA and pykF genes, shows a
major peak of activity in the 60-80% ammonium sulfate cut and a minor peak in the
25-40% ammonium sulfate cut. Extracts of E. coli BL21(DE3) overexpressing the
Adk enzyme shows a similar bi-modal distribution of the Adk activity. See Table 3.2
for assay variability data.
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Ammonium Sulfate Cuts of
Overexpressed E. coli Ndk and Adk
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Figure 3.5. SDS-PAGE analysis of ammonium sulfate cuts of overexpressed E. coli
NDP kinase (Ndk) and adenylate kinase (Adk). Ndk is resolved mostly in the 45-60%
ammonium sulfate cut, whereas overexpressed Adk is found in the 25-40% cut, but
mostly in the 60-80% cut as demonstrated by 14% SDS-PAGE stained with Coomassie
blue.

Ammonium sulfate cuts of overexpressed E. coli nucleoside diphosphate kinase

and of overexpressed E. coli adenylate kinase are shown in Fig. 3.5. Ndk appears
mostly in the 45-60% ammonium sulfate cut. E. coli Adk shows a bi-modal
distribution.

E. coli Adk appears mostly in fractions from 0-40% and 60-100%
ammonium sulfate cuts (Fig. 3.5), which is consistent with the distribution of
enzymatic activity (Fig. 3.4). A large contaminant band is found in the 50-60% cut of
overexpressed Adk extract. Thus it is possible to remove the large contaminant by
selecting the appropriate ammonium sulfate cuts. The appearance of Adk protein in the
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ammonium sulfate cuts (Fig. 3.5) corresponds to the bi-modal distribution of the Adk
activities in Fig. 3.4.

E. coli ndk mutants have observable phenotypes.

The ndk strain has an

increased dCTP pool and mutator phenotype (Lu et al., 1995), has a reduced growth

rate (Fig. 3.1), supports infection by T4 (Zhang et al., 1996; Fig. 3.2) albeit with a

reduced rate of T4 DNA synthesis (Fig. 3.2).

Enzymatic assays show that the

nucleoside diphosphate kinase activity is nearly absent in ndk and in ndk pykA pykF
mutants (Fig. 3.3). It was surprising that almost total loss of Ndk activity could result

in growth rate (and hence rate of DNA synthesis) only mildly reduced by 15.2% (5.8

min. slower doubling time compared to a parental strain doubling time of 38.2 min.)
Apparently Ndk is present in the cell in considerable excess compared to the bacterial
demand for DNA precursors. The rate of T4 replication was more sensitive to the lack
of Ndk activity (Fig. 3.1 and 3.2); the rate of phage DNA synthesis was reduced 83.7%

in the ndk host. Thus, ndk deficiency caused a 5.5-fold greater reduction in the rate of
phage DNA synthesis relative to the reduction in log-phase growth rate among the two

E. coli strains. This result is consistent with the observation that phage demand for

dNTP synthesis (DNA precursors) is at least 3.0-fold greater than that of E. coli
(Mathews, 1968).

Lu and Inouye (1996) reported the enzyme that complements nucleoside
diphosphate kinase deficiency was adenylate kinase. A novel NDP kinase activity as

well as an overexpressed adenylate kinase activity exhibit the same bi-modal
distribution during ammonium sulfate fractionation (Fig. 3.4). The two peaks of

adenylate kinase activity are consistent with two peaks of the novel NDP kinase
activity of ndk mutant extracts. This result served as the preliminary confirmation that

adenylate kinase was the nucleoside diphosphate kinase activity in ndk-deficient E.
colt. The next chapter will further characterize the novel activity of adenylate kinase
that can produce all four dNTP's required for replication.
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Chapter 4. A novel (dNTP:AMP) phosphotransferase activity of adenylate kinase
can complement nucleoside diphosphate kinase deficiency in E. coli.

Adenylate kinase complements ndk disruption in E. coli (Lu and Inouye, 1996).

Since nucleoside diphosphate kinase activity nearly vanishes in the E. coli ndk mutant

accompanied by only a minor effect on the growth rate, the NDP kinase activity of
adenylate kinase required examination. With very little NDP kinase activity detectable
in the ndk mutant, how does adenylate kinase provide the dNTP's for DNA synthesis in

E. coli? Is there a bias for particular dNDP substrates which are preferred by adenylate

kinase, and if so, would this explain why the dCTP pool is vastly expanded in ndk

mutants? Also which substrate-binding site is used for the dNDP or dNTP during
catalysis? Which substrate-binding sites of adenylate kinase are used?

Purification of E. coli adenylate kinase
E. coli adenylate kinase (Adk) was purified and assayed for enzymatic activity.

Competent E. coli BL21(DE3) cells were prepared by the method of Sharma and
Schimke (1996).

Plasmids pDIA17 and pET22b+adk were a gift of Dr. Octavian

Barzu and Veronique Perrier (Pasteur Institute).

Briefly, competent cells were

electroporated with plasmids pDIA17 and pET22b+adk. Cultures were grown in LB
broth with ampicillin and chloramphenicol. Overexpression of Adk was induced with
IPTG.
sulfate.

After harvesting cells and sonicating, DNA was precipitated streptomycin

The supernate was fractionated by using 0-40%, 40-60% and 60-80%

saturated ammonium sulfate (Fig 4.1). The ammonium sulfate cuts were dialyzed in
Buffer B, and dialyzed 60-100% or 0-40% ammonium sulfate cut was applied to a Blue

Sepharose column. Adk was eluted by the addition of AMP and ATP. Fractions
containing purified Adk were identified from the absorbance peak at 280 nm and by
SDS-PAGE.

Fractions positive for Adk were concentrated by using an Amicon

concentrator and were dialyzed in Buffer B. The purified protein and protein samples
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during purification were assayed for adenylate kinase and nucleoside diphosphate
kinase activities.

Purification of Escherichia coli
Adenylate Kinase (Adk)

Blue Sepharose Column Fractions
Elution by ATP + AMP (1 mM each)
97.4->
66.2->

45.0->
31.0->

.-

Adk

1-

21.5->
14.4->

Figure 4.1. Purification of E. coli adenylate kinase (Adk). E. coli Adk was
overexpressed in an E. coli BL21(DE3) overexpression system. Most of the protein
appeared in the 60-80% ammonium sulfate cut, whereas a smaller portion of the
enzyme was isolated in the 0-40% cut. After dialysis the adenylate kinase was applied
to a Blue Sepharose column and was eluted by 1 mM ATP + 1 mM AMP substrates.
The eluted Adk was concentrated using an ultrafiltration apparatus and was dialyzed
against Buffer B.

The major advantage of this new method for purifying E. coli adenylate kinase

is that Adk was purified to homogeneity by a process involving only ammonium
sulfate fractionation, streptomycin sulfate precipitation and a single chromatography

step (Fig. 4.1). The new method is less labor-intensive than the previously reported

two-column methods (Rose et al., 1991; Saint Girons et al., 1987; Barzu and
Michelson, 1983). The old methods use a Blue Sepharose column first. The second

step involves gel filtration on Sephadex G-100 or Ultrogel AcA columns or
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chromatofocusing on a polybuffer exchanger 94 column. Purifying the enzyme from

other organisms also requires multiple columns to achieve adenylate kinase
purification: 5 columns for purification from Mycobacterium marinum (Batra et al.,
1986), 2 columns for purification from Tritrichomonas foetus (Dinbergs and Lindmark,

1989), 3 columns to purify adenylate kinase from human skeletal muscle (Nealon,
1986), 3 columns to purify adenylate kinase from rat skeletal muscle or liver (Tamura

et al., 1980) and 4 columns for purification from Saccharomyces cerevisiae (Ito et al.
1980).
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30
E. coli Adk (PLR): MRIILLGAPG AGKGTQAQFI MEKYGIPQ IS TGDMLRAAVK

Purified, full-length Adk:
MRIILLGAPG AGE? ?QAC2FI
Purified, cleaved Adk Frag #1: MRIILL?AP? AGKGTQAQFI

50
60
70
80
E. coli Adk (PIR):
S GS ELGKQAK DIMDAGKLVT DELVIALVKE RIAQEDCRNG
90

100

110

120

E. coli Adk (PIR):
FLLDGFPRT I PQADAMKEAG INVDYVLEFD VPDELIVDRI
130

140

150

160

E coli Adk (PIR): VGRRVHAPSG RVYHVKFNPP KVEGKDDVTG EELTTRKDDQ
Purified, cleaved Adk Frag #2:
NPP EVE?1CD?VTG EELLTRR
G D
I E

170

180

190

200

E. coli Adk (PIR): EETVRKRLVE YHQMTAPL I G YYSKEAEAGN TKYAKVDGTK

210
E. coli Adk (PIR): PVAEVRADLE KILG

Figure 4.2. Microsequencing of purified E. coli adenylate kinase. The top line is the
known sequence of E. coli Adk from the Protein Information Resource (PIR) database.

Purified Adk was run on 14% SDS-PAGE and was electroblotted onto PVDF
membrane. After staining with. Ponceau S, the full-length Adk band was cut out and
submitted for microsequencing.
A minor 14-kDa band was also submitted for
sequencing. The sequence of the minor band yielded two amino acids per }{PLC cycle
corresponding to the N-terminal sequences of two cleaved Adk fragments (labeled as
"Frag #1" and "Frag #2.")
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Purified Adk was electro-blotted onto PVDF membrane and was stained with
Ponceau S. The stained band was submitted to the Central Services Laboratory (Center

for Gene Research & Biotechnology, Oregon State University) for micro-sequencing.

Adenylate kinase of E. coli migrates anomalously slowly with Mr of 29.4x103.
Adenylate kinases from other organisms also migrate at an anomalously high apparent

molecular weight (Saint Girons et al., 1987). Sequencing of the full-length protein
showed the consistency of the purified full-length Adk with the known sequence of
Adk (Fig. 4.2). Therefore, the identity of purified adenylate kinase was verified by
sequence analysis.

In addition a 14-kDa band appeared in an old preparation of adenylate kinase.
This band was also submitted for sequencing and was found to be a cleavage product
of adenylate kinase. This band contained the amino-terminal sequence of adenylate

kinase as well as a sequence beginning at Asn-138 of adenylate kinase (Fig. 4.2).

Degradation of old preparations of purified adenylate kinase results in cleavage
between Phe-137 and Asn-138. The two fragments co-migrate as a single 14-kDa band
on a 14% SDS-PAGE gel.

Substrate preference of adenylate kinase
NDP kinase activity of Adk

The activities of purified adenylate kinase are shown in Table 4.1.

The

adenylate kinase activity was enriched 3.7-fold over the protein that was highly
overexpressed in E. coli BL21(DE3). During purification, the adenylate kinase and
nucleoside diphosphate kinase activities of Adk were enriched congruently with 3.7fold and 4.0-fold overall increases in activity, respectively. The two specific activities

of Adk exhibit a disparity of more than an order of magnitude, however. The specific

activity of Adk's adenylate kinase activity was 517 pmole/tnin/mg in the reaction
ATP-Mg + AMP ---> ADP-Mg + ADP. The NDP kinase activity (ATP + dTDP + Mg2+

- ADP + dTTP + Mg2+) of adenylate kinase was only 14 gmole/min/mg. The
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Purification Table and Novel Activities
of Escherichia coil Adenylate Kinase (Adk)
Activity Assay:
Phosphate Donor:
Phosphate Acceptor:

Purification
Step

Adenylate Kinase

NDP Kinase

(dNTP:AMP)
Phosphotransferase

1 mM AMP

5 mM ATP
1 mM dTDP

5 mM dTTP
1 mM AMP

NMP Kinase
(Thymidylate
Kinase)
5 mM ATP
1 mM dTMP

Specific
Activity
(pmole/
min/mg)

Specific
Activity
(pmole/
min/mg)

Specific
Activity
(pmole/
min/mg)

Specific
Activity
(pmole/
min/mg)

5mMATP

Crude Induced
Cells, Sonicated

140

(1 X)

3.6

(1 X)

60-80% (NH4)2SO4 Cut

128

(0.9 X)

3.4

(1.0 X)

Blue Sepharose Column
(ATP + AMP Elution)
Concentrated & Dialyzed

517

(3.7 X)

14

(4.0 X)

7.8

-1.6

Table 4.1. Purification table and novel activities of E. coli adenylate kinase. E. coli
adenylate kinase which was overexpressed to high levels in E. coli BL21(DE3) cells
was purified 3.7-fold in adenylate kinase activity. The NDP kinase activity was
increased similarly by 4.0-fold, but the NDP kinase activity is much lower than the
adenylate kinase activity. A novel (dNTP:AMP) phosphotransferase activity of Adk
was detected. No dNMP kinase activity was observed.

nucleoside diphosphate kinase specific activity of Adk is 37-fold lower than its
adenylate kinase specific activity.

Lu and Inouye (1996) estimated that the NDP kinase activity of Ndk is 20- to
100-fold greater than the NDP kinase activity of adenylate kinase. NDP kinase assay

of purified NDP kinase shows a specific activity of 2400 lAmole/min/mg (Ray and
Mathews, 1992), and that of adenylate kinase is 14 ilmole/min/mg (Table 4.1). The
NDP kinase activities of the two enzymes using the dTDP substrate can be compared.
The specific activity for the Ndk enzyme was 171-fold greater than that of Adk.

The nucleoside diphosphate kinase activity nearly disappears when the ndk
gene is knocked out. In addition the NDPK specific activity of Adk is very low (2.7%)

compared to the normal ADK specific activity; the V. of Adk's NDPK activity is very
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low with regard to any of the four dNDP substrates (Fig. 4.3). The corresponding KM

values show a considerable substrate bias against dCDP. In stark contrast to the low
NDPK activity of Adk, however, loss of the ndk gene only mildly affects the doubling

time of mutant cells (Fig. 3.1). If Adk is the only remaining enzyme to complement

ndk knockout, there must be some other mechanism for adenylate kinase to produce
dNTP's at a nearly wild-type rate. Perhaps another enzymatic activity of Adk can keep
pace with the demand for precursors of DNA synthesis.

Novel NDP Kinase Activity
Substrate Preference of Purified E. coli Adk
Assay for Novel NDP Kinase Activity
dNDP + ATP
dNTP + ADP

Hanes-Woolf Plot
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Figure 4.3. Novel NDP kinase activity demonstrates the substrate preference of
purified E. coli Adk. In the 25°C assay for NDP kinase activity at pH 7.4 the dADP,
dGDP and dTDP substrates show similar kinetic parameters, but the dCDP substrate
has the least favorable KM. Kinetic parameters are listed in Table 4.2.
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Novel (dNTP:AMP) phosphotransferase activity of Adk

A substrate-preference experiment was performed in order to elucidate the
mechanism for dNTP synthesis by Adk. The experiment probes which of the two
binding sites of adenylate kinase is used to bind the dNDP's or dNTP's. In the crystal
structure of adenylate kinase complexed with the inhibitor Ap5A it would appear that

there is room for a linear arrangement of four phosphates only in the inner complex
(Fig 1.3). In fact the reaction for the Adk's NDPK activity would crowd a total of five

phosphates into the active state: dNDP + ATP + Mg2+ -+ dNTP + ADP + Mg2+.
Perhaps crowding five phosphates into the active site accounts for the low specific
activity of Adk's NDPK activity. The y-phosphate is probably displaced somewhat
upward (like phosphate 4 in the Ap5AAdk crystal structure) away from the conserved

Lys-13, Arg-123, Arg-156 and Arg-167 which promote phosphoryl transfer. On the
other hand the known reaction of adenylate kinase involves a total of four phosphates:

MgADP + ADP > MgATP + AMP. Presumably the novel activity in which dNDP's

are phosphorylated to dNTP's would also accommodate an optimal number of four
phosphates during catalysis:

Mg NDP + ADP > MNTP + AMP
Thus, the working hypothesis is that the MgdNDP reactant binds at the "ATP site" and

ADP binds at the "AMP site" of the enzyme. Following catalysis, the MNTP
product is bound at the "ATP site," and AMP is bound at the "AMP site."

The dNDP or dNTP is not expected to bind at the "AMP site." The "AMP site"

has five base-specific contacts with the adenine ring, and the "ATP site" has only one
base-specific contact (Muller and Schulz, 1992). Moreover, AMP analogs cause more

than an order of magnitude loss of selectivity relative to AMP substrate (Saint Girons
et al., 1987).

The substrate specificity of adenylate kinase (using the pyruvate kinase and
lactose dehydrogenase coupled assay) was performed in order to test the hypothesis for

specificity at the substrate-binding sites. Testing the hypothesis would shed light on

the physiologically relevant enzymatic mechanism for producing dNTP's. It was

73

assumed that the substrates would have a total of four phosphates like the model
adenylate kinase reaction. The enzymatic activity of E. coli adenylate kinase was

treated in the reverse reaction with various combinations of phosphate donors (riboand deoxyribo-nucleoside triphosphates) and phosphate acceptors

deoxyribo-nucleoside monophosphates) as substrates.

(ribo- and

Clearly, in an assay that

depends upon ADP measurement, the forward reaction catalyzed by adenylate kinase

cannot be tested in the coupled assay system. The reason is that in any substrate
combinations containing ADP, adenylate kinase would turn over ADP regardless of the
presence of other substrates: 2 ADP --> ATP + AMP.

Substrate Preference during Catalysis by E. coli Adenylate Kinase:
Coupled Spectrophotometric Assay at 25°C, pH 7.4
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Figure 4.4a. Substrate preference of E. coli adenylate kinase. Assay was at 25°C in 80
mM Tris, pH 7.4, 80 mM KC1, 8 mM MgC12 1500 U/L pyruvate kinase, 5000 U/L
lactate dehydrogenase, 2 mM PEP, 0.2 mM NADH, and 1 mM 0-mercaptoethanol.
The ATP + AMP substrate combination demonstrates the high activity of adenylate
kinase. The dTTP + AMP substrate combination shows an initial linear rate in which

dTTP is turned over after binding at the "ATP site." A high reaction rate follows a
long lag phase. In the converse experiment, the non-adenylate nucleotide was force-fit
into the "AMP site," but Adk was incapable of turning over the substrate combination
dTMP + ATP.
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Adk's dNTP-binding site is the "ATP site"
during the (dNTP:AMP) phosphotransferase reaction.
130
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Figure 4.4b. The dNTP-binding site of adenylate kinase is the "ATP site." In the

coupled assay with pyruvate kinase and lactate dehydrogenase, the ATP + AMP
substrate combination demonstrates the high activity of adenylate kinase. Adk could
not turn over dTMP + ATP substrates by loading dTMP into the "AMP site" and ATP
into the "ATP site." Conversely, the novel (dNTP:AMP) phosphotransferase activity
of adenylate kinase did turn over d'ffP + AMP substrate combination by loading dTTP
into the "ATP site" and AMP into the "AMP site."

The first experiment shows that the adenylate kinase reaction (ATP + AMP >
2 ADP) using purified Adk occurs rapidly (517 'mole/min/mg) in Fig. 4.4 as expected.

The second experiment shows Adk's NDPK activity:

14 iumole/min/mg, which is

2.7% of its adenylate kinase activity (Table 4.1). The third experiment attempts to
force-fit the non-adenylate nucleotide into the AMP site. A thymidylate kinase assay

was performed using purified Adk: 5 mM ATP + 1 mM dTMP showed no activity
(Fig. 4.4 and Table 4.1). In the fourth experiment, the substrate combination which is
predicted to be optimal in the Adk substrate binding model (dTTP + AMP) was used.

This novel (dNTP:AMP) phosphotransferase activity (5 mM dTTP + 1 mM AMP)
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showed a specific activity of 7.8 pmole/min/mg which is 1.5% of the specific activity
of the classical adenylate kinase reaction.

The (dNTP:AMP) phosphotransferase assay using the dTTP + AMP substrate
combination exhibits more elaborate kinetic behavior in the coupled assay system than
in the adenylate kinase assay. The (dNTP:AMP) phosphotransferase activity exhibits a
marked hysteresis. A lag phase of the several minutes occurs before the linear phase of

the enzymatic reaction is attained (Figure 4.4a and b). Adenylate kinase turns over the

dTTP + AMP substrate combination at an initial rate of 7.8 !mole/min/mg. ADP
product is rapidly converted to ATP by excess coupling enzyme pyruvate kinase. ATP
accumulates during a lag phase of several minutes until ATP begins to approach the KM

of Adk for ATP (51 p,M). At that point, Adk begins to turn over the accumulating ATP

(along with the initially supplied AMP) which is subsequently detected by
consumption of NADH.

The enzymatic activities should be compared in the forward direction, i.e.
dNDP + physiological phosphate donor --> dNTP + physiological phosphate acceptor.
By use of the spectrophotometric assay, the ( dNTP:AMP) phosphotransferase activity

of adenylate kinase could be assayed only in the reverse direction, since assaying the
forward direction (dTDP + ADP > dTTP + AMP) would allow ADP turnover without
regard to the presence of dTDP substrate: 2 ADP --> ATP + AMP. Therefore, assay of

the forward activity of Adk's (dNTP:AMP) phosphotransferase activity was indirect.
The reverse reaction was assayed, and the specific activity in the forward direction was

calculated based on the Haldane equation. The underlying assumption used in the
calculation is that the dTTP substrate will behave kinetically like the conventional ATP

substrate. Thus to a first approximation, assume that Keg, V. and KM of the reverse
reaction dTTP + AMP --> dTDP + ADP are the same as the kinetic parameters of the

reverse reaction ATP + AMP > 2ADP. Similarly, assume that the kinetic parameters
V. and KM of the forward reaction dTDP + ADP > d11 P + AMP can be approximated

from those of the forward reaction 2ADP > ATP + AMP. Thus, rate of the forward
(dNTP:AMP) phosphotransferase reaction was calculated from the Haldane equation:
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Keg=

(Tc/Km),A,,,,

[dNTP][AMP]
[dNDP][ADP]

(Vm/Km)ern,..

(V, ),,,,,A., = Keg

(n/K
V

MLAmp

(KM )d1DP,ADP

Where :
Keg = equilibrium constant for the (dNTP:AMP) phosphotransferase reaction.
(Vm/ Km)dipp,ADP = ratio of the estimated V,,g, to the Michaelis constant for the
forward phosphotransferase reaction (using substrates dTDP
and ADP).

(V,/ KthdTTP,AMP = ratio of observed V. to the Michaelis constant for the
reverse phosphotransferase reaction, (using substrates dTTP
and AMP).
(Vm)dTDP,ADP = estimate of V. for the forward reaction of the (dNTP:AMP)
phosphotransferase reaction dTDP + ADP > dTTP + AMP.

In the forward reaction the novel (dNTP:AMP) phosphotransferase activity of
E. coli adenylate kinase is 42-fold larger than its NDPK activity. The selectivity factor

(as measured by Vn/Km of Adk's NDPK activity) is three orders of magnitude lower

than those of the (dNTP:AMP) phosphotransferase activity (Table 4.2 and Fig. 4.5).

Thus ADPrather than ATPis the physiological phosphate donor when adenylate
kinase produces the four dNTP's. Adk's activity in the reverse direction (dTTPMg +
AMP ---> dTDPMg + ADP) is only 1.5% as great as its adenylate kinase activity in the
direction ATP + AMP --> 2ADP (Table 4.2).

Substrate binding at each substrate-binding site was deduced by assaying for
alternative reactions catalyzed by adenylate kinase. Adenylate kinase catalyzes the

(dTTP:AMP) phosphotransferase reaction but not the thymidylate kinase reaction
(ATP:dTMP). The (dNTP:AMP) phosphotransferase specific activity was assayed in
the reverse direction in which AMP bound to the "AMP site" and dTTP bound to the
"ATP site" (Fig. 4.5). Following the catalytic phosphoryl transfer, dNDPMg is bound
at the "ATP site" and ADP is bound at the "AMP site." The reverse reaction suggests
the mode of substrate binding in the forward reaction. The mechanism in the forward

reaction involves dNDPMg bound to the "ATP site" and ADP bound at the "AMP
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site." After catalysis, dNTPMg is bound at the "ATP site" and AMP is bound at the
"AMP site."

Substrates
Activity
Assay
la R
la F
la R
la R
la F
lb R
2 R
2 F
3 F
3 F
3 F
3 F

Fixed
1 mM ATP
1 mM AMP
1 mM ATP

1 mM ATP
5 mM dTTP
dTDP
5 mM ATP
5 mM ATP
5 mM ATP
5 mM ATP

kat

Vm

(sec-1)

(glide

Variable
+ AMP
ADP
+ ATP
+ AMP
ADP
+ AMP

+ AMP
+ ADP
+dADP
+dCDP

+dGDP
+dTDP

mi n

245
328
200
200
238
203

-1

mg

KM

Vm /KM

(gM) (tend min -1

-1

-1

k*/k

0.55

163.1
90.1
99.4
133.4
65.4
N.D.
2.04
1.000
0.179
0.060
0.209
0.209

mg pki ).

)

624
834
510
510
605
517

Keg

38

16

1

92

9.1

51
38
92

10
13
6.6

0.66
0.49

N.D. N.D.

N.D.
0.49

3.1
3.6

7.8
9.3

38
92

6.5
5.0
4.1
3.9

16.6
12.6
10.5
9.8

920
2108
497
458

0.21
0.10

0.018
0.006
0.021
0.021

N.D.
N.D.
N.D.
N.D.

Table 4.2. Kinetic parameters for enzymatic activities of E. colt adenylate kinase.
Forward reaction direction (d)NDP > (d)NTP indicated as (F), and reverse direction is
indicated as (R). 1 a. E. colt adenylate kinase activity (Rose et al., 1991), lb. E. colt
adenylate kinase activity (this report) 2. (dNTP:AMP) phosphotransferase activity (Fig
4.4) and 3. nucleoside diphosphate ldnase activity (Fig. 4.3). KM values are for the
indicated variable substrate. Shaded KM values were assumed from the kinetic
parameters of forward and reverse adenylate kinase assays. The forward rate of
(dNTP:AMP) phosphotransferase reaction cannot be measured directly due to turnover

of ADP without regard to the presence of the other dNDP substrate. Instead, the
Haldane equation (Haldane, 1930) was employed in order to calculate (Vm)crrDP,Anp.

k*/k is the ratio of V,/Km for each reaction relative to Vm/Km of the forward
(dNTP:AMP) phosphotransferase activity using dTDP+ADP substrates. (Vm)App,App for
the reverse adenylate kinase reaction was halved to reflect consumption of 1 mole ATP
or AMP substrate rather than the appearance of 2 mole ADP product.

The dNTP synthetic activity of Ndk and Adk can now be compared using
turnover numbers (kcat). By defmition, Iccat is reported per catalytic subunit instead of

per holoenzyme. The specific activity of purified NDP kinase is 2,400 !mole/min/mg
(Ray and Mathews, 1992), and lcc,,, is 619 sec

1.

The NDP kinase tetramer turns over
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Novel Activities of
Escherichia coil Adenylate Kinase
Activity of Adk Enzyme
Adenylate Kinase (ADK)
605 !,mole / min/mg (Forward Rxn)*
517 umole/min/mg (Reverse Rxn)

"ATP
Site"

"AMP
Site"

"ATP
Site"

"AMP
Site"

ADP + ADP

ATP + AMP

(dNTP:AMP) Phosphotransferase
9.3 !mole/min/mg (Forward Rxn, est.)
7.8 wnole/min/mg (Reverse Rxn)

dNDP + ADP

dNTP + AMP

Nucleoside Diphosphate Kinase (NDPK)
14 gmolehninhng (Forward Rxn)

dNDP + ATP

dNTP + ADP

Nucleoside Monophosphate Kinase
-1.6 i.unole/min/mg (Forward Rxn)

ATP + dTMP

ADP + dTDP

* Forward ADK reaction assayed by Rose et al. J. Biol. Chem. 266(17) 10781-10786 (1991).

Figure 4.5. Novel activities of E. coli adenylate kinase. Known reactions of E. coli
adenylate kinase are shown with the nucleotides bound at the ATP site or the AMP
site. The two previously described reactions with adenylate kinase and nucleoside
diphosphate kinase are shown with a high activity for adenylate kinase and a very
low activity for nucleoside diphosphate kinase.
The novel, physiologically relevant activity of E. coli adenylate kinase is the
(dNTP:AMP) phosphotransferase activity. Adk has no nucleoside monophosphate
kinase activity.

four times this amount of substrate. The turnover numbers for adenylate kinase are 3.6

sec-1 for ( dNTP:AMP) phosphotransferase activity and 3.9 sec-1 for its NDP kinase
activity. Thus, adenylate kinase synthesizes dNTP products at a rate only 0.15% of

that of nucleoside diphosphate kinase.

In ndk mutants, Adk is responsible for phosphorylating dNDP substrates to

dNTP's via its (dNTP:AMP) phosphotransferase activity instead of its nucleoside
diphosphate kinase (NDPK) activity as shown here. The selectivity (Va/KM) of the
Adk's (dNTP:AMP) phosphotransferase activity is 4.8-fold greater than its NDP kinase
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activity. Moreover, the KM values for Adk's NDP kinase activity are much larger than
the intracellular dNDP concentrations or even the dNTP concentrations.

Mk uses ADP as the physiological phosphate donor instead of ATP as in the

NDP kinase reaction. The relative intracellular concentrations of the two candidate

phosphate donors (ATP or ADP) would also influence which is used under
physiological conditions. The pools of ATP, ADP and AMP are 3000, 250 and 105
[tM (Neuhard and Nygaard, 1987), which exhibit a large [ADP] /[ATP] ratio of 0.083.

These nucleotide pools correspond to an adenylate energy charge of 0.93, which is

rather high. No matter what growth medium was tested, the energy charge of logphase E. coli B stabilized in the range of 0.80 to 0.90 (Chapman et al., 1971). If the
ADP concentration is adjusted to reflect the correct range of energy charge, then [ADP]

would be in the range of 500 to 1700 RM, which corresponds to [ADP]/[ATP] ratios

between 0.2 and 0.6. In log-phase E. coli, the ADP pool is sizable compared to the
ATP pool. Thus, ADP is sufficiently abundant to be a viable phosphate donor for
Adk's (dNTP:AMP) phosphotransferase activity.

Therefore the novel (dNTP:AMP) phosphotransferase activity of Adkrather
than its NDPK activityis the physiologically relevant mechanism by which E. coli is
able to synthesize the dNTP's from the dNDP's in the absence of a functional ndk gene.

Thus, dNDP's are phosphorylated to dNTP's at the expense of ADP instead of ATP in

vivo. The dNDP binds at the "ATP site" and ADP binds at the "AMP site." After
catalysis, the dNTP is bound at the "ATP site" and AMP is bound at the "AMP site."
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Chapter 5. Escherichia coli ndk disruption causes increased CTP synthetase
activity and expansion of pyrimidine ribonucleotide
and deoxyribonucleotide pools.

Does Adk cause a dCTP pool perturbation in an ndk disruption mutant?
Lu et al. (1995) observed a dramatic 23-fold increase in the dCTP pool and a
mutator phenotype in Escherichia coli nucleoside diphosphate kinase (ndk) mutants.
Lu and Inouye (1996) later found that adenylate kinase (Adk) was able to complement
ndk knockout. Could Adk be responsible for the nucleotide pool perturbation?

It is worth considering mutations in E. coli which result in large perturbations

of the cytidine and deoxycytidine nucleotide pools. Deletion of cytidylate kinase
(Cmk) causes a 24-fold accumulation of CMP and a 67% decrease in the dCTP pool

(Fricke et al., 1995). Mutation in the dCTP deaminase gene dcd causes a 10-fold
increase in the dCTP pool and a 50-75% reduction in the dTTP pool (Msallgaard and
Neuhard, 1983). An E. coli strain mutant in the dUTPase (dut) gene exhibits a 25- to
30-fold increase in the dUTP pool (Mollgaard and Neuhard, 1983).

The first model considered that a substrate preference for dCDP by adenylate
kinase would
communication).

expanded dCTP pool (Chris Mathews, personal
I then proposed a mechanism for the substrate preference of

cause the

adenylate kinase after noting the observation by Milner and Schulz (1992) that the ATP
binding site of adenylate kinase exhibits only one base-specific contact at the backbone

carboxyl of lysine 200 (Fig 1.4). Could this single base-specific contact impart a
substrate bias on adenylate kinase when phosphorylating dNDP's to provide the four
dNTP's?

No substrate preference for dCDP
The nucleoside diphosphate kinase activity of Adk shows that there is indeed a
substrate preference. Contrary to prediction, dCDP is the least preferred substrate.
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The KM values for dADP, dGDP and dTDP substrates in Table 5.1 are rather low
compared to the very high KM for dCDP (2.1 mM). The V//KM of dCDP is only 33%

of that of dADP and only 29% of dGDP or dTDP. Thus a substrate preference for
dCDP has been ruled out; dCDP is by far the least preferred substrate of adenylate
kinase.

Intracellular

Activity
Assay

Nucleotide Pools

of

(NeLdttmd&

Adenylate
Kinase

Nygaard, 1987)

Adenylate Kinase
Substrates

Variable
Substrate Substrate
Fixed

Vm/141

V.
0.unole

(Rmole
/min/mg

/min/mg)

/µM)

Km
(aND

(dNTP:AMP)

105 gM AMP

phospho-

5 mM dTTP

AMP

38

7.8

0.21

5 mM dTDP

ADP

92

9.3

0.10

920
2108
497
458

16.6
12.6
10.5
9.8

transferase,

Reverse

(dNTP:AMP)

250 gM ADP

phosphotransferase,

Forward

175 1.0 dATP

65 pM dCTP
122 pM dGTP
77 pM dTTP

NDPK
NDPK
NDPK
NDPK

5
5
5
5

mM
mM
mM
mM

ATP
ATP
ATP
ATP

dADP
dCDP
dGDP
dTDP

0.018
0.006
0.021
0.021

Table 5.1. Novel (dNTP:AMP) phosphotransferase and nucleoside diphosphate kinase
activities of E. coli adenylate kinase. Assays were performed with 5 mM ATP or dTTP
and variable concentrations of dNDP substrates or 1 mM AMP listed above at 25°C.

Other components of the coupled spectrophotometric assay included 1500 U/L
pyruvate kinase, 5000 U/L lactate dehydrogenase, 2 mM PEP and 0.2 mM NADH, 80

mM KC1, 8 mM MgC12 and 5 mM DTT. Michaelis constants are for the variable
substrate shown just to the left of the KM column. Shaded KM values were assumed to

be the same as those of the analogous adenylate kinase reactions (ATP + AMP >
2ADP forward reaction, and 2 ADP ---> ATP + AMP reverse reaction.) The shaded V,,
of the forward (dNTP:AMP) phosphotransferase reaction was calculated by use of the
Haldane equation (1930).

The intracellular ADP concentration (250 gM) is high enough to drive the
forward (dNTP:AMP) phosphotransferase reaction (KM 92 1.IM).
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Adenylate kinase, ribonucleotide reductase and dCTP pool perturbation

The second model involves allosteric regulation by E. coil ribonucleotide
reductase.

The holoenzyme is composed of two R1 (NrdA) and two R2 (NrdB)

subunits, and catalysis involves residues from R1 and R2 subunits (Reichard, 1993).

Two effector sites reside in the R1 regulatory subunit. The first is the activity site,

which binds either ATP or dATP to increase or decrease the enzymatic activity,
respectively.

The second allosteric site on R2 is the specificity site which binds

nucleotide effectors (ATP, dATP, dTTP or dGTP) and regulates reduction of particular

NDP substrates (Reichard, 1993). Binding of ATP at the specificity site promotes

Second Model for dCTP Pool Increase
Adenylate Kinase and Ribonucleotide Reductase
ADP

ADP

dADP

Adk

Adk

dGDP

Adk

dCDP

dTDP

Adk

=2.1 mM

Ad

V

ATP

AMP

dATP binds specificity
site and promotes
CDP reduction.

dATP

dGTP

E. coil
C.* Ribonucleotide
Reductase
NrdA/NrdB

dTTP

dCTP

CDP

dCDP pool expands.

Adk

Km=2.1 mM
Km

dCTP pool expands 20x.
No Feedback
Regulation

Second model for the dCTP pool increase in E. coli ndk mutant.
Adenylate kinase does not convert dCDP to dCTP due to unfavorable kinetic
parameter Km = 2.1 mM dCDP. dADP is readily phosphorylated to dATP.
Accumulated dATP binds to the specificity site of the large subunit of E. coli

Figure 5.1.

ribonucleotide reductase, which stimulates reduction of CDP to dCDP. The dCDP
pool increases sufficiently to satisfy Adk's unfavorable Km, and the dCTP pool
accumulates to a steady-state level 23-fold greater than in the parental E. coli strain.
Unlike the other dNTP's, dCTP does not feedback-regulate ribonucleotide reductase,
so CDP reduction continues unchecked. To explain the known increase in the dCTP
pool (Lu et al., 1995), the model postulates increases in the dATP and dCDP pools.
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reduction of CDP and UDP.

Similarly, binding of dTTP promotes reduction of GDP,

and binding of dGTP promotes ADP reduction. Nucleotide binding to the specificity

site allows the enzyme to produce a balanced supply of the four dNDP products
(Reichard, 1993). The specificity site, however, is not regulated by dCTP which is
greatly increased in the ndk strain.

In a second model, I proposed that the dCTP pool expansion in the ndk mutant

would involve interplay between the activities of E. coli ribonucleotide reductase and
adenylate kinase (Fig. 5.1). Perhaps adenylate kinase turns over dADP to yield dATP,

which in turn would bind to the specificity site on the large subunit of E. coli
ribonucleotide reductase.

dATP is a positive effector of ribonucleotide reductase

which upregulates reduction of CDP to yield dCDP. After the dCDP pool expands
sufficiently to overcome the unfavorable KM of Adk, dCDP is phosphorylated to dCTP,

which accumulates dramatically.

The elevated dCTP pool does not provide any

feedback regulation to E. coli ribonucleotide reductase. Thus the dCTP pool expands
unchecked by ribonucleotide reductase.

Detailed nucleotide pool analysis of parental and ndk strains
Nucleotide pools of the parental strain and the ndk mutant strain were examined

to study the pool perturbation in greater detail. E. coli JC76723 parental strain and the

QL7623 (ndk::cmR mutant) strain were grown in SM9 medium at 37°C. Cells were
harvested at mid-log phase (A600 = 0.470). Steve Hendricks assayed the ribonucleotide

pools and deoxyribonucleotide pools from these strains using a boronate column
followed by HPLC as described in Hendricks (1998). The boronate column and HPLC

analysis showed that the increase in the dCTP pool, accompanied an increase in the
CTP pool. Thus, it appeared that the expansion of the dCTP pool might not be related
to the activity of adenylate kinase and ribonucleotide reductase only, but instead could

be an earlier effect upstream in the metabolic pathway. This perturbation expands
pools of at least three precursors of dCTP.
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The nucleotide pool perturbations in E. colt strain QL7623 (also called JC7623

ndk::cmR) mutant in the nucleoside diphosphate kinase (ndk) gene were measured in

detail. Nucleotide pools were analyzed by boronate column chromatography and by

HPLC. Details of the procedure are described in Chapter 2. Authentic nucleotide
standards were weighed out and resolved in the HPLC chromatograms (Fig. 5.2).
Deoxyribonucleotide pools from the flowthrough fraction of boronate chromatography

were resolved by HPLC in Fig 5.3. Total ribonucleotide and deoxyribonucleotide
pools were resolved by HPLC without prior boronate chromatography in Fig. 5.4.

HPLC pool analysis (Table 5.2) showed an 18.1-fold expansion of the dCTP

pool, which confi rms the 23-fold expansion of the dCTP pool reported by Lu et al.
(1995). HPLC pool analysis also identified a 6.9-fold increase in the ribo-CTP pool in
the ndk mutant extract. In one of the cultures, 100 piM thymidine was added twice to a

QL7623 ndk::cmR culture before harvesting to test E. colt ribonucleotide reductase
modulation of the dCTP pool. Thymidine is phosphorylated to dTTP, which binds to

the specificity site of ribonucleotide reductase. The allosteric effector &'1'Y was
expected to decrease the dCDP and dCTP pools. The dCDP pool indeed declined from

a 3.8-fold elevation in the ndk mutant down to a 1.5-fold elevation when treated with
exogenous thymidine. The dCTP pool changed from an 18.1-fold elevation in the ndk
mutant down to only a 2.8-fold elevation upon addition of exogenous thymidine. Thus,

E. colt ribonucleotide reductase can modulate 61% of the steady-state dCDP pool
expansion and 85% of the steady-state dCTP pool expansion in the ndk mutant strain.
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Nucleotide Standards Resolved by HPLC
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Figure 5.2. Chromatogram of nucleotide standards on HPLC. Standards were resolved

on a PartiSphere-10 SAX ion exchange column by the method of Hendricks and
Mathews (1997). Detection is at 260 nm. An increasing ammonium phosphate
gradient elutes authentic standards from the column. The gradual increase in the
baseline absorbance is due to the change in the refractive index with increasing
ammonium phosphate.
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HPLC Chromatograms of Deoxyribonucleotides
from Extracts of Log Phase E. coil
11000
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Figure 5.3. Chromatogram of deoxyribonucleotides from extracts of log-phase cells.
Nucleotides were resolved on a PartiSphere- 1 0 SAX HPLC column.
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HPLC Chromatograms of Total Ribonucleotides and
Deoxyribonucleotides from Extracts of Log Phase E. coil
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Figure 5.4. Chromatogram of total ribonucleotides and deoxyribonucleotides from
extracts of log-phase cells. Nucleotides were resolved on a PartiSphere-10 SAX HPLC
column.
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Strain:
Genotype:
Medium:

JC7623
SM9

Study: Present

QL7623
ndk::cmR

B

Salmonella

ndk::cnr
SM9

SM9 + 100 p.N1

Present

Thymidine
Present

Medium
A
Present Ref. (A)
pmole/ pmole/

Glucose
minimal
Ref. (B)

QL7623

SM9

Foldpmole/
pmole/
Fold108 cells 108 cells change 108 cells change 108 cells 108 cells
95
63
1.5
89
100
1.7
GTP
60
n.d.
141
0.7
186
1.1
GDP
260
287
n.d.
41
0.7
45
0.5
37
dGDP
71
12
n.d.
n.d.
dGTP
n.d.
n.d.
61
78
1.9
63
CTP
34
234
6.9
n.d.
10
1.5
22
15
55
3.8
dCDP
18
4.1
8.9 2.8
18.1
dCTP
3.3
60
125
141
2.6
223
87
212
2.5
UTP
n.d.
7.0
4.5
67
15
15
1.0
dTDP
20
7.4
6.5
6.7
18
2.4
dTTP
2.6
244
315
1.2
268
435
1.9
ATP
223
n.d.
1.1
1.5
11
6.7 0.9
7.4
dADP
27
1.5
0.5
0.7
0.7
0.6
dATP
1.5
45
219-270
1.1
0.7
435-540
275-342
UDP+ADP 394-487

pmole/

pmole/
108 cells
83
12
n.d.
11

46
n.d.
6
80
n.d.
7

270
n.d.
16
31

Table 5.2. Effect of E. coli ndk disruption on nucleotide pools. Cells were grown in
SM9 medium, with or without 100 µM thymidine (TdR), at 37°C and were harvested at
mid-log phase (A500 = 0.470) by chilling and centrifugation. Extracts were prepared
(Shewach, 1992) and divided into two equal parts for further analysis by the method of
Hendricks (1998). One part was eluted from an Affi-Gel 601 (Bio-Rad Laboratories,
Inc.) boronate column and analyzed by HPLC to quantitate deoxyribonucleotide pools.

The other part was analyzed by HPLC to measure pools of ribonucleotides and
deoxyribonucleotides. Nucleotide pool alterations are expressed as a ratio of pools of
the ndk mutant with respect to the parental strain, indicated in the "Fold-change"
column. Results are tabulated from investigations including the present study
"Present" and from two reference reports "Ref. (A)" (Mathews, 1972) and "Ref. (B)"
(Neuhard and Nygaard, 1987).

Increased CTP synthetase activity in the ndk strain

Moreover, in the ndk mutant grown in SM9 medium containing 100 1.1M
thymidine, substrate turnover by CTP synthetase (PyrG) was reduced. Although the
UTP substrate pool remained the same upon treatment with exogenous thymidine, the

product of CTP synthetase, CTP, was reduced in the presence of thymidine. CTP,
which was elevated 6.9-fold in the ndk mutant, was elevated only 1.9-fold in the
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presence of exogenous thymidine (Table 5.2, Fig. 5.6). The UTP substrate of CTP
synthetase, which was elevated 2.5-fold in the ndk mutant, was still elevated 2.6-fold in

a thymidine-containing medium. In other words, CTP synthetase encountered a UTP

substrate pool elevation which was maintained upon addition of thymidine, but the
CTP product was decreased 72% in the presence of thymidine. In the ndk mutant the

dTTP pool was already 2.4-fold greater than the JC7623 parental strain. The dTTP
pool is further elevated to 6.5-fold greater than the parental strain when thymidine was

added to the medium. When 100 laM thymidine was added to the medium, perhaps
dTTP (or thymidine, dTMP or dTDP) served to competitively inhibit CTP synthetase at

the UTP-binding site.

In vitro assay of E. coli CTP synthetase activity has already

shown dTTP inhibition of the enzyme (Long and Pardee, 1967). In the ammonia assay

with 0.6 mM ATP and 0.5 mM UTP, they reported that enzyme activity declines to

63% of control activity when 0.4 mM dTTP is added to the reaction mixture.
Similarly, CTP synthetase activity is reduced to 42% or 77% upon addition of 0.4 mM
CTP or 0.4 mM dCTP respectively.

CTP synthetase (PyrG) is the enzyme that produces CTP from UTP, and it is
known to be allosterically regulated by GTP, ATP and UTP (Long and Pardee, 1967).

GTP caused a 3.7-fold increase in CTP synthetase activity when 0.2 mM GTP was
added to a reaction mixture containing 0.15 mM ATP, 0.5 mM UTP and 0.6 µg/ml
PyrG. ATP was shown to be a positive effector of PyrG with a Hill coefficient of 4.2

(0.4 mM UTP and 20 mM NH3 at pH 8.2). Long and Pardee (1967) further showed
that the substrate UTP was also a positive effector with Hill coefficient of 3.0 in the
presence of 0.4 mM ATP and 20 mM NH3 at pH 8.2.

The UTP substrate pool is elevated 2.5-fold in the ndk mutant QL7623 relative

to the parental strain JC7623. The CTP pool, which is the product of CTP synthetase,

was increased even more so at 6.9-fold greater than that of JC7623 (Table 5.2). CTP

synthetase appeared to be a likely target for up-regulation which would increase the
pools of CTP and metabolites thereof (CDP, dCDP and dCTP.)

Cell extracts were tested for CTP synthetase activity to determine whether CTP

synthetase activity is elevated in the ndk mutant. The mutant strains and parental
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strains were grown in SM9 medium plus 0.5 µg/ml thiamine at 37°C. The cells were
harvested at mid-log phase. The extracts were assayed for CTP synthetase activity by

the methods of Zalkin (1985) and Van Kuilenburg et al. (1994) and for total protein.
The Zalkin method (1985) measures CTP product by the increase in absorbance at 291

nm. This was described as a low-sensitivity method, which does not have enough
sensitivity to detect CTP synthetase activity in crude cell extracts. Assay of these
extracts by the Zalkin method confirmed the method's unsuitability.

In contrast, the Van Kuilenburg method is a high-sensitivity CTP synthetase

assay which is in fact capable of detecting CTP synthetase activity in crude cell
extracts. The method is a three-step assay. In the first reaction of the forward CTP
synthetase reaction (Fig. 2.2), in the presence of GTP and Mg2+, UTP and glutamine
are converted to CTP and glutamate accompanied by ATP hydrolysis. The second step

halts the CTP synthetase reaction by chelation with EDTA. In the final reaction of the

CTP synthetase assay, the glutamate product from the first step is consumed by

glutamate dehydrogenase which turns over oxidized 3-acetyl pyridine adenine
dinucleotide (APAD+). APAD+ is reduced to APADH which is detected with A,ma, =

365 nm.

Normally, glutamate dehydrogenase strongly favors the reaction in the

direction: a-ketoglutarate + NH3 + NAD(P)H + 21-1+

glutamate + H2O + NAD(P)+.

By using the NAD+ analog APAD+ in the assay, the reaction is driven in the reverse

direction (Holzer and Soling, 1962; Bergmeyer, 1983; Van Kuilenburg et al., 1994).

Note that the CTP synthetase assays used lyophilized ammonia-free glutamate
dehydrogenase (without (NH4)2SO4) in order to prevent product inhibition of the
glutamate dehydrogenase reaction by NH3.

The linearity of the final reaction of the CTP synthetase assay (glutamate
dehydrogenase) was tested by spiking in various concentrations of glutamate with the
glutamate dehydrogenase enzyme and measuring the resulting absorbance at 365 nm.
The reverse glutamate dehydrogenase reaction was found to be linear up to at least 100

1.1M glutamate substrate (Fig. 5.5), and the reaction was nearly linear up to 300 1.1M

glutamate. The extinction coefficient for APADH from the glutamate linearity
experiment was 8.3 mM-lcm-1 (Fig. 5.5) which is comparable to 9.1 mM-lcm-1 (Holzer
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and Soling, 1962). The absorbance spectrum of the reaction product demonstrated an

absorbance maximum at 365 nm, which is consistent with reduced 3-acetyl pyridine
adenine dinucleotide (APADH) (Holzer and Soling, 1962).

CTP Synthetase Assay
Linearity with Respect to Glutamate Product
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Figure 5.5. Activity in the second enzymatic step of the CTP synthetase assay.
Linearity of the glutamate dehydrogenase step with respect to glutamate spiked into a
reaction mix of APAD+ and glutamate dehydrogenase.

Extracts of E. coli QL7523 ndk::cmR contain an increased CTP pool, a known

inhibitor of CTP synthetase. CTP synthetase activity of the QL7523 ndk::cmR extract
could have been even higher than observed if CTP were removed prior to assay. The

extracts were not dialyzed prior to assay due to apparent instability of the enzyme in
crude extracts. Weinfeld et al. (1978) reported the instability of CTP synthetase from
bovine calf liver. Crude extracts of the E. colt ndk strain lost 64% of CTP synthetase

activity after 8 hr. storage at 4°C. In retrospect, CTP and any other inhibitors could

have been removed before loss of activity by passing the extracts over a desalting
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column. In such an experiment, the extract of E. coli QL7523 ndk::cmR, could have
revealed an even higher CTP synthetase activity than observed in this study.

The cell extracts were assayed for CTP synthetase activity, and the results are

shown in Table 5.3. The QL7623 ndk mutant exhibits a 3.2-fold increase in the CTP

synthetase activity above that of the parental strain JC7623. The pyruvate kinase
mutant HW1387 pykA pykF and the triple mutant QL1387 pykA pykF ndk show nearly

the same CTP synthetase activity as the parental strain HW760. CTP synthetase

Increased CTP Synthetase Activity in Escherichia
coil ndk QL7623 with Elevated Nucleotide Pools

Extract of
Mid-log
E. coil

CTP Synthetase

Relevant
Genotype

1.15

E. coil B

JC7623
QL7623
HW760
HW1387
QL1387

Table 5.3.

Activity
(nmole/min/mg)

Parental strain

1.36

ndk.:cmR

4.35 (3.2 X)

Parental strain

0.53
0.89

pykA pykF
pykA pykF ndk::cmR

0.61

CTP synthetase activity in E. coli strains deficient in nucleoside

diphosphate kinase. Activity was measured in extracts of cells grown to mid-log
phase in SM9 medium at 37°C.

activity, which is high in the ndk mutant strain, is accompanied by a large dCTP pool
increase (Lu et al., 1995; Table 5.2). Moreover, the triple mutant QL1387, which does
not exhibit high CTP synthetase activity (Table 5.3), does not have an increased dCTP
pool (Lu et al., 1995). Thus, in all of the mutant strains, the CTP synthetase activity is
correlated with the size of the dCTP pool.

93

Metabolites downstream of the CTP synthetase step (dCDP, dCTP and dTTP)

are also elevated in the ndk mutant QL7623. The CDP pool may also have been
elevated in the ndk mutant, but the CDP peak was not well resolved by HPLC. The
dCDP pool, which is one of the products of E. coli aerobic ribonucleoside diphosphate

reductase (NrdA and NrdB), is increased 3.8-fold in the ndk mutant.

The next

metabolite in the pathway, dCTP, is expanded 18.1-fold. dTTP also lies downstream
of the elevated dCTP pool in the metabolic pathway through the enzymatic activities of

dCTP deaminase (Dcd), dUTPase (Dut), thymidylate synthase (ThyA), thymidylate
kinase (Tmk), and adenylate kinase (Adk). Thus, the increased CTP, dCDP and dCTP
pools also result in a 2.4-fold expanded dTTP pool in the ndk mutant.

Model for CTP and dCTP pool elevations in the ndk strain
My final model for the CTP through dCTP pool expansions in the ndk mutants

involves the activities of adenylate kinase and CTP synthetase (Fig. 5.6).

In the

absence of a functional ndk gene, adenylate kinase causes a 2.5-fold increase in UTP,
the substrate of CTP synthetase. Second, adenylate kinase produces a 1.7-fold increase

in GTP which acts as a known positive effector of CTP synthetase activity. Third,
ATP, which is also a positive effector of Cl? synthetase activity, is 1.9-fold higher in

the ndk mutant. Increased pools of three known effectors of CTP synthetase activity
(GTP, UTP and ATP) results in a 6.6-fold increase in CTP in the E. coli ndk cell. The
elevation of the three effectors prevails over the feedback inhibition of CTP synthetase

by the elevated CTP pool. CTP synthetase activity thus increases 3.2-fold in the ndk
mutant.

The level of CTP synthetase protein (PyrG) may be increased in the ndk
mutant. If Ndk is a genetic regulator in E. coli (Zhang, 1995), lack of Ndk could result

in derepression of pyrG.

Increased PyrG protein could account for some of the

increased CTP synthetase activity in an ndk mutant. CTP synthetase protein could be
evaluated by using Western blots of cell extracts. Alternatively, the parental and ndk
strain could be transfected with a reporter gene construct that includes the 5' region of
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Figure 5.6. Nucleotide pool expansions resulting from ndk gene knockout in E. coli.
Pool expansions of QL7623 ndk relative to the parental strain JC7623 are shown in
parentheses. The fold-change in pools are shown for cells grown in SM9 medium
(left) or in SM9 medium + 100 !AM thymidine (right).
* Combined pool perturbations of UDP and ADP are reported, because these two
}TLC peaks were not resolved.
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the pyrG gene. Thus, pyrG expression (promoter strength) in the parental or ndk
backgrounds could be tested.

The excess CTP pool has further implications later on in the metabolic
pathway. There are three fates of the elevated CTP pool at this point. The first is
consumption of CTP in phospholipid biosynthesis. The second is RNA synthesis, and
the third is via turnover of CTP by adenylate kinase. In the first two cases, CMP is the

product of lipid biosynthesis and of the turnover of RNA. Cytidylate kinase (Cmk)
converts CMP to CDP. In the third case adenylate kinase turns CTP over in the

presence of AMP directly to CDP. In all three cases CDP is the product of CTP
turnover. Adenylate kinase increases the level of ATP by 1.9-fold. ATP binds to the
specificity site of ribonucleotide reductase (NrdA and NrdB) and stimulates reduction

of CDP and UDP (Reichard, 1993). Adenylate kinase, which is the only remaining
enzyme capable of phosphorylating dCDP, phosphorylates dCDP at the expense of
ADP.

dCTP builds up unchecked by allosteric regulation from

ribonucleotide

reductase. Thus, dCTP accumulates 18.1-fold in the cell. This dramatic increase in the

dCTP pool confers a mutator phenotype on the cells (Lu et al., 1995). The pool
asymmetry would cause misincorporation of deoxycytidine into DNA (Lu et al., 1995)

to yield TA>CG transitions. In contrast with this rationale, mutational analysis in the
ndk strain has exhibited TA-->AT transversions (Schaaper, personal communication).
The discrepancy has never been explained.

The huge accumulation of dCTP in the ndk strain also increases the dTTP pool

2.4-fold through the major metabolic pathway of dTTP synthesis: dCTP > dUTP -+

dUMP > dTMP --> dTDP > dTTP through the enzymatic activities of dCTP
deaminase, dUTPase, thymidylate synthase, thymidylate kinase and adenylate kinase
(Fig. 5.6). The above deamination pathway from dCTP to dTTP is the most important

pathway since 75% of dTTP synthesis is driven in this pathway (Neuhard and
Thomassen, 1971). The other pathway to dTTP via ribonucleotide reductase is a minor

pathway since only 25% of dUMP is produced from UDP > dUDP -+ dUTP -->
dUMP > dTMP --> dTDP > dTTP.
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Chapter 6. Interactions between Escherichia coli Nucleotide Kinases and
Bacteriophage T4 DNA Replication Proteins

T4 dNTP synthetase complex and T4 Replication Machinery
Most of the early genes of bacteriophage T4 encode proteins involved in DNA

synthesis and in DNA precursor biosynthesis. Two major multi-protein complexes

have been defined early in bacteriophage T4 infection:

the T4 dNTP synthetase

complex and the T4 DNA replication apparatus. Alberts' "5-protein" (Morris et al.,
1975) and "7-protein" replication systems (Sinha et al., 1980) comprise early T4 gene

products that assemble as the T4 DNA replication apparatus. Eight T4 gene products

and two Escherichia coli enzymes (Allen et al., 1983; Moen et al., 1988) have been

identified as constituents of the T4 dNTP synthetase complex of about 1.3x106 Da
apparent molecular weight (Moen et al., 1988). E. coli nucleoside diphosphate kinase
from the dNTP synthetase complex represents the final enzymatic step to generate all

four dNTP precursors prior to DNA replication.

T4 DNA polymerase (gene 43

protein) from the T4 DNA replication apparatus is the next sequential activity in the
metabolic pathway which incorporates the dNTP's into the DNA product. Could there

be a functional interaction between the dNTP synthetase complex and the DNA
replication apparatus? Do the enzymes involved in sequential steps to produce the
final precursors for DNA synthesis and to produce DNA be involved in protein-protein

interactions among the two complexes? If so, the dNTP synthetase complex could

efficiently funnel newly synthesized dNTP's directly into the replication fork to
promote rapid DNA synthesis by the T4 DNA replication apparatus?

When individual proteins of the T4 dNTP synthetase complex were used as
affinity ligands in Affi -Gel columns, T4 DNA replication proteins were eluted and
identified as binding partners of T4 dNTP synthetase proteins (summarized in Wheeler

et al., 1996). In this study several enzymes were purified for an attempt to reconstitute

the interface between the T4 dNTP synthetase complex and the T4 DNA replication
apparatus implied by the affinity chromatography experiments.
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Electrophoretic mobility shift assay (EMSA)
Interactions at the protein-protein interface could be reconstituted and

demonstrated by electrophoretic mobility shift assay (EMSA). T4 DNA polymerase
was purified by the method of Rush and Konigsberg (1989). T4 gene 32 protein was
purified (Wheeler et al., 1996), and nucleoside diphosphate kinase was purified (Ray,
1992; Wheeler et al., 1996). Antibodies against E. coli nucleoside diphosphate kinase

(Ndk) (Ray, 1992) and against T4 DNA polymerase (gene 43 protein) (this report)

were raised in New Zealand White rabbits. Proteins were treated with DNAse I.
Protein mixtures were analyzed by electrophoretic shift assay (EMSA).

The electrophoretic mobility shift assay in Fig. 6.1 shows that either gene 32

protein or Ndk is capable of binding T4 DNA polymerase.

These protein-protein

complexes have increased electrophoretic mobility (Fig. 6.1).

The a-T4 DNA

polymerase antibody is not reactive with T4 gene 32 protein, Ndk or Adk. Crude Ndk

on the right-hand gel is freshly prepared and imparts an increased mobility upon
binding T4 DNA polymerase. The fresh purified Ndk on the left gel also enhances the

mobility of T4 DNA polymerase in the gel, but the old preparation of purified Ndk
used in the gel on the right gel did not. The control experiment is to test the known

protein-protein interaction between T4 gene 32 protein and T4 DNA polymerase
(Huberman et al., 1971); this results in a protein-protein interaction that also increases
electrophoretic mobility of polymerase in the native gel.

The gel shift assay in Fig. 6.1B shows two protein-protein interactions at or

near the interface between the T4 dNTP synthetase complex and the T4 DNA
replication apparatus. Figure 6.1B confirms the NdkT4 DNA polymerase interaction

of Fig 6.1A in the converse experiment: an excess of T4 DNA polymerase binds E.

coli Ndk and imparts a greater mobility to the resulting complex. The figure also
shows the NdkT4 ribonucleotide reductase (NrdA/NrdB) interaction since excess T4
ribonucleotide reductase can bind E. coli Ndk and move the resulting protein-protein
complex quantitatively in a higher mobility band. Mixtures involving E. coli Ndk and

T4 NrdA/NrdB were prepared in the presence of 1 mM ATP for two reasons. First,
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phosphorylated Ndk has maximal electrophoretic mobility in native gels which is
probably due to autophosphorylation at His-117. Second, T4 NrdA and NrdB subunit

binding is enhanced in the presence of ATP (Hanson and Mathews, 1994; Hanson,
1995).

The EMSA experiments show protein interactions between E. coli nucleoside
diphosphate kinase (Ndk), T4 DNA polymerase (gene 43 protein or Pol.), T4 ss-DNA
binding protein (gene 32 protein or SSB) and T4 ribonucleotide reductase (NrdA/NrdB

or RNR). The protein-protein interactions identified by EMSA in native gels are

NdkT4 RNR, NdkT4 Pol, and T4 SSBT4 Pol.

IAsys resonant mirror biosensor: screening for interactions
A series of experiments was performed in order to screen for specific proteinprotein interactions at the interface between the T4 dNTP synthetase complex and the
T4 DNA replication apparatus. These experiments were performed using the Affinity
Sensors IAsys resonant mirror biosensor which operates on a principle similar to that

of the Pharmacia BIAcore. When one protein has been immobilized on the IAsys
cuvette, a mobile protein ligand can bind to the immobilized protein on the cuvette.

The incident light beam propagates as an evanescent wave along the length of the
cuvette. Light is internally reflected at the interface of the cuvette, which has a high

refractive index, and the surrounding solution (with the accumulated mass of the
immobilized proteinbound protein ligand at the cuvette surface), which has a lower
refractive index. At the distal end of the cuvette, the emitted light is deflected from its

nominal angle of maximum signal depending on the mass of ligand bound at the
cuvette interface.

The arc-second deviation from the nominal deflection angle is

proportional to the mass of ligand bound to the immobilized protein on the cuvette.

Individual

freshly

purified

proteins

were

immobilized

onto

IAsys

carboxymethyl dextran (CMD) cuvettes according to the manufacturer's instructions.
Immobilized purified proteins included T4 DNA polymerase (gene 43 protein), E. coli

nucleoside diphosphate kinase (Ndk), E. coli adenylate kinase (Adk), T4 aerobic
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ribonucleotide reductase (NrdA and NrdB) and T4 ss-DNA binding protein (gene 32
protein or SSB).

Interaction Screening on
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Figure 6.2. Screening for protein-protein interactions with T4 DNA polymerase using
the lAsys resonant mirror optical biosensor. Purified T4 DNA polymerase (pol) was
immobilized on a CMD cuvette. Purified proteins including NDP kinase (Ndk),
adenylate kinase (Adk), T4 gene 32 protein and T4 DNA polymerase were screened
individually for protein- protein interactions with the immobilized T4 polymerase.
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Purified proteins were screened for protein-protein interactions with T4 DNA
polymerase. T4 DNA polymerase was immobilized onto an IAsys carboxymethyl

dextran cuvette. The known interaction of T4 DNA polymerase and T4 SSB shows a

large increase in the IAsys deflection angle upon addition of free T4 gene 32 protein

(Fig. 6.2). A novel protein-protein interaction between T4 DNA polymerase and E.

coli adenylate kinase was also observed. The two E. coli adenylate kinase samples

were prepared from both two ammonium sulfate cuts (0-40% and 60-80% of
T4 DNA polymerase did not appear to

saturation) of crude, overexpressed Adk.
interact with itself to form dimers.

In addition E. coli nucleoside diphosphate kinase (Ndk) did not appear to bind

immobilized T4 DNA polymerase.

This preparation of E. coli Ndk (from Jake

Zelenka) was subsequently assayed and found to have only 20% of the expected
specific activity.

All IAsys experiments used this nucleoside diphosphate kinase

T4 DNA Polymerase (gene 43 protein) Binding to
Immobilized T4 ss-DNA Binding Protein (gene 32 protein)
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Figure 6.3. IAsys quantitation of a known protein-protein interaction involving T4

DNA polymerase (gene 43 protein) and T4 ss-DNA binding protein (gene 32
protein). Purified T4 DNA polymerase was applied to a CMD cuvette with
immobilized T4 ss-DNA binding protein.
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preparation in a largely non-native state could yield false negative results for binding.

After screening for protein-protein interactions using immobilized T4 DNA
polymerase, the two observed protein-protein interactions were tested further on the

IAsys system. To test the previously known protein-protein interaction, T4 gene 32

protein was immobilized on a carboxymethyl dextran cuvette and free purified T4
DNA polymerase was applied. In Fig. 6.3 the concentration of free gene 43 protein to

give half-maximal rate of association between T4 DNA polymerase and T4's SSB
protein is 1 11M T4 DNA polymerase. Maximal binding to the T4 SSB cuvette was

reached at 5µM T4 DNA polymerase. The novel second protein-protein interaction
was tested in Fig. 6.4; purified E. coli adenylate kinase was applied in several different

concentrations to a cuvette containing immobilized T4 DNA polymerase.

The

concentration of adenylate kinase giving the half-maximal rate of association with T4
gene 43 protein is 0.55 p.M Adk. The maximum rate of association of E. coli Adk with
T4 DNA polymerase is observed at 1.4 1.IM Adk.

E. coil Adenylate Kinase Binding to
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Figure 6.4. Binding of purified E. coli adenylate kinase (Adk) to immobilized T4 DNA
polymerase (gene 43 protein).
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Protein-protein interactions involving E. coli Adk were screened using an lAsys

CMD cuvette with immobilized Adk (Fig. 6.5). This experiment should have detected
an interaction with free T4 DNA polymerase in order to be consistent with the previous
experiment (Fig. 6.4) in which free Adk was applied to T4 DNA polymerase cuvette.
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Figure 6.5. Screening for protein-protein interactions with E. coli Adk. Individual
purified proteins including T4 DNA polymerase (gene 43 protein), E. coil adenylate

kinase (Adk), E. coli NDP kinase (Ndk) and T4 ssDNA binding protein (gene 32
protein) were applied to a cuvette with immobilized E. coli Adk. Note that the NDP
kinase preparation exhibited low specific activity and may have yielded false-negative
binding results.

104

In order to resolve the apparent inconsistency, a competitive binding
experiment was performed as shown in Fig. 6.6. Purified Adk was applied to a cuvette

with immobilized T4 DNA polymerase. The binding reaction was observed by an

increase in the lAsys deflection angle. Adding 5 [IM non-native Ndk (from Jake
Zelenka) did not change the rate of association of Adk with immobilized T4 DNA
polymerase. Note again that this Ndk preparation was subsequently found to have very

low specific activity. Adding competing T4 DNA polymerase, however, caused the
rate of association to drop off dramatically by competitively binding the remaining free

Adk. The competitive binding experiment demonstrates that the binding interaction
between E. coli adenylate kinase and T4 DNA polymerase is a specific interaction.

Competitive Binding in T4 DNA Polymerase Cuvette
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Figure 6.6. Competition experiment to test binding of E. coli adenylate kinase to T4
DNA polymerase. Purified Adk was applied to immobilized T4 DNA polymerase, and
binding was monitored. Purified nucleoside diphosphate kinase (Ndk) of low
enzymatic activity, was added without changing the rate of binding to the immobilized
T4 DNA polymerase. Free T4 DNA polymerase was than applied, and the rate of Adk
binding to immobilized T4 DNA polymerase was reduced by competitive binding to
free T4 DNA polymerase.
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The IAsys instrument was also used to screen for protein-protein interactions

using the enzyme which catalyzes the penultimate step in dATP and dGTP
biosynthesis: T4 ribonucleotide reductase (NrdA + NrdB). Applying 2 pM T4 DNA

polymerase to a T4 ribonucleotide reductase cuvette shows the protein-protein
interaction between the two enzymes (Fig. 6.7). Adding nucleoside diphosphate kinase

also shows protein-protein interaction with T4 ribonucleotide reductase. In contrast

adding purified adenylate kinase or T4 SSB showed no interaction with T4
ribonucleotide reductase.

Interaction Screening on
Immobilized T4 Ribonucleotide
Reductase (NrdA+NrdB) Cuvette
1210-

T4 DNA Polymerase

8.

8-

2 gM T4 DNA POI.

2-

0
2

10Wa)

IL)

6

(13

4

100 200 WO 400 500 800 700 800 900 1CCO 1100 1200 1300 1400 1500 1800 1700

Adk
10.1 HM Adk (from 60-80% Cut)

W2
C)
C

<C

°
8W

5 uM Adk (from 0-40% Cut)

.20

50

10-

Ndk

100

150

KO

250

300

350

400

450

8

7.8 gM Ndk

8.

4
2

>,
U)

0

.0

50

180

150

200

250

300

3io

18.T4 SSB
6

9 44 gene 32 protein
ATP

-4

2.9 .M gene 32 protein

1 of

-e

10

50

100

150

200

250

300

40

40

40

Time (sec)

Figure 6.7. Screening for protein-protein interactions using an IAsys CMD cuvette
with immobilized T4 ribonucleotide reductase (NrdA and NrdB). Purified proteins
applied to ribonucleotide reductase cuvette included T4 DNA polymerase (gene 43
protein), E. coli adenylate kinase (Adk), E. coli NDP kinase (Ndk) and T4 ss-DNA
binding protein (gene 32 protein).
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Antibody probes for protein-protein interactions
Immunochemical techniques are also effective tools for discovering proteinprotein interactions. E. coli adenylate kinase (Adk) was purified as described in
Chapter 4. Purified Adk was emulsified in Hunter's Titermax adjuvant (Sigma) per

manufacturer's instructions immediately before injection into two New Zealand White
rabbits. Immune sera from the rabbits yielded polyclonal a-Adk antibodies C3359 and

C3360. Affinity-purified a-Adk antibodies were prepared for nearly background-free
immunoprecipitations of E. coli proteins and T4D-infected extracts.
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Figure 6.8. Enzymatic activity assay of AdkAffi-Gel columns. During affinity
purification of rabbit antibody against E. coli adenylate kinase (Adk), affinity-purified
IgG was applied to an AdkAffi-Gel column. After eluting the affinity-purified
antibody the enzymatic activity of the immobilized Adk was tested. First, the
AdkAffi-Gel column was equilibrated with an enzymatic assay mix lacking the
AMP substrate in the flowcell cuvette apparatus. The complete enzymatic assay mix
(with 1 mM AMP) was subsequently applied to the column. Adk activity of the
column was coupled via pyruvate kinase and lactate dehydrogenase to the oxidation
of NADH.
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Affinity- purified a-Adk antibody was prepared for generating a-idiotypic
antibodies to Adk. Before antibody purification, AdkAffi-Gel columns were prepared

after coupling purified adenylate kinase to Affi -Gel 10 (Bio-Rad Laboratories, Inc.)
Adk coupling to Affi-Gel was estimated between 32.4% and 46.8% by two dilutions of

coupling supemate.

Thus, each of the two AdkAffi -Gel columns contained an

estimated 44-63 nmole Adk with a 0.4-m1 bed volume. The first step of affinity

purification involved purifying total IgG from crude a-Adk antiserum by using a
Protein A Sepharose column.

The total IgG fractions were applied to an Affi-Gel

column with immobilized Adk, and the affinity-purified a-Adk antibody was eluted.
Obtaining affinity-purified antibody against the native Adk enzyme requires that the

Adk ligand on the Affi-Gel column is in the native state. Before performing the
affinity purification, the native conformation of Adk on the Affi -Gel columns was
confirmed by assaying the columns for adenylate kinase activity (Fig. 6.8).

Antibody against adenylate kinase was purified on two columns. IgG fractions
were affinity purified from whole anti-adenylate kinase antisera C3359 and C3360 on a

Protein A Sepharose column. The IgG fractions were applied to an AdkAffi-Gel
column. a-Adk antibody was eluted which represented 6.1% of total IgG.

Before applying the total rabbit IgG fractions to two separate adenylate kinase

Affi-Gel columns, the enzymatic activity of the AdkAffi-Gel columns was measured

in an apparatus consisting of two inlet syringes, Luer-lock 3-way valve "injector,"

AdkAffi-Gel syringe column, flowcell cuvette, spectrophotometer and peristaltic
pump (Fig. 2.1). The columns were equilibrated with an assay mix using the coupled
system of enzymes (pyruvate kinase and lactate dehydrogenase.) The initial assay mix

contained all the reaction components including ATP but no AMP. Subsequently, a

complete reaction mix including AMP was applied to the AdkAffi-Gel column via
three-way stopcock. The ATP and AMP substrates were turned over by native Adk
immobilized on the Affi -Gel column. In the coupled assay, absorbance at 340 urn was

monitored in the flowcell cuvette. Both columns demonstrated the same amount of
enzymatic activity (Fig. 6.8).
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Affinity-purified a-Adk antibodies were used to probe for protein-protein
interactions involving E. coli Adk. T4D early. proteins and mock-infected E. coli
proteins were labeled with a mixture of [35S]methionine and [35S]cysteine. Lysates of

T4-infected or mock-infected cells were immunoprecipitated with a-Adk antibody.
The immunoprecipitations provided nearly background-free protein binding (data not
shown).

As expected, affinity-purified a-Adk antibodies C3359 and C3360 both

immunoprecipitated Adk protein in the E. coli extract (Fig. 6.9). Both affinity-purified
a-Adk antibodies also co-precipitated a 75-kDa E. coli protein. All non-specific bands
immunoprecipitated

using

the

pre-immune

serum

were

absent

from

the

immunoprecipitations using the affinity-purified a-Adk antibodies. This unknown 75kDa protein exhibits a sharp band on the Phosphorlmage, whereas a fainter disperse

Immunoprecipitations with
Affinity-Purified a-Adk Ab

E. coli
Proteins

E. coli
Proteins

T4D

Proteins

T4D

Proteins

75 kDa

Adk

Figure 6.9. Summary of immunoprecipitated E. coli B and T4D early proteins using
a-Adk antibody. Antibody from rabbit C3359 is shown at left, and from rabbit
C3360 is shown at right. Antibodies include pre-immune sera and affinity-purified
a-Adk Ab. Adenylate kinase was immunoprecipitated by both a-Adk antibodies.
In addition, an unknown 75-kDa E. coli protein was co-precipitated by both a-Adk
antibodies. No T4D proteins were co-precipitated by a-Adk Ab.
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Immunoprecipitations Using AffinityPurified a-Adk Ab on 12% SDS-PAGE
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Figure 6.10. Immunoprecipitations of E. coli B and T4D early proteins by a-Adk
antibody. Proteins (boxed) bound by a-Adk antibody C3359 and C3360 are shown
on a Phosphor Image of SDS-PAGE. Antibodies include pre-immune sera and
affinity-purified a-Adk Ab. Adenylate kinase was immunoprecipitated by both aAdk antibodies. In addition, an unknown 75-kDa E. coli protein was co-precipitated
by both a-Adk antibodies. No T4D proteins were co-precipitated by a-Adk Ab.
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band appears in the pre-immune immunoprecipitation at the same molecular weight.
The unknown 75-kDa protein may very well represent a true protein-protein interaction
with E. coli Adk, since the 75-kDa band was co-precipitated with Adk by both affmity-

purified a-Adk antibodies, and all the other background bands were completely absent.
Candidates for the 75-kDa protein will be considered in the general discussion chapter.

Immunoprecipitations of extracts of T4D-infected E. coli B using the affinity-purified

a-Adk antibodies failed to co-precipitate any T4D early proteins. Phosphor Image of
the entire gel is shown in Fig. 6.10.

Potential Protein Binding Partners
of E. coli Adenylate kinase
Immunoprecipitated by
Anti- Idiotypic Antibodies to Adk (aa-Adk Ab)

4- 78.6 kDa T4 Protein

Alt (NAD*-protein ADP
ribosyltransferase)

4- 97.4 kDa
E. coli Protein

4- 35.8 kDa
E. coli Protein

111A (suppresses

rapid lysis)

< 41.1 kDa T4 Protein
p gt (p-glucosyl transferase)
61
(primase)
47
(exonuclease)

< 17.6 kDa
E. coli Protein

Figure 6.11. Summary of immunoprecipitated E. coli B and T4D early proteins
using anti-idiotypic antibodies to E. coli Adk (ccoc-Adk Ab). Five different as -Adk
antibodies brought down potential binding partners of E. coli Adk: two T4 early
proteins and three E. coli proteins. as -Adk Ab C9846 bound a 78.6-kDa T4 protein
(possibly Alt or rIIA protein), and as -Adk Ab D0668 bound a 41.1-kDa T4 protein
(possibly (3 -gt, 58-61 protein, or 47 protein). Three E. coli proteins (17.6 kDa, 35.8
kDa and 97.4 kDa) were immunoprecipitated by as -Adk Ab C9846, C9847 and
D0669 respectively.
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Immunoprecipitations Using as -Adk Ab
(2nd Bleed Anti-idiotypic Antibody to Adk) 12% SDS-PAGE
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Figure 6.12. Immunoprecipitated E. coli B and T4D early proteins by anti-idiotypic
antibody to Adk. IP proteins (boxed) using anti-idiotypic antibodies to E. coli Adk
(aa -Adk Ab) are shown on Phosphorlmages of SDS-PAGE. Five different as -Adk
antibodies brought down potential binding partners of E. coli Adk: two T4 early
proteins and three E. coli proteins. as -Adk Ab C9846 bound a 78.6-kDa T4 protein
(possibly Alt or rilA protein), and as -Adk Ab D0668 bound a 41.1-kDa T4 protein
(possibly 13-gt, 61 protein, or 47 protein). Three E. coli proteins (17.6 kDa, 35.8 kDa
and 97.4 kDa) were immunoprecipitated by as -Adk Ab C9846, C9847 and D0669,
respectively.
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Affinity-purified E. colt a-Adk antibodies were injected into rabbits in order to
mount an immune response against these antibodies. Rabbits were boosted three times.

The resulting "anti-idiotypic" antibodies to Adk (aa-Adk Ab) are specific to the
idiotype of the polyclonal a-Adk antibodies. The as -Adk antibody has a paratope
which should mimic the surface of native E. colt adenylate kinase. Anti-idiotypic
antibodies C9846 and C9847 were raised against affinity-purified a-Adk antibody
Anti-idiotypic antibodies D0668 and D0669 were raised against affinity-

C3359.

purified a-Adk antibody C3360.

Figure 6.11 shows Phosphor Images of immunoprecipitations using antiidiotypic antibodies to Adk. Antigens were extracts from T4D-infected E. colt B and

mock-infected E. coli B radiolabeled with [35S]methionine and [35S]cysteine.
Immunoprecipitation using the anti-idiotypic antibodies to Adk revealed five potential

binding partners of adenylate kinase: three E. colt proteins and two T4 proteins (Fig.
6.11).

Three

anti-idiotypic antibodies

to Adk (D0669, C9847 and C9846)

immunoprecipitated 97.4 -kDa, 35.8 -kDa or 17.6 -kDa E. colt proteins, respectively.

Immunoprecipitations using as -Adk antibodies (C9846 and D0668) in T4D-infected

extracts brought down two T4D early proteins of 78.6 kDa and 41.1 kDa molecular
weight, respectively. As suggested by molecular weight, the 78.6 -kDa protein could be

the 76.8 -kDa Alt protein (NADtprotein ADP-ribosyltransferase) or the 82.9 -kDa T4

HU protein which suppresses rapid lysis. The second T4 early protein (41.4 kDa)
could be any of three possibilities: 40.7 -kDa p- glucosyl transferase ((3-gt), 39.8-kDa

primase (gene 61 protein), or 39.2-kDa exonuclease (gene 47 protein). Thus the anti-

idiotypic antibodies to Adk have immunoprecipitated three novel potential binding
partners of E. colt Adk from E. colt extracts and two potential binding partners from

extracts of T4D-infected E. coli B. Phosphorlmages of the whole gels are shown in
Fig. 6.12.
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Enzymatic Activity of Adk-Affi-Gel Column
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Figure 6.13. Enzymatic activity of an AdkAffi-Gel column before and after
applying and eluting an extract of T4D-infected cells. An AdkAffi-Gel column
was connected in tandem with a flowcell cuvette and assayed for the column's
enzymatic activity in a coupled assay. After eluting T4D-infected extracts with up
to 2 M NaC1 the column was re-equilibrated and Adk activity was retained.
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Affinity chromatography using an adenylate kinase affinity column
An affinity chromatography experiment using an AdkAffi -Gel column was

also performed in order to probe for protein-protein interactions with Adk using a
mobile phase containing a radiolabeled extract of mock-infected E. coli B or extract of

T4D-infected E. coli B. Before applying a T4D-infected extract to the AdkAffi -Gel

column, the native state of the Adk affinity ligand was verified by the enzymatic
activity assay (Fig 6.13) by using the flowcell method described earlier (Fig 2.1). An
extract of T4D-infected E. coli B was applied to the AdkAffi -Gel column overnight,
and the column was washed with the potassium glutamate buffer. Proteins were eluted

step-wise by using three different salt concentrations (0.2, 0.6 and 2.0 M NaCl) in
potassium glutamate buffer. After elution and equilibration in potassium glutamate
buffer, the enzymatic activity of the AdkAffi -Gel column was retained (Fig. 6.13).

The AdkAffi -Gel column lost only 2.8% of its enzymatic activity after being
re-equilibrated following application of extract of T4 infected E. coli B and eluting the

bound proteins. Radiolabeled proteins eluted from the Adk column were immediately

precipitated by deoxycholate and trichloroacetic acid (DOC/TCA).

The protein

fractions were applied to one-dimensional and two-dimensional gels for analysis. The
gels were dried and visualized by a Phosphorlmager and by autoradiography. The 2-D

gels run by Linda Wheeler resolve the eluted proteins by isoelectric point (p1) on the
horizontal axis and by apparent molecular weight (Mr) on the vertical axis. Figure 6.14

shows fractions from the AdkAffi -Gel column run on 1-D SDS-PAGE. Figures 6.15

shows Phosphorlmages of total T4D early proteins. The non-linear pH gradient is
mapped onto the Phosphorlmage of the 2-D gel in Fig 6.13B. T4D proteins from 0.2
M, 0.6 M and 2.0 M NaC1 factions from the AdkAffi-Gel column are identified in 2D gels in Figures 6.16 and 6.17.

Several proteins were eluted from the AdkAffi -Gel column by using 0.2 M
NaC1 which is just above physiological salt concentration, and some of these proteins

might specifically bind Adk. Proteins thus identified by position on 2-D gel included
45 protein (sliding clamp DNA processivity factor), a recombination protein (UvsX),
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[35S]Met and [35S]Cys Labeled Extracts
on E. coli Adk-Affi-Gel Column
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Figure 6.14. Affinity chromatography using an E. coli AdkAffi-Gel column. A T4Dinfected extract of E. coli B or mock-infected extract of E. coli B was re-circulated
overnight on an E. coli AdkAffi-Gel column in a potassium glutamate buffer. After
the flowthrough fraction was collected, the bound [35S]Met and [35S]Cys labeled
proteins were eluted in three discontinuous elution steps (0.2 M, 0.6 M, and 2.0 M
NaC1). After precipitation by deoxycholate and trichloroacetic acid, fractions were run
on SDS-PAGE, and the radiolabeled bands were visualized by Phosphorlmager.

the previously unknown "Protein X" (product of the internal ORF of gp39), a
suppressor of rapid lysis

dihydrofolate reductase (Frd), internal protein III
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T4D Early Proteins (3-8 min): 2-D Gel
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Figure 6.15. (A.) Total T4D early proteins on two-dimensional PAGE. [35S]Met and
[35S]Cys labeled proteins were detected using a Phosphorlmager. (B.) The non-linear
pH gradient is mapped onto the Phosphorlmage of T4 early proteins.
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T4D Early Proteins on Adk Column: 0.2 M NaCI Elution

Figure 6.16. T4D early proteins (Fraction A2) eluted from AdkAffi -Gel column.
Bound proteins eluted by 0.2 M NaC1 were resolved on 2-D gels and detected by a
Phosphor Imager.

(IPIII), a regulator of transcription (RegA) and possibly the oxygen-cleaved anaerobic
ribonucleotide reductase (NrdD) (Fig. 6.16).

The next step in the elution gradient was 0.6 M NaC1 elution, which should
reveal proteins that are specifically bound to Adk: 45 protein, rIIA, rIIB, UvsX, Frd,
and RegA (Fig. 6.17). At the most extreme (2 M NaCl) salt eluate, only rIIB protein

was detected (Fig. 6.17). It should be noted that rIIA and rIIB may not be bound
specifically to the AdkAffi -Gel column, since control columns, with either BSA or T4

lysozyme (e protein) immobilized on Affi-Gel, retain rIIA and rIIB proteins (Wheeler

et al., 1996). After eluting extracts of T4D-infected E. coli B from the AdkAffi -Gel
column, a radiolabeled extract of mock-infected E. coli B was applied to the column.
The elution protocol was the same as described above.
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T4D Early Proteins on Adk Column: 0.6 M NaCI Elution

T4D Early Proteins on Adk Column: 2 M NaCI Elution

Figure 6.17. T4D early proteins (Fractions B2 and C2) eluted from AdkAffi -Gel
column. Bound proteins, eluted by 0.6 M NaC1 and 2 M NaC1 respectively, were
resolved on 2-D gels and detected by Phosphor Imager.
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Figure 6.18 summarizes the novel protein-protein interactions at the interface

between the T4 dNTP synthetase complex and the T4 DNA replication apparatus.
Taken together, the individual protein-protein interactions suggest a quinary structure

of proteins between the two complexes.

This study employed five different

methodologies to demonstrate protein-protein interactions:

(1.) the IAsys resonant

5° Structure at Interface between dNTP Synthetase Complex
and DNA Replication Apparatus of Bacteriophage T4
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Figure 6.18. Quinary structure suggested by five methods for detecting proteinprotein interactions in T4D-infected E. coli B. The summary of protein-protein
contacts observed in this study implies the quaternary structure for the interface
between the T4 dNTP synthetase complex and the DNA replication apparatus of
bacteriophage T4. Protein subunits are drawn to scale. T4 proteins are shown in
white. E. coli proteins are shown in gray. Unambiguous assignment of direct
protein-protein interactions was shown using the first four methods (IAsys, EMSA,
a-Adk IP and as -Adk IP). Affinity chromatography shows binding to an ensemble

of three proteins via direct and/or indirect interactions, so assignment of the
quaternary structure with respect to those three proteins cannot be modeled.
Nucleoside diphosphate kinase and adenylate kinase have only indirect contact via
T4 DNA polymerase.
"Other Adk interactions" indicate potential protein-protein interactions with
adenylate kinase in mock-infected E. coli.
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mirror biosensor, (2.) native gel electrophoresis, immunoprecipitations using (3.)
affmity-purified a-Adk antibody and using (4.) anti-idiotypic antibodies to Adk (aa-

Adk Ab) and to nucleoside diphosphate kinase (aa-Ndk Ab), and (5.) affinity
chromatography using an AdkAffi-Gel column. The first four methods demonstrate
direct protein-protein interactions. The strength of the approaches which detect direct
protein-protein interactions is that they should elucidate the quaternary structure of the

protein complex at the interface between the two complexes, and hence support the
proposed quinary structure.

Since the last method, affinity chromatography, detects both direct and indirect
protein-protein interactions, the suggested quaternary structure is more ambiguous than

that ascertained with the previous methods. Affinity chromatography detects whole
ensembles of proteins that bind to the immobilized Adk. Since proteins identified in
affinity chromatography experiments are not necessarily direct interactions with the

affinity ligand Adk, it is much harder to build an unambiguous model for the
quaternary structure from those results.

An important feature of this interface between the two major complexes is that

none of the methods could detect any protein-protein interaction between adenylate
kinase and nucleoside diphosphate kinase. The distance between these two enzymes in

the quaternary structure could contribute to the large 86% reduction in the rate of T4
DNA synthesis that is observed when nucleoside diphosphate kinase is knocked out in
the host cell (Fig. 3.2).

The quaternary structure of the complex suggests a model for the diminished

rate of T4 DNA synthesis in an infected ndk host. Lack of the enzyme nucleoside
diphosphate kinase in its key position at the interface between the two complexes could

disrupt the metabolic funneling of nucleotide precursors from the dNTP synthetase
complex into the replication fork. During infection of an ndk mutant host, newly
synthesized dNDP's must inefficiently diffuse from the position of T4 ribonucleotide

reductase through the cytosol to the position of adenylate kinase (apparently on the
opposite side of the DNA template). Adk then converts the dNDP's to dNTP's before
delivery to T4 DNA polymerase for replication.
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In contrast, biosynthesis of DNA precursors in an infected wild-type host is
very efficient. T4 ribonucleotide reductase synthesizes dNDP's de novo where they are

delivered to RNR-bound nucleoside diphosphate kinase. Ndk activates dADP and
dGDP to yield the respective dNTP's which are transferred to T4 DNA polymerase for
rapid, efficient replication.

The pyrimidine products of ribonucleotide reductase, dUDP and dCDP,
undergo a series of reactions to yield dTDP and hm-dCDP respectively.

Ndk

phosphorylates dTDP and hm-dCDP before transferring these dNTP's to Ndk-bound
T4 DNA polymerase. It has not been determined whether transfer of the four dNTP's

from Ndk to the polymerase is performed by a direct-transfer mechanism or by
enriching a local, replication-active pool of dNTP's.
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Chapter 7. An internal ORF in T4 phage gp39 encodes
a novel binding partner of E. coli nucleoside diphosphate kinase.

During bacteriophage T4 infection of Escherichia coli, early genes are
expressed which encode the large number of enzymes involved in de novo nucleotide

synthesis and DNA replication. Many of these enzymes are assembled into a multienzyme complex termed the dNTP synthetase complex. Although the phage genome

encodes almost all of the enzymes necessary to produce dNTP precursors for DNA

synthesis, the enzyme catalyzing the fmal step of the de novo pathway, nucleoside
diphosphate kinase, is sequestered into the complex from among proteins of the host
cell. At the confluence of the pathway producing all four dNTP's, Ndk interacts with

proteins of the dNTP synthetase complex as well as with T4 DNA polymerase,
presumably to deliver a concentrated local pool of the four dNTP's efficiently and
rapidly to the replication apparatus.

Protein-protein interactions involving E. coil nucleoside diphosphate kinase
(Ndk) were probed by using anti-idiotypic antibodies against Ndk (Ray, 1992), which

mimic the surface of Ndk. Ray (1992) raised an anti-idiotypic antibody to Ndk (aaNdk Ab 13173) which immunoprecipitated a potential binding partner of E. coli Ndk:

an unknown T4 early protein of 43 kDa. Several competitive immunoprecipitation
experiments attempted but failed to identify the unknown protein (Ray, 1992). In those

experiments, the 46.7-kDa a-glucosyl transferase (a-gt), 40.7-kDa

13-glucosyl

transferase ((3-gt), 45.3-kDa small subunit of ribonucleotide reductase (NrdB) and the

43.3-kDa recombination protein UvsX were all excluded as possibilities for the
unknown T4 protein. Ray (1992) considered T4 primase (gene 61 protein) and RNA
ligase (gene 63 protein) as candidates for the 43 -kDa protein, but they were not tested.

Although these proteins are similar in molecular weight to the unknown protein, only
one of them (a-gt; pI = 6.09) also has an isoelectric point near neutrality.
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Isolation of the unknown 43-kDa T4 protein
Identifying the unknown protein entailed dealing with two constraints. First of

all, only a limited amount of the low-titer first-boost antibody was available. The
second consideration was that the most likely method to obtain the same unknown
protein as Ray (1992) was to use the identical immunochemical method. For these
reasons, using an immuno-affinity column was ruled out. Therefore, the unknown

antigen would be obtained by multiple immunoprecipitations using the as -Ndk
antibody followed by sequencing.

In order to determine the amount of antibody necessary to provide the
maximum yield of unknown T4 protein, the anti-idiotypic antibody to Ndk was titered

by using varying amounts of antibodies in several immunoprecipitation experiments
with 25 IA of T4-infected extracts in 500 ill NP-40 buffer. The unknown radiolabeled
antigen was extracted from immunoprecipitated pellets by boiling with 20 pi of SDSPAGE loading buffer without bromphenol blue dye. From each extracted antigen, a 2-

µG sample was quantitated for immunoprecipitated T4 protein using a scintillation
counter.

The titration curve (Fig. 7.1) shows the optimal conditions to maximize the
yield of the unknown antigen. The largest amount of precipitated unknown antigen

was obtained by using
immunoprecipitations.

150

µl

of the low-titer as -Ndk antibody

in the

Larger amounts of antibody would almost certainly have

immunoprecipitated more antigen, but the availability of the antibody was limited. The

monotonic increase in antigen precipitation in the titration curve demonstrates that
none of the immunoprecipitations were performed under conditions of antigen excess.
The

equivalence

point,

which

is

the amount

of antibody necessary to

immunoprecipitate the maximum possible amount of antigen because an "equivalent"

amount of antibody and antigen can form the maximal amount of antigen-antibody
complex, was not observed in the titration curve. Immunoprecipitations using as much
as 150 1.11 as -Ndk antiserum did not deplete the antigen from the extract of T4-infected

E. coli.
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Once a practical volume of anti-idiotypic antibody for immunoprecipitating the
unknown antigen had been determined, eighteen immunoprecipitations were performed

using T4-infected extracts.

Immunoprecipitated pellets were treated as described

before for the antibody titration and the immunoprecipitated radioactivity extracted
from the immunoprecipitated pellets are shown as open circles in Fig. 7.1. Unknown

protein was extracted two more times from each immunoprecipitated pellet and each
extraction was quantitated in a scintillation counter as before. Extracted radiolabeled

Titering of as -Ndk Ab: IP of T4D-infected Extracts
25 p1 Extract + 500 pl NP-40 Buffer + as -Ndk Ab 13173
1

5000

Antibody Titration Curve
18 Preparative Immunoprecipitations

A 4000
CL

2.

3000

2000

2 g

CL

CD

CC

2

1000

0
10

100

Volume of aa-Ndk Ab (p1)

Figure 7.1. Titration of anti-idiotypic antiserum 13173 to E. coli Ndk. Preparative
immunoprecipitations were performed to obtain an unknown T4 protein antigen. T4D
early proteins, radiolabeled with [35S]Met and [35S]Cys (3-8 min. post-infection),
were immunoprecipitated by using several different volumes of aa-Ndk Ab (firstboost 13173 antiserum). The immunoprecipitate was treated with 20 ul of 2x SDS
PAGE loading buffer (without bromphenol blue dye) followed by boiling for 2 min.,
microfuging for 2 min. at 4°C. All of the re-suspended labeled protein was counted
in a scintillation counter (open squares).
Due to the very low titer of the first-boost antibody, 18 preparative
immunoprecipitations were performed, each using 150 µl of the first-boost antiserum.
The immunoprecipitates were treated with 20 pi of 2x SDS PAGE loading buffer
(without bromphenol blue dye) followed by boiling for 2 min., microfuging for 2 min.
at 4°C. For each resuspended sample, 2µl was counted in a scintillation counter, and
volume-corrected radioactivity of immunoprecipitated proteins are shown for each
immunoprecipitate (closed circles.)
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proteins were gel-purified by using 10% SDS-PAGE on a large format gel box (BRL)

with 1.5-mm spacers. The gels were then electro-blotted onto a Immobilon-P PVDF
membrane (Millipore).

proteins were observed by using a

Radio labeled

Phosphorlmager (Figure 7.2) and by autoradiography.

Three proteins were immunoprecipitated by as -Ndk Ab.

The protein

immunoprecipitated in greatest yield was an unknown 43 -kDa protein as previously
reported by Ray (1992). The antibody also immunoprecipitated trace amounts of two

other proteins (84.9 kDa and 60.6 kDa) which are similar in Mr to the molecular
weights of known T4 early proteins. Thus, 84.9 -kDa protein may be the 86 -kDa large

subunit of T4 ribonucleotide reductase (NrdA).

Similarly, the 60.6-kDa protein

appears to be either the 58.0 -kDa large subunit of T4 topoisomerase (gene 39 protein)

T4 Proteins Immunoprecipitated by
Anti-idiotypic Ab to E. coli Ndk (aa-Ndk Ab)
Phosphorlmage

PVDF Blot, Ponceau S Stained

IgG Heavy
Chain
T4 NrdA

T4 39 Protein
or NrdD Frag.
--4

43 kDa Unknown >
T4 Protein
IgG Light
Chain -->

Figure 7.2. Preparation of the unknown 43 -kDa T4 protein for microsequencing.
Immunoprecipitated proteins were run on 10% SDS-PAGE and electro-blotted onto a
PVDF membrane. Radio labeled proteins were detected by Phosphor Imager and by
autoradiography. The 43 -kDa bands were excised and submitted for microsequencing. The blot was then stained by Ponceau S dye to determine whether the

unknown protein was well resolved from the antibody's heavy chain. Mr markers
were run in the right-most lane on the left-hand gel.
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or the 61.8-kDa oxygen-cleaved T4 anaerobic ribonucleotide reductase (NrdD*).
Densitometric analysis of the Phosphorlmage measured the distribution of radioactivity

on the blot.

The unknown 43-kDa immunoprecipitated protein, and the proteins

tentatively identified as NrdA and gene 39 protein accounted for 69.3%, 4.4%, and

7.8% of the immunoprecipitated radioactivity, respectively.

The balance of the

radioactivity was from non-specific bands observed in the pre-immune serum (Ray,
1992).

The radiolabeled 43-kDa unknown protein was excised from each lane of the
PVDF blot with a razor blade. The excised bands were submitted for micro-sequencing

to the Biotechnology Laboratory (University of Oregon) and to the Central Services
Laboratory (Center for Gene Research and Biotechnology, Oregon State University).
The blot was then stained with Ponceau S (Fig. 7.2) which verified that the unknown

protein was well resolved from possible contamination by the nearby band from the
rabbit IgG heavy chain.

Searching the T4 database for the unknown protein
Although the T4 genome has been completely sequenced, the unknown 43-kDa

protein, with pI of 7 determined from analysis of 2-D gels (Bernard et al., 1993), was

absent from the National Center for Biotechnology Information (NCBI) Data
Repository for the T4 Protein Database (ftp://ncbi.nlm.nih.gov/repository/t4phage/
old_files/t4proteinslas).
Theoretically, the unknown T4 protein could have arisen from an internal ORF

inside a larger T4 gene. To investigate this possibility, I wrote Turbo Pascal software
to conduct a thorough search of the NCBI Data Repository for the T4 Protein Database.

The protein database contains protein sequences from all known and all hypothetical

T4 ORF's. Every methionine of each T4 protein was considered as a possible start
methionine from an "internal ORF", and all ORF's and internal ORF's were considered

to share the same stop codon and C-terminus. The molecular weight and isoelectric
point (pI) of gene products from each internal ORF was calculated. The search found
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only two internal ORF's corresponding to the correct molecular weight and isoelectric

point of the unknown T4 protein (Fig. 7.3). T4 gene 39 protein is the largest of three
subunits of the phage topoisomerase.

If the novel 43-kDa protein is indeed derived from an internal ORF of gp39,
then it shares some of the properties of gp39. The first potential internal ORF would

start at T4 gp39 codon 132, end at codon 516 and encode a 43,494-Da protein with
pI=7.04 (Fig. 7.4). The other potential internal ORF would start at T4 gp39 codon 146,
end at codon 516 and encode a 42,087-Da protein with pI=7.04 (Fig. 7.4). Both full-

Search All T4 ORF's and Nested ORF's for
T4 Protein Immunoprecipitated by Anti-idiotypic Ab to Ndk:
Mr = 43x103, pI = 6.98
47
20 Protein (codons 125-end)

46
45
NrdD (codons 209-end)

46 Protein (codons 170-end)

44
39

M, (x103)

rotein (codons 132-end)

43
: rti.4 (codons 351-end)

42

39 Protein (codons 146-end)

NrdD (codons 236-end)
41

37 Protein (codons 634-end)

40
39 Protein (codons 166-end)
,

39
60

r

6.5

7.0

7.5

8.0

Isoelectric Point

Figure 7.3. Search for the unknown protein in the T4 ORF's and internal ORF's.

There is no full-length T4 protein of the correct molecular weight (43 kDa) and
isoelectric point (pI=7) in the T4 database. Therefore the T4 genome was searched
by using Turbo Pascal software to identify all internal ORF's consistent with the
molecular weight and isoelectric point of the unknown T4 protein. Within each T4
protein, each Met residue was regarded as a possible start methionine from an
internal ORF, and the stop codon of the internal ORF was regarded as the same as
the full-length ORF. The only candidate was an internal ORF in gp39, which
encodes the large subunit of T4 topoisomerase. Other internal ORF's listed above
are from the early genes rIIA (rapid lysis protein), nrdD (anaerobic ribonucleoside
triphosphate reductase), gp46 (recombination protein) and from the late genes gp20
(head portal protein) and gp37 (large distal tail fiber subunit).
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Figure 7.4.

Sequence of the internal ORF of gp39.

An unknown protein

immunoprecipitated by aa-Ndk Ab may arise from an internal ORF in-frame with T4
gp39, which encodes the large subunit of topoisomerase. gp39 is underscored with the
start codon at the first arrow. The gene product of the internal ORF (ie. gp39 codons
132-516) is boxed in, with the start codon at the second arrow. The putative ShineDalgarno sequence of the internal ORF is overscored. Both ORF's share the same stop
codon. Both ORF's include the DNA-binding site, but the ATP-binding site is
disrupted in the internal ORF.
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Shine-

Internal ORF of T4 gp39
Start

Dalgarno

IMNGVGSSL....
T4 gp39 mRNA: GAACGCGUCACCGGCGGUAUGAACGGUGUUGGUUCUAGUUUG...
II

I

I

E. coil. 16S rRNA: AUUCCUCCA

Figure 7.5. The internal ORF in T4 gp39 has a potential Shine-Dalgarno sequence
(overscored).

length gp39 and the internal ORF's would share the same stop codon. The internal
ORF begins with a disrupted ATP-binding site, whereas the DNA-binding site remains
intact in the unknown protein.

The mRNA of the internal ORF is probably viable for translation, since a
potential Shine- Dalgarno (SD) sequence resides upstream of the start codon (Fig. 7.5.)

The potential SD sequence AACGCG, is complementary to four nucleotides at the 3'

end of the E. coli 16S rRNA. The E. coli lacZ mRNA also has four nucleotides of
complementarity in its SD sequence.

Sequencing the unknown T4 protein was not straightforward. The excised

unknown protein band (which had been gel-purified and transferred to PVDF
membrane) produced what appeared to be a blocked amino terminus which could not

be sequenced. Therefore the PVDF band was treated in situ with cyanogen bromide
(CNBr) in order to open up internal cleavage sites which could be sequenced. The 43-

kDa protein would be expected to yield six or seven peptide fragments based on the
abundance of methionine in a large number of proteins. With the very low amount of
antigen that was obtainable, HPLC peak heights of the protein sequencer were near the

lowest limit of detection. The 43-kDa protein cleaved in situ by CNBr, and the
peptides were sequenced simultaneously to yield the following peaks on HPLC:
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Cycle

Amino acid peaks

3

T?, D, N, S, G, E, A, I, K, L
N, Q, P, V
D, A, R, P, V, L

4

Q, T,R,F,L

5

Q, E, Y, P
V?, E, P
K?, D, N, S, V, L
T, G

1

2

6
7
8

Cycle
9
10
11

12
13

Amino acid peaks
F, I
R, V, D
V, K
E, V
W?, D

14
15
16

W?
W?, D

Comparing microsequencing results against the known sequence of T4 gene 39

protein helps to localize the beginning of the internal ORF. The amino terminus of
gene 39 protein shows almost no consistency with the amino acids peaks found during

sequencing. Beginning with codon 132 of gp39, however, a large number of amino
acid peaks appear which are consistent with the unknown protein cleaved in situ on the
PVDF blot by cyanogen bromide (Fig. 7.6.)

Sequencing shows agreement with the internal ORF of gp39 starting at codon

132. The first 13 HPLC cycles yielded 47 low-level peaks and 4 questionable peaks
for a total of 51 peaks. Peaks consistent with the internal ORF accounted for 26 (51%)

of these peaks. Although the 43-10a protein was predicted to yield 6-7 peptides after
in situ CNBr cleavage, many of the sequencing cycles yielded as few as 2 or 3 peaks.
Sequencing analysis failed to observe many of the expected peaks apparently due to the
very low level of protein that could be obtained for analysis.

At least some of the remaining HPLC peaks inconsistent with the internal ORF

could be due to problems encountered during sequencing. The Central Services Lab

was uncertain about 4 (8%) of the peaks, which they denoted with question marks.

One of these is the tryptophan peak, because Trp co-elutes with 2,4-dinitrophenol
(DNP). The glycine peak from cycle 1 is often detected from the Tris-glycine running

buffer from SDS-PAGE. Another problem that may have been encountered during
sequencing is incomplete hydrolysis from the previous cycle, which could account for
3 valine peaks, 1 leucine peak and 2 proline peaks. Examples of incomplete hydrolysis
causing a peak to persist in more than one cycle was shown in Fig. 4.2 for fragment #2

of purified adenylate kinase where G144, D147, E152, L153 and R156, persisted as
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G145, D148, E153, L154 and R157. The remaining 14 peaks (27%) from the CNBrcleaved 43-kDa protein could be incorrect readings gleaned from examining chromato-

A.

Peptide Sequencing of Protein X:
Sequence CNBr-cleaved Fragments on PVDF
Gel purify
Protein X

Codon Number
of gp39
(AA Sequencer
of Internal
1
5
10
Cycle #)
eo39
ORF
1
N/A
MI
D-E
35
N/A
Internal ORF begins here at gp39's codon #132...
1

PVDF Blot

CNBr
Cleavage

in situ
Simultaneously
sequence
CNBr fragments.

132
146
166
190
284
316
321
324
364
447
452

1

1

MN- V - - -LT

15
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59

M-V----DG
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233
316
321

1
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Figure 7.6. (A.) Protein sequencing. An excised band of the unknown 43-10a T4

protein on PVDF was sequenced, but the N-terminus was found to be blocked.
Another excised band of the unknown protein was treated with cyanogen bromide,
and the in situ cleaved protein was submitted for simultaneous sequencing of all the
cleaved peptides. Residues identified by HPLC correlate with the known sequence of
cyanogen bromide-cleaved peptides of T4 gene 39 protein. HPLC peaks consistent
with peptide sequences are listed in capital letters. Known residues not detected by
HPLC are shown by "-", and the expected absence of residues due to short peptide
fragments are shown as blank. Protein microsequencing is consistent with a protein
that begins with codon 132 of T4 gene 39. Moreover, the sequence data lack any
signal for the N-terminus of T4 gene 39 protein.
(B.) Sequencing of cyanogen bromide-cleaved 43-kDa T4 protein compared
with protein from internal ORF of T4 gp39 (codons 132-516). The initial methionine
is implied by cyanogen bromide cleavage. The low level of unknown protein sample
resulted in HPLC peaks at the lowest limit of detection for the instrument. HPLC
peaks of residues consistent with the internal ORF of gp39 are denoted in upper case.
Residues in lower case denote HPLC peaks inconsistent with the internal ORF, which
could be due to sequencing problems described in the text.

132

graphy peaks near the lowest limit of detection, or they could indicate that the
unknown protein is not from the internal ORF in gp39.

Clearly, other type(s) of

experiments would be necessary to supersede the ambiguous results of sequencing.

Western blot analysis
Western Blots were performed in order to confirm or to exclude the proposed

identification of the unknown T4 protein (Fig 7.7.) An a-T4 topoisomerase antibody
was raised in rabbit D2049 using all three subunits of T4 topoisomerase: T4 gene 39

protein, gene 52 protein and gene 60 protein. Samples of purified T4 topoisomerase
subunits and T4 early proteins were run on a 10% SDS-PAGE gel. The proteins were
electro-blotted onto PVDF membranes and were probed with as -Ndk antibody 13173
and with a-T4 topoisomerase antibody D2049.

The Western blot shows that both the anti-idiotypic antibody to Ndk (aa-Ndk

Ab 13173) and a-T4 topoisomerase antibody D2049 are specific for a 58.7-kDa
protein, whereas pre-immune serum D2049 is not. The as -Ndk Ab is also immunoreactive with full-length T4 gene 39 protein from the T4-infected extract and from the

purified T4 topoisomerase. On Western blot neither the aa-Ndk Ab nor the atopoisomerase Ab were specific for a 43-kDa T4 protein. This was a surprise since the

as -Ndk Ab can immunoprecipitate the 43-kDa T4 protein in extracts of T4-infected

E. coli (Fig. 7.2; Ray (1992)). The aa-Ndk Ab may require nearly full-length 39
protein to reconstitute a discontiguous epitope above the Western blot. The crystal

structure of a monoclonal

antibody bound to cyt c exemplifies binding of a

discontiguous epitope (Mylvaganam et al., 1998). An analogous situation has also
been reported in far-Western blots involving fragments of the E. coli RNA polymerase
13' subunit and the transcription initiation factor 1::770; the protein fragment ((3' subunit)

immobilized on a membrane must be of sufficient length both to be partially buried in

the membrane and for the remainder of the protein to reconstitute the cr"-binding
domain above the membrane surface (Arthur and Burgess, 1998).
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Figure 7.7. Identifying the unknown 43 kDa T4 protein on Western blot. Samples
included all three subunits of purified T4 topoisomerase ("T4 Topo") and an extract of
T4D-infected E. coli B ("Infect. Extract"). Ponceau S staining shows the positions of
the three T4 topoisomerase (gene 39, gene 52 and gene 60) proteins. The antibodies

used to probe the blots included an anti-idiotypic antibody against nucleoside
diphosphate kinase (first boost aa-Ndk Ab 13173, 1/750 dilution) and an antibody
against the three T4 topoisomerase subunits (second boost a-topoisomerase Ab D2049,
1/1000 dilution). The as -Ndk Ab was specific for full-length T4 39 protein
(Mr=55.4x103) in lanes with purified topoisomerase or with the extract of T4-infected
E. coli. Both as -Ndk and a-topoisomerase antisera were specific for a slightly slowermigrating protein (Mr = 58.7x103) in the extract of T4-infected E. coli. The 58.7-kDa
protein could be 39 protein which was post-translationally modified, e.g.
phosphorylated, during phage infection. These data suggest that both antisera are
specific for 39 protein and that the novel protein-protein interaction is between E. coli
Ndk and T4 large subunit of topoisomerase (39 protein).
Neither the as -Ndk nor the a-topoisomerase antisera revealed a 43-kDa band
as was immunoprecipitated by the as -Ndk antiserum, possibly because the nearly full-

length protein may be required to reconstitute a discontiguous epitope above the
surface of the hydrophobic membrane on the Western blot.

The immunological data suggest that T4 gene 39 protein appears in two distinct

forms on the blot. The form with faster migration on SDS-PAGE migrates the same as
the purified T4 topoisomerase, whereas the majority of the T4 gene 39 protein from an

infected extract appears in a slightly slower migrating band of apparent molecular
weight 58.7 kDa. It has been reported that proteins may migrate anomalously slowly
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on SDS-PAGE when they undergo post-translational modifications such

as

phosphorylation (Murphy et al., 1994; Perrone-Bizzozero and Benowitz, 1987) or

glycosylation (Murphy et al., 1994).

Both the as -Ndk Ab 13173 and the a-

topoisomerase Ab D2049 are specific for this 58.7 kDa band. These data suggest that

39 protein is post-translationally modified during T4 infection and that the novel
protein-protein interaction identified by using the anti-idiotypic antiserum is between
E. coli Ndk and the large subunit of T4 topoisomerase (39 protein).
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Chapter 8. General Discussion

During bacteriophage T4 infection of Escherichia coli, early genes encode a
large number of enzymes involved in de novo deoxyribonucleotide synthesis and DNA
replication. Within three minutes post-infection, the phage shuts down host protein

synthesis. T4 salvages the deoxyribonucleoside monophosphates resulting from
breakdown of the host genome. In addition, phage enzymes synthesize dNTP's de
novo from cellular ribonucleoside diphosphates and thymidine. Although the E. coli
host has all the enzymes required for dNTP synthesis, T4 enzymes duplicate many of
the steps in nucleotide biosynthesis to form a "private" metabolic pathway.

Many of the T4 early proteins assemble into a multi-enzyme complex termed

the dNTP synthetase complex. Enzyme complexes allow metabolic substrates to be
turned over by sequential enzymatic processes without diffusing into the entire cellular

volume. The resulting efficient delivery of substrates from one enzyme to the next in
the complex, whether by direct transfer or by a high local concentration of substrates,

allows labile intermediates to be converted rapidly in the metabolic pathway. Multi-

enzyme complexes have low steady-state concentrations of intermediates when
measured as the cellular pool. When the product of one enzyme yields the substrate for

the next enzyme in the complex to utilize that substrate, the second enzyme
experiences a high concentration of intermediate substrates (a high local pool), because
the substrate and enzyme are in close proximity.

Although the phage genome encodes almost all of the enzymes necessary to
synthesize DNA precursors from host ribonucleotides or from degraded host DNA, the

phage lacks two key enzymatic activities. One of these converts all four dNDP's to the
corresponding triphosphates.

The E. coli host provides the requisite NDP kinase

enzyme (Ndk). The second key enzymatic activity lacking in T4 is the ability to

convert dAMP to dADP, which is catalyzed by the host adenylate kinase (Adk). The

phage dNTP synthetase complex sequesters both E. coli enzymes (Ndk and Adk) as
components of the complex (Moen et al., 1988).
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Affinity chromatography experiments have shown that immobilized T4 proteins

or E. coli Ndk bind T4 proteins from T4-infected extracts. The immobilized proteins

include enzymes of the dNTP synthetase complex as well as from the T4 replication

machinery (summarized in Wheeler et al., 1996).

The affmity chromatography

experiments suggest a direct interaction between the two complexes.

Such an

interaction would afford the phage an efficient way to funnel dNTP precursors in close

proximity to the replication fork during replication. The most direct interaction of the

two complexes would involve protein-protein interaction between the last step
catalyzed by the dNTP synthetase complex (Ndk) and the T4 DNA polymerase (gene

43 protein). Thus an NdkT4 polymerase interaction would provide kinetic coupling
between the two complexes.

If this interaction could be disrupted, kinetic coupling

would also be disrupted. Although the NDP kinase was thought to be indispensable,

targeted deletion knockout strains are viable and without obvious phenotype in both
fission and budding yeast (Fukuchi et al., 1993; Izumiya and Yamamoto, 1995). An E.

coli ndk knockout was also viable, but with a 23-fold elevated dCTP pool and a
mutator phenotype. The ndk host strain even supports T4 infection. This system could
exhibit kinetic de-coupling of the two complexes.

This work examines two broad aspects of E. coli kinases involved in nucleotide

metabolism during bacteriophage T4 infection. One area of inquiry seeks to determine

whether there is coupling between the T4 phage dNTP synthetase complex and the
replication apparatus, and if so, to examine the structure of the protein-protein interface
between the two phage complexes.

The second area is to investigate the effects of NDP kinase-deficient E. coli
host cells and to explain the basis for nucleotide pool perturbations in the ndk mutant
cells.

This research also examines the nature of the enzymatic activity that

complements NDP kinase deficiency. The question is of importance to the physiology

of E. coli, since ndk knockout in E. coli causes nucleotide pool perturbation and a
mutator phenotype (Lu et al., 1995). The alternative pathway(s) from (d)NDP's to
(d)NTP's also have clinical significance. Chain-terminating antiviral drugs such as 3'azidothymidine (AZT) or di-deoxyinosine (ddI) are phosphorylated by cellular kinases
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to the triphosphate level before they are incorporated by retroviral reverse transcriptase.

Nucleoside diphosphate substrates lacking the 3' hydroxyl are very poor substrates for

NDP kinase (Bourdais et al., 1996; Schneider et al., 1998), and an X-ray crystal
structure shows that the 3' azido group of AZT displaces a critical active-site lysine
(Xu et al., 1997). The 3' OH group of nucleoside diphosphate substrates participates in
the reaction mechanism of NDP kinase, (Bourdais et al., 1996; Schneider et al., 1998).
Instead

of NDP

kinase,

there

must

be

other

alternative

kinase(s)

or

phosphotransferase(s) which activate these important 2',3' di-deoxy or 3'-azido drugs
to the triphosphate level. Study of the non-NDP kinase activity that phosphorylates
these nucleoside diphosphate analogs to the triphosphates is important to understanding

how these chain-terminating anti-viral drugs are activated. Understanding the reaction

mechanisms may yield improved drugs that are better substrates for these alternative
kinases or phosphotransferases.

A candidate alternative enzyme for converting anti-viral compounds like AZT

diphosphate to the activated triphosphate is the eukaryotic myokinase (adenylate
kinase). Myokinases of chicken or porcine muscle have NDP kinase activity (Lu and
Inouye, 1996). E. coli adenylate kinase also has NDP kinase activity (Lu and Inouye,

1996), but the specific activity is very low (Table 4.2). How can such a low specific
activity sustain the nearly wild-type level of demand for DNA precursors since the ndk

mutant strain grows nearly as fast as the wild type strain? Perhaps the substrate
specificity originally proposed for the enzyme was wrong. Could adenylate kinase in

fact have a novel (dNTP:AMP) phosphotransferase activity instead of an alternative
NDP kinase activity? If so, then adenylate kinase uses the less-abundant ADP as the
primary physiological phosphate donor in preference to ATP.

Phenotype of E. coli ndk mutants
E. coli ndk mutants have a detectable phenotype. The ndk mutant strain is only

mildly affected in growth rate, which was 15% slower than that of the parental strain.

The ndk strain grows at 37°C in SM9 medium with a doubling time 5.8±3.6 minutes
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slower than the parental strain in 13 different experiments, and the growth rate
retardation is statistically significant.

The single growth rate experiment in LB

medium reported by Lu et al. (1995) did not detect growth-rate retardation. Since
pyruvate kinase has also been reported to have NDP kinase activity under anaerobic
conditions (Hori and Saeki, 1974), pyruvate kinase mutants were tested for growth rate.
The pyruvate kinase mutants (pykA pykF) grow slower than the parental strain, and the
triple mutant (ndk pykA pykF) grows even more slowly.

Surprisingly, the E. coli ndk mutant strain still supports T4 phage infection.

This was surprising for two reasons. One reason is that Ndk is one of the enzymes
sequestered into the phage dNTP synthetase complex. Another reason is that Ndk has
an enzymatic activity required by T4. During infection of an ndk host, the phage must

use the host adenylate kinase instead of Ndk to convert dNDP's into dNTP's (Lu and
Inouye, 1996). To quantitate the effect of the ndk mutation on T4 phage DNA
synthesis, T4D infections of E. coli JC7623 (parental) and QL7623 (ndk) strains were

radiolabeled by [3H]uracil. Uracil was incorporated into both UDP and CDP by host

enzymes. Both pyrimidine nucleotides entered phage-encoded pathways of de novo
nucleotide biosynthesis of the dNTP synthetase complex. The dTDP and hm-dCDP
products are converted to the corresponding triphosphates by E. coli NDP kinase (in

the parental strain) or by adenylate kinase (in the ndk strain).

The host DNA

polymerase incorporates the two radiolabeled products (dTTP and hm-dCTP) into

phage DNA. Using the [3H]uracil flux through the dNTP synthetase complex and
incorporation into phage DNA, I found the rate of T4 DNA synthesis to be 83.7%
slower in a T4D-infected E. coli ndk host.

The rate is reduced because of a low complementary enzymatic activity that
compensates for ndk disruption. The complementary activity provided by Adk is either
an alternative NDP kinase

(Lu and Inouye,

1996)

or the (dNTP:AMP)

phosphotransferase activity assayed in Fig. 4.4. The (dNTP:AMP) phosphotransferase

activity is the physiologically significant activity since in vitro it is 5-fold more
catalytically efficient than its NDP kinase activity as measured by Vni/Km (Table 4.2).

The physiological direction of the novel activity suggests that a more aptalthough
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more ambiguousname for the reaction could be (dNDP:ADP) phosphotransferase.
Both Ndk and Adk are host components in the dNTP synthetase complex. Lack of
Ndk (in infection of the ndk mutant) is expected to reduce the rate of dNTP synthesis
drastically.

The rate of DNA synthesis was reduced considerably in vivo in an ndk mutant

host. The significance of the reduction in phage DNA synthesis depends on how the

phage demand for dNTP precursors compares with the dNTP synthetase-resident

activities of Ndk's NDP kinase activity from the parental host or of Adk's
( dNTP:AMP) phosphotransferase activity in an ndk mutant host. The in vitro rate of

replicative chain elongation by T4 DNA polymerase is 400 nt/sec (Capson et al.,
1992). In vivo, each replication fork synthesizes 500-1000 nt/sec on both leading and
lagging strands (Mathews, 1991). Ndk's specific activity is 2,400 umole/rnin/mg (Ray

and Mathews, 1992) indicating a kat of 619/sec. Therefore the Ndk tetramer has a
maximum

throughput

of 2,480/sec.

In

contrast,

Adk's

(dNTP:AMP)

phosphotransferase activity has a turnover number (kcal) of only 3.6/sec. One Ndk
enzyme per dNTP synthetase complex accounts for 619% of the dNTP demand of one

DNA polymerase. This is more than sufficient to provide a rich local pool of dNTP's

for a single dNTP synthetase complex to supply a single DNA polymerase in the
replication fork. Lack of NDP kinase activity in an ndk mutant, however, leaves one

Adk enzyme per complex to synthesize dNTP's at only 0.36-0.72% of the in vivo
demand of one DNA polymerase enzyme.

Thus, between 140 and 280 adenylate

kinase enzymes would be required to service the demand for one T4 DNA polymerase
enzyme.

Although the activity of Adk is not even close to providing sufficient

quantities of dNTP's for a single T4 DNA polymerase, the rate of T4 DNA synthesis in
the ndk host is 16.3% as great as in the infected parental host.

Each dNTP synthetase complex is about 1.3x106 Da (Moen et al., 1988).
Invoking more than one complex per leading or lagging-strand polymerase seems both

untenable and unnecessary, since the complex would have a diameter of >145 A. This
diameter calculation was made with the simplifying assumption that all enzymes of the

complex were one contiguous, spherical protein; the true diameter of a spherical
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complex of proteins would be larger than this. The 145 A diameter is the same size as
four gene 32 proteins (SSB) arrayed along a single-stranded DNA. Invoking a second
or third complex attached to the T4 replication apparatus would require at least eight or

twelve T4 SSB proteins per strand, respectively. A single Ndk-deficient T4 dNTP
synthetase complex per DNA polymerase generates only small local dNTP pools. The
complex without Ndk directly linked to the replication apparatus cannot keep pace with

the observed rate of phage DNA synthesis. The most reasonable explanation is that in

an ndk mutant host, non-compartmentalized cellular dNTP pools are the major
contributor to phage DNA synthesis. Presumably, other dNTP synthetase complexes

generate sufficient dNTP's after diffusion throughout the cellular volume before
incorporation into T4 DNA.

Kinetic coupling between the T4 dNTP synthetase

complex and the T4 replication machinery is almost completely disrupted during
infection of an E. coli ndk mutant.

As shown by studies of individual protein-protein interactions, the two
complexes interact directly. The interaction exhibits kinetic coupling in vivo during T4
infection of a wild-type host and direct protein-protein interactions in vitro.

The products of several genes convert dNDP's to dNTP's: Ndk (Hama et al.,
1991), Ppk (Kuroda and Kornberg, 1997), and under anaerobic conditions, PykA and

PykF (Hori and Saeki, 1974). Up to three of these genes were knocked out in various
E. coli strains, and these E. coli strains were harvested at mid-log phase to test for NDP

kinase activity. In either an ndk mutant or pykA pykF ndk triple mutant, the NDP
kinase activity vanishes (Fig. 3.3). Lu et al. (1995) reported that the ndk mutant grown
in LB retains 10% of the NDP kinase activity assayed in the parental strain. In order to

determine which level of NDP kinase activity is correct, consider the quantity of Adk
enzyme required to account for 10% of NDP kinase activity using other published data.

T4-infected E. coli GM201 has 0.724 .t.mole/min/mg NDP kinase activity Moen et al.,

(1988), and E. coli KL218 has 0.321 lanole/min/mg adenylate kinase activity (Huss
and Glaser, 1983) as measured in crude extracts. Purified Adk's NDP kinase activity is

9.3 !mole/min/mg (Table 4.2), and purified Adk's forward reaction (2ADP -3 ATP +
AMP) yields ATP product at a rate of 605 umole/min/mg (Rose et al., 1991). Thus, in
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order for the ndk disruption mutant to acquire an NDP kinase activity that is 10% as

great as the parental strain (Lu et al. 1995), the ndk strain would require an
approximately 14-fold greater level of Adk enzyme than in the parental strain.

Disruption of both pyruvate kinase genes causes only a 10% loss of activity,
whereas the triple mutant ndk pykA pykF strain QL1387 shows again that NDP kinase

activity nearly vanishes (Fig. 3.3). Before the identity of the novel NDP kinase was
reported, I was purifying the enzyme from the pykA pykF ndk triple mutant QL1387.

E. coli QL1387 was grown to mid-log phase and harvested. When the cell lysate was

fractionated by ammonium sulfate, a bi-modal distribution of the novel NDP kinase

activities appeared with maximal activity in the 60-80% cut and a smaller peak of
activity at the 25-40% cut. Thus it appeared that I may have fractionated two different

novel NDP kinases. After Lu and Inouye (1996) showed that adenylate kinase can
complement nucleoside diphosphate kinase (ndk gene) deficiency, I also fractionated

overexpressed adenylate kinase from a crude E. coli BL21(DE3) extract. Both the
overexpressed adenylate kinase preparation and the novel NDP kinase preparations

exhibited the same bi-modal distribution of NDP kinase activity after ammonium
sulfate fractionation. When observed in SDS-PAGE gels, the bi-modal distribution of

overexpressed adenylate kinase was confirmed. The same distribution of enzymatic
activity was seen in terms of protein quantity in SDS-PAGE gels. The novel NDP
kinase activity of adenylate kinase and that of the triple mutant strain QL1387 had the
same peculiar distribution of enzymatic activity after ammonium sulfate fractionation.

These early results tended to support the report by Lu and Inouye (1996) that E. coli
adenylate kinase has the same novel NDP kinase activity as observed in the QL1387
triple mutant.

In order to confirm and study the novel nucleoside diphosphate ldnase activity
of E. coli adenylate kinase, I overexpressed and purified the E. coli enzyme. Samples

of adenylate kinase were saved during the course of the purification procedure for
enzymatic assay. Adenylate kinase and NDP kinase activities of Adk were assayed.

Adk was purified to homogeneity, and both activities co-purified by the same
purification factor (3.7-fold and 4.0-fold respectively). This result confirms that E. coli
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adenylate kinase is the enzyme that complements ndk disruption. The magnitude of the

activities, however, was very different; the NDP kinase activity of E. coli Adk was

only 2.7% as great as its adenylate kinase activity.

The novel (dNTP:AMP)

phosphotransferase activity of E. coli Adk was 1.5% of its adenylate kinase activity.

Analysis of the substrate-binding sites of E. coli adenylate kinase
The catalytic mechanism for dNTP synthesis by Adk was analyzed by using
various combinations of substrates. The adenylate kinase activity was assayed by

using the coupled assay system with ATP and AMP substrates.

Other substrate

combinations were tested including dNTP's, dNDP's and adenylate nucleotides.

Nucleoside diphosphate kinase has no base-specific contacts, and I proposed

that the activity that complements ndk disruption would also have none. Adenylate
kinase was close to this prediction with only a single base-specific contact at the "ATP
site".

The proposed mechanism for Adk dNTP synthesis is a novel (dNTP:AMP)
phosphotransferase activity. Muller and Schulz (1992) reported the crystal structure of

E. coli Adk complexed with Ap5A. The crystal structure shows two binding sites for

substrates (an "AMP site" and an "ATP site"). There are five base-specific contacts
with the AMP nucleotide but only a single base-specific contact to the adenine ring in

the "ATP binding site." Other crystal structures demonstrate that only AMP can bind
at the "AMP site." Thus, the "ATP site" is the only other possibility to support (d)NTP

or (d)NDP binding during catalysis. In one crystal structure, the non-hydrolyzable
ATP analog AMPPNP binds at the "ATP site" and AMP binds the "AMP site" (Berry
et al., 1994). In a new, unpublished crystal structure, ADP binds at the "ATP site" and
AMP binds the "AMP site" (Berry et al., http: / /www.bioc.rice.edu/ berry /papers /adk2/

AMP ADP.html). I proposed that after catalysis the dNTP product would reside at the

"ATP site" and AMP would be at the "AMP site." Before catalysis, the dNDP
substrate binds to the "ATP site" and ADP binds at the "AMP site." This catalytic
mechanism is a novel (dNTP:AMP) phosphotransferase activity for Adk.
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Purified Adk was treated with a combination of various substrates to determine

which substrates bind and demonstrate catalytic activity.

In order to test the

(dNTP:AMP) phosphotransferase hypothesis, the reverse reaction was assayed using a
combination of dTTP + AMP.

The converse hypothesis was tested in a (dNMP:ATP) phosphotransferase, i.e.
dNMP kinase assay by attempting to force-fit nucleotides into binding sites opposite of

the prediction. A substrate combination of the ATP + dTMP was applied in the
thymidylate kinase assay. In this reaction ATP would bind at the "ATP binding site"
and the dTMP would be force-fit into the "AMP binding site" of Adk.

Novel (dNTP:AMP) phosphotransferase activity of E. coil adenylate kinase:
dNDP's bind at the "ATP site," and phosphoryl donor ADP binds at the "AMP
site."

Activities of adenylate kinase were determined using an enzyme system
coupled to the oxidation of NADH. Substrates included the phosphoryl donor (ATP or
dTTP) and the acceptor (AMP or dTMP). After Adk catalyzes phosphoryl transfer, the

reaction produces ADP. ADP and PEP are turned over by pyruvate kinase to yield
pyruvate and ATP. Lactate dehydrogenase reduces pyruvate to lactate at the expense

of NADH. The rate of NADH consumption is measured in the spectrophotometer at
340 nm.

As expected, the adenylate kinase activity of Adk was high. Adk consumed
ATP at a rate of 517 umole/min/mg with a turnover number of 203/sec. The substrate

combination dTTP + AMP consumed dTTP at an initial rate of 7.8 umole/min/mg in

the (dNTP:AMP) phosphotransferase assay. The substrate combination in which the
opposite nucleotides were force-fit into the other substrate binding sites (a combination

of ATP + dTMP) gave no activity in the thymidylate kinase assay. These results
confirm

my proposal that adenylate kinase has a novel (dNTP:AMP)

phosphotransferase activity. Assuming that the KM and Keg values are similar for the
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forward and reverse adenylate kinase reactions, the Haldane equation estimates kcat =
3.6/sec for the (dNTP:AMP) phosphotransferase activity.

The coupled assay system for Adk' s (dNTP:AMP) phosphotransferase activity

shows both early and late linear reaction phases. The initial rate of reaction is the
correct measure of the ( dNTP:AMP) phosphotransferase activity of adenylate kinase.

The activity was measured in the coupled assay system with the dTTP + AMP
substrate combination. After a slow initial rate describing the novel (dNTP:AMP)

phosphotransferase activity, a second higher linear rate was observed which reflected
the adenylate kinase reaction. The (dNTP:AMP) phosphotransferase reaction showed a

linear initial rate from 0-5 min. The adenylate kinase reaction rate became detectable
after 7 min. and reached a maximum linear rate by 18 min. During this long lag phase
sufficient ATP accumulated to satisfy the Michaelis constant of adenylate kinase (KM =

51 1.1M ATP) measured by Rose et al. (1991). In the coupled assay system, when

sufficient ATP builds up, adenylate kinase turns over ATP and AMP to 2ADP. The
second linear phase of the reaction is the native adenylate kinase reaction, since the
spectrophotometric assay is measuring ADP production.

The substrate combination dTTP and AMP demonstrates that AMP binds at the

"AMP binding site" and dTTP binds that the "ATP binding site" in the reverse
reaction. In the forward reaction dTDP binds at the "ATP binding site" and ADP binds

at the "AMP binding site." In this novel (dNTP:AMP) phosphotransferase activity of

adenylate kinase, ADP serves as phosphoryl donor, whereas ATP is the phosphoryl
donor in the NDP kinase reaction.

As expected, attempting to force-fit nucleotides into the opposite (wrong)
binding site produced no activity of the enzyme. This result rules out a catalytic
mechanism in which the dNMP (i.e. dTMP) could bind at the "AMP site."
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The physiologically relevant activity for dNTP synthesis by adenylate kinase in
ndk cells is its (dNTP:AMP) phosphotransferase activitynot its NDPK activity.
Adenylate kinase's turnover of dTDP + ADP cannot be assayed in the forward

direction in the spectrophotometric assay. Regardless of the presence of dTDP, Adk

turns over a reaction mixture with dTDP and ADP in the reaction 2ADP --> ATP +
AMP.

Since the reaction cannot be assayed in the forward direction, the reverse

reaction was assayed instead (dTTP + AMP

dTDP + ADP). Thus the forward

reaction of the (dNTP:AMP) phosphotransferase reaction was assayed indirectly by
using the reverse assay and the Haldane equation. In the Haldane equation, I assumed
that KM and Keg values for the adenylate kinase reaction reported by Rose et al. (1991)

are similar to those of the novel (dNTP:AMP) phosphotransferase reaction.

The

calculated forward reaction for dTDP + ADP is 9.3 gmole/min/mg, and each Adk
generates 3.6 dTTP/sec.

The physiologically significant mechanism for Adk's dNTP synthesis was
assessed using two criteria. First, the selectivity of the adenylate kinase activities was
assessed by using Vm/Km calculations. The selectivity factor will provide information
on the physiological relevance of the reactions. E. coli Adk's calculated Vm/Km for the

forward direction of the (dTTP:AMP) phosphotransferase reaction is 5-fold greater
than V,,,/KM for its NDP kinase activity using any of the four dNDP's. The selectivity

parameter favors the (dNTP:AMP) phosphotransferase as the relevant physiological
activity Adk in production of dNTP's instead of Adk's NDP kinase activity.

Second, the pools of dNDP substrates must be high enough to satisfy the KM

values for Adk. The KM values for Adk's NDP kinase reaction are large enough to

reduce the selectivity significantly. As will be discussed later, the dTDP pools are
almost comparable in size to the dTTP pools in T4 infected cells (Mathews, 1976). Let

us assume that the other dNDP's are also approximately 43-65% as great as the dNTP

pools. The intracellular pools (Neuhard and Nygaard, 1987) of dATP, dCTP, dGTP
and dTTP are only 19%, 3%, 25% and 17%, respectively as great as the KM values

(Table 5.1) for the respective dNDP's of Adk's NDP kinase activity.

Using the

aforementioned assumptions, the intracellular pools of the dADP, dCDP, dGDP and
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dTDP substrates are only 8-12%, 1-2%, 11-16% and 7-11%, respectively as great as

the KM values (Table 5.1) for the dNDP's of Adk's NDP kinase activity. The dNDP
pools are far too low to satisfy the KM values called for by Adk's NDP kinase reaction.

Few reports of dNDP pools have been published. Two experiments using T4-

infected E. coli B show that the relative proportions of the dTTP, dTDP and dTMP
pools can be quantitated by resolving the nucleotides by thin-layer chromatography

(TLC) (Mathews, 1976).

To quantitate the nucleotide pools on the TLC

chromatograms (Mathews, 1976), I integrated the radioactive peaks gravimetrically. In
the first experiment (Mathews, 1976), the size of the dTDP and dTMP pools were 64%

and 7% as large as the dTTP pool, respectively. In the second experiment (Mathews,

1976), the dTDP and dTMP pools were 43% and 10% as great as the dTTP pool,
respectively. The dTDP pools were significant in size relative to the dTTP pools, at
least in T4-infected cells. If the dNDP pools approach the size of the dNTP pools in E.
coli cells, they would also be sufficiently high to satisfy the likely KM values for Adk's
(dNTP:AMP) phosphotransferase activity but not for Adk's NDP kinase activity.

The favorable selectivity factor for Adk's (dNTP:AMP) phosphotransferase
activity and the prohibitively high KM values for Adk's NDP kinase activity suggest

that in an ndk mutant, the relevant physiological reaction that complements ndk
disruption is adenylate kinase's novel (dNTP:AMP) phosphotransferase activity (Table

4.2)not its NDP kinase

activity (Table 4.2).

Thus,

the (dNTP:AMP)

phosphotransferase activity uses ADP as the physiological phosphoryl donor instead of
ATP as in the NDP kinase reaction.

NDP kinase reaction catalyzed by E. coli adenylate kinase

If the transition state requires four phosphates, how does adenylate kinase
catalyze the NDP kinase reaction which would involve crowding five phosphates in the

transition state? Berry et al. (1994) compared their structure of Adk crystallized with
AMP and the non-hydrolyzable ATP analog AMPPNP with that of Muller and Schulz

(1992) with the Ap5A inhibitor. In both structures, the AMPPNP and the adenylate
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moiety of Ap5A reside in the same conformation in the ATP site. In contrast, in the

AMP site, the phosphates of the AMP substrates were displaced, suggesting some
conformational flexibility. The distance between the a-phosphate of AMP and the yphosphate of AMPPNP were 3.0 A and 3.4 A for the two Adk's in the asymmetric unit
(Berry et al., 1994). If AMP has some mobility within the "AMP site," perhaps the (3phosphate of ADP in the AMP site is also mobile. In the reverse NDP kinase reaction,

flexibility of ADP in the AMP site could accommodate nucleophilic attack on the yphosphate of a dNTP bound in the ATP site. The forward NDP kinase reaction could
simply be the reverse of the proposed reverse reaction.

Adenylate kinase can use GTP as phosphoryl donor only for AMP (yielding

ADP), but not for the diphosphate substrates dCDP, CDP or UDP to yield the
corresponding triphosphates (Lu and Inouye, 1996). They conducted a competition

experiment of Adk with [32P]ATP + 1 mM AMP + 1 mM UDP substrates. This
reaction mix revealed [32P]ADP and no [32P]UTP by thin layer chromatography (TLC).

This result is not surprising since the KM for the best substrate (AMP) is 38 j.tM (Rose

et al., 1991) and the KM for the best dNDP substrate (dTDP) was 458 gM (Table 4.2).
Lu and Inouye (1996) misinterpreted their results to incorrectly deduce that the (d)NDP

binds at the AMP site and that GTP binds at the ATP site. In contrast, the correct

interpretation is that only AMP binds at the "AMP site", and that any (d)NTP
(including GTP) binds at the "ATP site." Thus, prior to catalysis, ADP binds at the
"AMP site" and any (d)NDP binds at the "ATP site."

First hypothesis for dCTP pool expansion in an E. coli ndk mutant

It is important to determine how adenylate kinase, along with the NDPK
deficiency, contributes to the nucleotide pool perturbations of an E. coli ndk mutant.
Since the E. coli ndk mutant has a 23-fold larger dCTP pool (Lu et al., 1995; Zhang,

1995) and 6.4-fold larger dGTP pool (Zhang, 1995) than the parental strain, the
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considerable nucleotide pool perturbations are almost certainly the cause of the mutator
phenotype observed in the E. coli ndk strain.
The initial hypothesis to explain this phenomenon was that adenylate kinase has

a substrate preference for dCDP to expand the dCTP pool (C.K. Mathews, personal
communication). Analysis of the Michaelis constants for the NDP kinase activity of E.

coli Adk proved that this was not the case, however. The KM values for dTDP, dGDP

and dADP were large (458 gM, 497 p,M and 920 gM respectively) compared to the

intracellular dNDP pools. The KM for dCDP was by far the worst at 2.1 mM. For
comparison, dNDP pools have not been reported, but they are lower than (INTP pool

values. The dCTP pool in a wild-type strain is only 65 pM (Neuhard and Nygaard,
1987), and a 23-fold expanded pool would be only 1.5 mM. Since the dTDP pool in

T4-infected cells (Mathews, 1976) are 43-64% as great as the dTTP pool, and we
assume that the proportions are similar for the dCDP and dCTP pools in uninfected
cells, even a 23-fold expanded dCDP pool would be roughly 0.6-1.0 mM, which is still

low compared to the KM (2.1 mM dCDP) for Adk's NDP kinase activity. Contrary to
the initial hypothesis for the significantly larger dCTP pools in an E. coli ndk mutant,

the NDP kinase activity of adenylate kinase does not show a substrate preference for
dCDP in vitro.

A second model for dCTP pool expansion in an ndk mutant: interplay between
adenylate kinase and ribonucleotide reductase
I proposed a new model for the nucleotide pool perturbation which took into

account the new substrate preference data for E. coli Adk (Bernard and Mathews,
1996). The second model for the 23-fold dCTP pool expansion in E. coli ndk mutants

takes into account the large disparity between the KM for dCDP and the Michaelis
constants for the other dNDP substrates. In the E. coli ndk mutant, Adk converts
dADP and ADP to dATP and AMP. dATP accumulates and binds to the specificity
site of E. coli ribonucleotide reductase, which promotes reduction of CDP to dCDP.
The dCDP pool expands sufficiently to overcome the large KM of Adk for dCDP. Adk
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phosphorylates dCDP to produce dCTP, which expands 23-fold in the cell. The

resulting dCTP pool accumulation is not subject to regulation by ribonucleotide
reductase. This model predicts an expanded dCDP pool as well as an expanded dCTP
pool.

To test the second model for pool perturbation, the ribonucleotide and
deoxyribonucleotide pools were measured in log-phase cells using the boronate column

and HPLC method of Hendricks and Mathews (1997). An early study showed only the

(d)NTP pools (Zhang, 1995). This would be a more complete analysis since the
(d)NDP as well as the (d)NTP pools are measured.

Elevated pyrimidine ribonucleotide and deoxyribonucleotide pools: UTP, CTP,
dCDP, dCTP and dTTP
Analysis of log-phase cells showed that some nucleotide pools were present at

different levels than expected. Nucleotide pools were analyzed in cells harvested at
mid-log growth in SM9 medium. The cell extracts were analyzed on HPLC, which
resolved the NDP and NTP both ribo- and deoxyribo- pools. The dCTP pool was
expanded 18.1-fold, which is close to the reported 23-fold increase (Lu et al., 1995).
In addition to dCTP, the dCDP pool was also increased. Upstream in the biosynthetic

pathway, the ribo-CTP pool was also increased (6.9-fold), as was the UTP pool (2.5-

fold). The UDP and ADP peaks were not resolved from each other by HPLC. The
combined UDP and ADP pools were present at 0.7-fold in the ndk mutant compared to

the parental strain. It appears that in ndk mutant cells, adenylate kinase raises the UTP

pool 2.5-fold. Subsequent pools of intermediates are expanded from UTP through

dCTP, i.e. UDP

UTP (2.5x)

CTP (6.9x) ---> CDP ---> dCDP (3.8x) --> dCTP

(18.1x). The above metabolic pathway is begun by NDP kinase (Ndk) in a wild-type
strain or by adenylate kinase (Adk) in an ndk mutant. The next steps are catalyzed by
CTP synthetase (PyrG), Ndk or Adk, ribonucleotide reductase (NrdA/NrdB), followed
by Ndk or Adk.
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Zhang (1995) did not detect an elevated CTP pool in cells grown in LB
medium, and all the ribonucleoside triphosphate pools reported therein appear to be in
error.

Using an HPLC method, Zhang reported NTP pools that appear to be

substantially overestimated in comparison to other reports, e.g. Mathews, (1972),
Neuhard and Nygaard (1987), and this study which used a boronate column and HPLC

analysis (Table 5.2). The ATP, CTP, GTP and UTP pools of E. coli B reported in

Zhang (1995) are 6.3-, 29.9-, 21.1- and 15.6-fold greater than those reported by
Mathews (1972). The report of NTP pools of the JC7623 and QL7623 strains (Zhang,

1995) similarly overestimate the NTP pools. Moreover, the ATP pool (Zhang, 1995)

was listed as the smallest NIP pool instead of the most abundant by far as in other
reports (Mathews, 1972; Neuhard and Nygaard, 1987; Table 5.2).

Zhang (1995)

probably missed the CTP pool increase in the ndk strain, since his ribonucleoside
triphosphate pool measurements appear excessively large, as well as inconsistent with
the expected proportions of the four nucleotides.

The dCTP pool has two fates: incorporation into DNA or synthesis of dTTP
followed by incorporation into DNA. The deamination pathway starting with dCTP
provides 75% of dTTP biosynthesis (Neuhard and Thomassen, 1971). The other 25%

of dTTP biosynthesis occurs via reduction of UDP by ribonucleotide reductase. In
addition to the expanded nucleotide pools in the biosynthetic pathway leading to dCTP,

the dTTP pool was also moderately elevated by 2.4-fold in the ndk mutant. Since the

major pathway to dTTP is through deamination of dCTP, it is not surprising that a
large dCTP pool also results in a greater dTTP pool. The major pathway to dTTP is a

circuitous one: dCTP

dUTP --> dUMP > dTMP > dTDP > dTTP. The pathway

is catalyzed by dCTP deaminase (Dcd), dUTPase (Dut), thymidylate synthase (ThyA),

thymidylate kinase (Tmk) and either Ndk (in a parental strain) or Adk in an ndk
mutant.

In the ndk mutant nucleotide pools are increased in the entire biosynthetic
pathway from UTP through de novo dCTP synthesis. Moreover, the greatly expanded

dCTP pool also results in a moderately elevated dTTP pool through deamination of
dCTP.
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Elevated CTP synthetase activity in ndk mutant causes expanded pools of several
pyrimidine nucleotides.

In the ndk mutant, several nucleotide pools are altered.

Nucleotide pools

upstream of dCTP are expanded. Tracing the source of the pool perturbations in the

biosynthetic pathway involved analyzing enzymes which catalyze steps near the
earliest of the pool perturbations. The first nucleotide pool which is increased in the

ndk mutant is UTP. Adenylate kinase is the first enzyme to produce an increased
nucleotide pool (UTP) in the ndk mutant. CTP synthetase could increase the next
nucleotide pool (CTP) in the metabolic pathway. CTP synthetase converts UTP to
CTP accompanied by hydrolysis of ATP and deamidation of glutamine in the presence

of GTP. The reaction is probably not readily reversible, since the reverse reaction
would fail to regenerate ATP from ADP and inorganic phosphate. Although CTP
synthetase experiences only a 2.5-fold increase in its UTP substrate levels, the steady-

state accumulation of the CTP product is increased 6.9-fold. Moreover, since two
allosteric effectors of CTP synthetase (UTP and GTP) are increased 2.5-fold and 1.7fold respectively, perhaps flux through the enzyme is also increased.

I proposed that CTP synthetase, known to be allosterically regulated by UTP,

ATP and GTP, is up-regulated in catalytic activity and contributes to the increased
pyrimidine nucleotide pools in an ndk mutant. The large CTP pool leads to a greatly

increased dCTP pool and a moderately increased dTTP pool.

The hypothesis was

tested by assaying extracts of log-phase cells for CTP synthetase activity by the method

of Van Kuillenberg et al. (1994). The QL7623 ndk::cmR mutant showed a 3.2-fold
increase in CTP synthetase specific activity with respect to the parental strain JC7623.

The pyruvate kinase mutant HW1387 (pykA pykF) and pyruvate kinase triple mutant
QL1387 (pykA pykF ndk::cmR) showed CTP synthetase activities similar to the parental

strain HW760.

Since the CTP synthetase assay was performed using saturating

concentrations of the allosteric effectors, the activities reflect the quantity of CTP
synthetase enzyme (PyrG). Thus, the expanded dCTP pool is correlated with increased

CTP synthetase enzyme. The increased dCTP pool was observed only in the QL7623
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mutant (Lu et al., 1995) and only the QL7623 mutant shows an elevated CTP
synthetase activity (Table 5.3).

Ribonucleotide reductase is not the sole arbiter of the dCTP pool expansion in the
ndk mutant.
To what extent does ribonucleotide reductase control the dCTP pool? Does it

modulate the dCTP pool in the face of the CTP pool imbalance in an E. coli ndk
mutant? E. coli ribonucleotide reductase is known to be allosterically regulated at two

types of effector sites: the specificity sites and the activity sites.

The specificity is

regulated by ATP, dATP, dTTP and dGTP, and the activity is regulated by ATP and
dATP (Reichard, 1993). dTTP bound to the specificity site, for instance, inhibits the
reduction of CDP.

The ability of ribonucleotide reductase to reduce CDP was tested by adding
thymidine to the growth medium. E. coli JC7623 parental cells and QL7623 ndk

mutant cells take up thymidine from the medium. Thymidine is phosphorylated to
dTMP by thymidine kinase, and thymidylate kinase converts dTMP to dTDP. dTDP is
converted to dTTP by NDP kinase in the parental strain or by adenylate kinase in an E.

coli ndk mutant. The dTTP pool is already increased 2.4-fold in an ndk mutant. Indeed
when 100 µM thymidine was added to SM9 medium, the dTTP pool of the ndk mutant

increased further to 6.5-fold above that of the parental strain grown in SM9. dTTP

inhibits both E. coli ribonucleotide reductase (NrdA/NrdB) and E. coli dCTP
deaminase (Dcd). The effect of ribonucleotide reductase inhibition by dTTP is that the

dCTP pool, which was 18.1-fold greater in the ndk mutant than in the parental strain,

declined to only a 2.8-fold increase. Thereby, ribonucleotide reductase is almost
capable of attenuating the dCTP pool to the level observed in the parental cells. Since
ribonucleotide reductase cannot completely restore the dCTP pool to a normal level, it
cannot be the sole factor responsible for the large dCTP pool observed in an E. coli ndk
mutant.
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Treatment with exogenous thymidine also affects precursor pools for dCTP.
Whereas the UTP precursor is unchanged upon addition of 100 1.1M thymidine to the

medium, the CTP pool declines from 6.9-fold greater than the parental level to only a

1.9-fold increase. Although the UTP substrate of CTP synthetase is unchanged, the
product CTP is reduced in amount. CTP synthetase may be inhibited by the presence
of 100 11M thymidine (or metabolites thereof) from the medium. The CTP product is

still above normal levels. The dCDP product of ribonucleotide reductase is also 50%

above normal levels. The dCTP pool produced by adenylate kinase is still 2.8-fold
higher than parental levels.

Although ribonucleotide reductase is a powerful modulator of the dCTP pool, it
cannot completely restore the dCTP pool to the level observed in the parental strain.

Model for pyrimidine nucleotide pool perturbations in an ndk mutant
The results of several studies lead to a model to explain the nucleotide pool
perturbation in the ndk mutant. The immediate effect of the ndk mutation is that
adenylate kinase increases the UTP and GTP pools. These two positive effectors of
CTP synthetase, accompanied by a 3.2-fold increase in the level of CTP synthetase

enzyme, cause a CTP pool accumulation, which results in a very large dCTP pool
accumulation. The large dCTP pool also brings about a moderately increased dTTP
pool, and these two pool perturbations presumably contribute to the mutator phenotype.

The model is derived from the enzymatic activity studies and nucleotide pool

assays. In the absence of a functional ndk gene, adenylate kinase converts any of the

four dNDP's and ADP to the respective dNTP and AMP. Other than ADP, the best
phosphoryl acceptor for Adk is UDP (Lu and Inouye, 1996). Adk increases the pool of

UTP by preferentially turning over UDP to yield UTP. Adenylate kinase also boosts
the level of GTP in the ndk mutant. In conjunction with an at least 3.2-fold increase in

the level of CTP synthetase protein, these two known allosteric effectors of CTP
synthetase increase the CTP synthetase activity in the cell, as was suggested by the
accumulation of CTP product. Although CTP is a known allosteric inhibitor of CTP
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synthetase, the increase in the UTP and GTP appears to prevail over CTP's negative
regulation of CTP synthetase. There are three fates of CTP. Two of these include
RNA synthesis and CM? production as a consequence of CDP-lipid biosynthesis. The

products of lipid biosynthesis and of RNA degradation both produce CMP which is
turned over by cytidylate kinase to yield CDP. The third fate of CTP is also conversion

to CDP by adenylate kinase. All three pathways of CTP turnover converge to a CDP
product. E. coli ribonucleotide reductase reduces CDP to yield dCDP, which was also

found to be increased 3.8-fold in the ndk mutant. Adenylate kinase converts the
increased pool of dCDP to dCTP, which was elevated 18.1-fold. It is this large dCTP

concentration in comparison to the other three dNTP's that is believed to cause
misincorporation into a DNA product, which results in the mutator phenotype (Lu et
al., 1995).

The model explains the moderately increased dTTP pool in the ndk mutant.

The large dCTP pool contributes to a moderate dTTP pool increase through the
circuitous major pathway to dTTP. First, the greatly expanded dCTP pool exhibits
positive homotropic cooperativity with E. coli dCTP deaminase (Dcd) to yield dUTP.
The dUTPase (Dut) converts dUTP to dUMP. Thymidylate synthase (ThyA) converts

dUMP to dTMP.

Thymidylate kinase (Tmk) in turn converts dTMP to dTDP.

Adenylate kinase converts dTDP to dTTP, which is expanded 2.4-fold in the ndk
mutants cells. The mildly expanded dTTP pool and the greatly expanded dCTP pool

are the likely cause of the mutator phenotype of ndk cells. The large imbalance in

dCTP would produce dCTP mis-incorporation into DNA.

Inexplicably to date,

however, analysis of mutations that occur in the ndk mutant demonstrate a large
number of AT ---> TA transversions (R. Schaaper, personal communication) in contrast

to the expected AT

GC transitions (Lu et al., 1995).

Regulation of pyrimidine biosynthesis
It is interesting to note that the increased UTP and CTP pools of the ndk mutant

do not lead to a major decrease in de novo pyrimidine biosynthesis. A major control
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point is at the first committed step for pyrimidine biosynthesis:

transcarbamoylase (ATCase).

aspartate

Regulation is at the level of gene expression (p-

independent transcription termination or attenuation) sensitive to nucleotide pools (Liu

et al., 1993 and 1994; Donahue and Turnbough, 1994). ATCase enzyme activity is
upregulated by ATP and inhibited by CTP and UTP through allosteric regulation. The
pyrBl

operon governs transcription of the aspartate transcarbamoylase genes.

Although regulation of the operon (Roof et al., 1982, Liu et al., 1989; Donahue and
Turnbough, 1990) has been studied for many years, the size of the operon has never
been tested. Only the pyrL, pyrB and pyrl genes encoding the leader peptide, catalytic
and regulatory subunits, respectively have been identified in the pyrBI operon.

Both E. coli and Serratia marcescens have a similar organization of the pyrBl
operon (Fig. 8.1). Transcription at the pyrL gene produces a [C- or T-] rich transcript
which serves as an attenuator. In genomic DNA immediately following the pyrl gene,

both organisms have a gene of unknown function. The

E.

coli yjgF gene encodes a

15.1 -kDa product with striking homology to a corresponding S. marcescens gene

product that also lies immediately downstream of pyrl.

Unfortunately, the S.

marcescens genome has only been sequenced for the first 96 nucleotides of the yjgF
homolog.

From Genebank accession number J05033, the deduced amino acid

sequence of the S.

marcescens

YjgF homolog (32 amino acids) has 82% sequence

identity and 85% sequence similarity to the E. coli gene product (Fig. 8.2).

The presence of yjgF downstream of the pyrB and pyrl genes of more than one
organism suggests that it may be part of the pyrBl operon and that it may play a role in

the regulation of aspartate transcarbamoylase genes or other genes involved in
pyrimidine biosynthesis.

Since YjgF has homology to eukaryotic inhibitors of

translation, the function of the protein may be to regulate translation. In particular,
YjgF may feedback regulate translation of pyrBl mRNA. The 15.1-kDa YjgF protein
is a potential candidate for interaction with E. coli adenylate kinase since anti-idiotypic

antibody (aa-Adk Ab) C9846 immunoprecipitates a protein of similar molecular
weight (17.6 kDa).
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Figure 8.1. pyrBI operon. Both E. coli and Serratia marcescens share a similar
organization of the pyrBl operon. Transcription at the pyrL gene produces a [C- or T-]
rich transcript which serves as an attenuator. pyrB and pyrl encode the catalytic and
regulatory subunits respectively of aspartate transcarbamoylase (ATCase). The
enzyme catalyzes the first committed step in pyrimidine biosynthesis. The dark region
shows region of high homology between the YjgF sequences. Triangles denote the
limits of known sequence near the S. marcescens pyrBl locus.

YjgF homologs
S. marcescens:

sk, I TEAPAAIGPYVQGVDLG

IITS QI
IITS QI

E. coli:

MSQTFYRCNKGEI

E. coil:

KTGEVPADVAAQARQSLDNVKAIVEAAGLKVGDI'VKTTVFVEDLNDFATV

E.Coll:

NATYEAFFTEHNATFPARSCVEVARLPKDVKIEIEAIAVRR

ITE7 PAAIGPYVQGVDLG

Figure 8.2. YjgF homologs. The yjgF genes of E. coli (Genebank accession number

AE000495) and of S. marcescens (Genebank accession number J05033) lie
immediately downstream of the pyrBl operon. Moreover, in both organisms, yjgF
shares the same orientation as the operon. Thus, yjgF may in fact be an unascertained
gene within the operon. The deduced amino acid sequences reveal 82% sequence

identity (dark background), and a conservative substitution is shown in gray
background. The limit of known S. marcescens sequence is denoted by "".

It is tempting to speculate on the role of a potential interaction befween
adenylate kinase and YjgF. If YjgF is indeed an inhibitor of translation, and it interacts
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with Adk, the interaction could enable the cell's energy status to regulate synthesis of
enzymes for de novo pyrimidine biosynthesis. Nucleotide binding to adenylate kinase

causes Adk's lid domain to close over the substrates. This large conformational
change could confer allosteric signal to the YjgF ligand, which in turn regulates
synthesis of proteins such as aspartate transcarbamoylase.

Multienzyme complexes of bacteriophage T4: dNTP synthetase complex and T4
DNA replication apparatus

The T4 DNA replication apparatus and T4 cINTP synthetase are two
multienzyme complexes functioning during T4 infection. The efficiency of each
complex could be enhanced if there were some physical interaction to permit kinetic
coupling between the two complexes. Since the T4 dNTP synthetase complex provides

the dNTP precursors necessary for the seven-protein T4 DNA replication apparatus to

function, perhaps it would be possible to reconstitute the putative interface between
these two large multienzyme complexes. In vivo evidence suggested that the two

multienzyme complexes could interact, since T4 infection of an ndk host has a

significantly lower flux of de novo nucleotide biosynthesis through the dNTP
synthetase complex coupled with incorporation into phage DNA.

In an attempt to reconstitute the interface, proteins of the replication apparatus

and of the T4 dNTP synthetase complex were purified and were analyzed for direct
protein-protein interaction using a number of methods: electrophoretic mobility shift

essay (EMSA), an optical biosensor (IAsys resonant-mirror optical biosensor),
immunoprecipitation of extracts from mock-infected or T4D-infected E. coli B using
cc-Adk antibodies, immunoprecipitation by anti-idiotypic antibodies to adenylate kinase

and to nucleoside diphosphate kinase, and finally by affinity chromatography using an

immobilized E. coli adenylate kinase enzyme. Taken together, the protein-protein
interactions identified by these methods suggest the arrangement of interactions at the
interface of the dNTP synthetase complex and the T4 DNA replication machinery.
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Direct protein-protein interactions among proteins of the dNTP synthetase
complex and the T4 replication apparatus

Evidence by electrophoretic mobility shift
Direct protein-protein interactions were demonstrated by using electrophoretic

mobility shift assays (EMSA). Mixtures of a limiting protein and an excess of an
interacting protein were run on native agarose gels and detected by Western blot.
Electrophoretic mobility of the protein-protein complexes is different from those of the
limiting protein.

The EMSA method detected protein complexes between T4 DNA polymerase

and T4 gene 32 protein (SSB), and between T4 DNA polymerase and E. coli Ndk.
These experiments show direct protein-protein interactions between bacteriophage T4

DNA polymerase and T4 SSB (previously described by Huberman et al. (1971)),
between T4 DNA polymerase and E. coli nucleoside diphosphate kinase, as well as
between T4 DNA polymerase and T4 ribonucleo side diphosphate reductase.

The two interacting enzymes NDP kinase and T4 DNA polymerase catalyze
sequential steps during bacteriophage T4 infection. The first enzyme produces the four

dNTP's, which the second incorporates into the nascent DNA chain. This proteinprotein interaction has been demonstrated by EMSA shifts in both Ndk and 43 protein

bands to confirm the interaction between E. coli Ndk and T4 43 protein.

The

interaction between Ndk and T4 DNA polymerase appears to be a key interaction in the

kinetic coupling between the T4 dNTP synthetase complex and the T4 replication
machinery.

In a control experiment the known interaction between T4 DNA

polymerase and T4 SSB was also observed in the gel shift assays.

The interaction detected between E. coli nucleoside diphosphate kinase and T4

ribonucleotide reductase is another example of a protein-protein interaction in which

the two enzymes participate in sequential metabolic steps. E. coli ribonucleotide
reductase catalyzes the reduction of both purine diphosphates just before nucleoside

diphosphate kinase phosphorylates the two ribonucleotide reductase products to the
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deoxypurine triphosphates. The reactions catalyzed between the two enzymes in this
protein-protein interaction are not sequential with respect to the pyrimidines, however.
In the cases of the pyrimidines, the ribonucleotide reductase step is followed by a series

of metabolic steps catalyzed by other enzymes before they are ultimately turned over
by nucleoside diphosphate kinase for delivery to the replication-active centers.

Biosensor evidence

Protein-protein interactions among enzymes expected to be at the interface of
the T4 dNTP synthetase complex and the T4 DNA replication apparatus were screened
using

purified proteins in an IAsys resonant mirror biosensor system. Purified

proteins were coupled to carboxymethyl dextran cuvettes from the IAsys system. The

immobilized enzymes included T4 DNA polymerase, T4 gene 32 protein, E. coli
adenylate kinase, T4 ribonucleotide reductase (NrdA/NrdB).

Since the instrument was available for a two-week trial, only a limited number

of experiments could be performed. Most of these experiments were simply to screen

for protein-protein interactions rather than to quantitate binding affinities. During the
screening runs the following protein-protein interactions were identified: between T4
ribonucleotide reductase and E. coli nucleoside diphosphate kinase, between T4 DNA

polymerase and T4 ribonucleotide reductase, between T4 DNA polymerase and T4
gene 32 protein (SSB), and between T4 gene 43 protein and E. coli adenylate kinase.

The well-known protein-protein interaction between T4 DNA polymerase and
T4 SSB protein served as a positive control of the IAsys system. The interaction with

immobilized T4 SSB exhibited a half-maximal association at

1

1114 T4 DNA

polymerase. Maximal binding in the T4 SSB cuvette was reached with 5 p1N4 T4 DNA
polymerase.

One of the novel protein-protein interactions found using the IAsys system was

between T4 DNA polymerase and E. coli adenylate lcinase. The concentration of Adk

giving half-maximal association with T4 DNA polymerase was 0.55 1.1M Adk. The
maximal association rate was observed at 1.4 11M Adk. In the converse experiment E.
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coif adenylate kinase was immobilized on a carboxymethyl dextran cuvette. 2µM T4
DNA polymerase was applied to the cuvette, but no binding was observed. In order to

resolve this apparent discrepancy, a competition experiment was performed. 6µM
Adk was applied to a cuvette containing immobilized T4 DNA polymerase. The
protein-protein interaction was observed with the 6.06 gM Adk. Upon addition of
competing T4 DNA polymerase (1.16 gM), however, the association rate dropped off

dramatically. In addition a previous experiment had shown that T4 DNA polymerase

does not show binding to itself when it is immobilized on a carboxymethyl dextran
cuvette.

The competing mobile T4 DNA polymerase bound adenylate kinase and

thereby reduced the rate of Adk binding to immobilized T4 DNA polymerase. This

competition experiment demonstrates the validity of the novel protein-protein
interaction between T4 DNA polymerase and E. coli adenylate kinase.

Immunological evidence
Protein-protein interactions during bacteriophage T4 infection were also probed

by using two immunochemical methods.

The first method is a-Adk antibody

immunoprecipitation of extracts of T4-infected or mock-infected E. coli B. The second

method is

immunoprecipitation by anti-idiotypic antibodies.

I raised four anti-

idiotypic antibodies to Adk (aa-Adk Ab), and Nancy Ray (1992) raised anti-idiotypic
antibody 13173 to Ndk (aa-Ndk Ab).

Radiolabeled E. coli B proteins and T4D early proteins were prepared by
growth or infection in [35S]methionine and [35S]cysteine as described earlier. Extracts

of these mock-infected or infected cells were immunoprecipitated by using a-Adk
antibodies.

As expected, a-Adk antibodies from rabbit C3359 and C3360

immunoprecipitated E. coli adenylate kinase, whereas the pre-immune sera did not.

The a-Adk antibodies also appear to have immunoprecipitated a 75-kDa E. coli
protein.

The sharp band immunoprecipitated by both a-Adk antibodies is also

accompanied by a lighter diffuse band when immunoprecipitated by either pre-immune
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It seems unlikely that both rabbits immunoprecipitate the same irrelevant

serum.

protein. The sharp band detected in the 75 -kDa protein band would suggest a protein-

protein interaction between E. coli adenylate kinase and the E. coli 75 -kDa protein.
Interestingly a-Adk antibody from both rabbits failed to co-precipitate any T4D early
proteins.

Protein-protein interactions were also probed by using anti-idiotypic antibodies

to E. coli adenylate kinase. Overexpressed E. coli adenylate kinase was purified as

Purified Adk was injected into two rabbit and crude a-Adk

described earlier.

antibodies C3359 and C3360 were obtained. These antibodies were affinity-purified
by using two columns. The first was a Protein A column which isolated total IgG from

each antiserum. The second column had E. coli adenylate kinase immobilized to an
Affi -Gel matrix. The second column allowed IgG which specifically bound Adk to be
eluted. The eluted affinity-purified antibodies were dialyzed and injected into a second

pair of rabbits.

These rabbits mounted an immune response against the a-Adk

antibodies. Since these host animals were the same species as the original source of

the affinity- purified a-Adk antibodies, no antibody was raised against the constant
region.

Instead, these antibodies were specific to the idiotype of the Adk antibodies.

The anti-idiotypic antibody (aa-Adk Ab) mimics a surface epitope of E. coli adenylate
kinase.

The anti-idiotypic antibodies, therefore, allowed the investigator to get an

immunochemical handle on proteins that interact at that epitope on Adk.
Immunoprecipitation using the anti-idiotypic antibodies demonstrated a number

of potential protein-protein interactions involving E. coli adenylate kinase. Two T4
early proteins were immunoprecipitated by as -Adk Ab, and three E. coli proteins were
immunoprecipitated

by

the

anti-idiotypic

antibodies.

aa-Adk Ab

C9846

immunoprecipitated a 78.6 -kDa T4 protein which could be the 76.8-kDa Alt (NAD+protein ADP ribosyltransferase) or the 82.9-kDa rITA protein, which suppresses rapid

lysis. aa-Adk Ab D0668 immunoprecipitated a 41.1-kDa T4 protein which could be
one of three possibilities: 40.7-kDa 13-glucosyl transferase ((3-gt), 39.8 -kDa primase
(gene 61 protein), or 39.2 -kDa exonuclease (gene 47 protein).
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Experiments with anti-idiotypic antibodies also suggested three new direct
protein-protein interactions between adenylate kinase and other E. coli proteins (97.4
kDa, 35.8 kDa and 17.6 kDa). These proteins will be discussed after reporting on the
quatemary structure of the dNTP synthetase complex. None of the two a-Adk nor the
four as -Adk antibodies could immunoprecipitate NDP kinase (15.4 kDa), which is the

other E. coli protein from the dNTP synthetase complex. This result supports the

finding that adenylate kinase and NDP kinase do not form a direct protein-protein
interaction. The two enzymes are separated within the dNTP synthetase complex.

Affinity chromatography using immobilized E. coli adenylate kinase

Affinity chromatography experiments were performed using a Tris buffer
containing potassium glutamate. Potassium and glutamate are most abundant cation
and anion in E. coli, and chloride concentration is very low (Leirmo et al., 1987). The

intracellular environment does not have the high chloride levels used in most in vitro

experiments (Leirmo et al., 1987). Buffers with potassium glutamate should more

faithfully reproduce intracellular conditions as demonstrated in in vitro studies.

Potassium glutamate enhances p-dependent transcription termination (Zou and
Richardson, 1991) and it supports the activity of many restriction enzymes, DNA
methylases and other DNA-modifying enzymes (Hanish and McClelland, 1988).

The fifth method used for probing protein-protein interactions was affinity
chromatography. Interactions between E. coli adenylate kinase and T4 early proteins

were identified by using immobilized E. coli adenylate kinase. This method detects
direct and indirect interactions simultaneously. T4 early proteins were radiolabeled as

described before. Radiolabeled T4 early proteins were applied to an E. coli adenylate

kinase column (an AdkAffi-Gel column) in a Tris potassium glutamate buffer.
Proteins retained on the column were eluted by using three salt concentrations: 0.2 M,

0.6 M, and 2 M NaCl. The 0.2 M NaC1 level, which is just above physiological ionic

strength, elutes proteins that are weakly bound to the column. The 0.6 M NaCl step
eluted proteins that are rather strongly bound to the Adk column: the "DNA sliding
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clamp" processivity factor (45 protein), recombinational DNA repair protein (UvsX),
dihydrofolate reductase (Frd), regulator of transcription (RegA) and rapid lysis proteins

(rEfA and rIM). The highest salt concentration (2 M NaC1) eluted the rI113 protein.

Note that the rlIA and rIM proteins probably are not specifically bound to Adk
immobilized in the affinity column, since control columns with immobilized BSA or
T4 lysozyme also retain these proteins (Wheeler et al., 1996).

Quinary structure: interface of two multie

11 e coin Ilexes (dNTP synthetase
complex and T4 DNA replication apparatus) and effect of host ndk mutation
By using five different approaches to study protein-protein interactions in cells

infected by bacteriophage T4, it was possible to study the protein-protein interactions
at the interface between the T4 dNTP synthetase complex and the T4 DNA replication
apparatus.

The five methods included resonant mirror biosensor (lAsys),

electrophoretic mobility shift assay (EMSA), immunoprecipitation by a-Adk antibody,

immunoprecipitation by anti-idiotypic antibodies to adenylate kinase or to nucleokde
diphosphate kinase, and affinity chromatography using immobilized E. coli adenylate
kinase.

The five complementary approaches revealed novel protein-protein interactions

as well as demonstrating the previously known interaction between T4 DNA
polymerase (gene 43 protein) and T4 SSB protein (gene 32 protein). The quaternary
structure suggested by all of these protein-protein interactions is summarized in Fig.
6.19.

An important feature of these protein-protein interactions is that E. coli NDP

kinase (Ndk) and adenylate kinase (Adk) appear to be separated within the multiprotein assembly. Although neither of the two E. coli proteins present in the complex
forms a direct protein-protein association with each other, Ndk and Adk both bind T4
DNA polymerase.

In a mutant host lacking the nucleoside diphosphate kinase gene ndk, the rate of

T4 DNA synthesis is reduced about 6-fold during infection. With the quaternary
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structure suggested by the protein-protein interactions determined in this study, it
appears that lack of nucleoside diphosphate kinase in the complex would reduce the
rate of T4 DNA synthesis for two reasons. The first and most important reason is that
E. coli adenylate kinase produces dNTP's at a far lower rate than NDP kinase, resulting

in effective kinetic de-coupling among the two multienzyme complexes. The second

reason is weakened coupling of the dNTP synthetase complex from the replication

apparatus due to lack of NDP kinase. Lack of Ndk requires dNDP metabolites to
diffuse larger distances to the position of the E. coli Adk protein in the complex. On
the other hand, the Adk protein is in direct contact with the T4 DNA polymerase, so

transfer of dNTP products of the T4 dNTP synthetase complex and the T4 DNA
polymerase is at least favored because of close proximity.

Interaction between E. coli nucleoside diphosphate kinase and a 43-kDa
bacteriophage T4 protein from an internal ORF of 2p39 topoisomerase

Ray (1992) showed that a 43-kDa bacteriophage T4 protein could be
immunoprecipitated by an anti-idiotypic antibody to nucleoside diphosphate kinase
(aa -Ndk Ab 13173). The immunoprecipitation result suggests that the unknown T4

protein should be a binding partner of NDP kinase in a direct protein-protein
interaction. This 43-kDa protein (Ray, 1992) of neutral isoelectric point (Bernard et
al., 1993) was completely absent from the T4 protein database.

This unknown protein could have arisen by a few different methods. Perhaps a

larger T4 protein was cleaved to yield the 43-kDa fragment. A second possibility is
that an internal AUG codon of a large gene serves as the start of an "internal ORF,"
and both ORF's share the same stop codon. A third possibility is that a large protein of

bacteriophage T4 could arise by codon skipping; the large gene would yield a smaller

protein than expected.

Codon skipping during translation has already been

demonstrated with the small subunit of T4 DNA topoisomerase (gene 60 protein)
(Huang et al., 1988). Fifty nucleotides are skipped during translation of gp60 mRNA.
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The first hypothesis can be tested by direct sequencing of the unknown gene
product. To identify the unknown 43 -kDa T4 protein, the protein was purified from

total T4D early proteins by using multiple immunoprecipitations with anti-idiotypic

antibody (cca-Ndk Ab) 13173. The immunoprecipitates were gel-purified on SDSPAGE, and the proteins were immunoblotted onto a PVDF membrane. Bands on the
membrane were detected by Phosphor Imager. Proteins were visualized on the blot by
Ponceau S stain. The Phosphorlmage and Ponceau S dye show that the 43 -kDa protein

was well-resolved from the IgG heavy chain of the rabbit antibody. Sequencing of
these bands suggested a blocked amino terminus. After treating blotted 43 -kDa bands

with cyanogen bromide in situ, the cleaved peptides were sequenced simultaneously.

Sequencing results were unambiguous, since it involved sequencing a predicted 6-7
fragments simultaneously. The purification provided low yields of unknown protein
on the order of 29-68 pmole per band. As a consequence, peptide sequencing produced

small HPLC peaks near the lowest limit of detection, so spurious peaks could also
occur. Clearly identification would require approaches other than direct sequencing
alone.

The internal ORF hypothesis seemed more rapidly amenable to obtaining a list

of candidate proteins to identify the unknown T4 protein.

In order to test this

hypothesis, the T4 database was analyzed for the presence of a 43 -kDa protein gene
product within each ORF which also had a neutral isoelectric point (pI). Since there
was no commercial software to search the T4 protein database, I wrote Turbo Pascal

software to conduct an exhaustive search. The protein database contains protein
sequences from all known and all hypothetical T4 ORF's. Every methionine of each
T4 protein was considered as a possible start methionine from an "internal ORF", and

all ORF's and internal ORF's were considered to share the same stop codon and Cterminus. The molecular weight and isoelectric point (p1) of gene products from each

internal ORF was calculated.

Only two proteins from internal ORF's in the T4

database were consistent with the unknown T4 protein, and both were from the same
ORF. One was T4 gene 39 protein (codons 132-end), and the second was from codons
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146-end. Tentative identification of gp39 as the source of the internal ORF at this

stage awaited confirmation by Western blot.

The start of the internal ORF is suggested from the simultaneous sequencing of

the cyanogen bromide-cleaved peptides of the unknown T4 protein and from the two

potential start codons within gp39. Codon 132 appears to be the correct start codon,
since peptide sequencing shows consistency with the internal ORF of gene 39 protein

starting with codon 132. Met-132 of gene 39 protein is Met-1 of the internal ORF of
gene 39 protein.

T4 gene 39 protein is the large subunit of the T4 topoisomerase. The protein
has an ATPase activity in addition to a DNA-binding activity. T4 gene 39 protein is

part of a heterotrimer consisting of T4 gene 60, 52 and 39 proteins. The "internal
ORF" of gene 39 protein starting at codon 132 has a putative Shine-Dalgarno sequence

AACGCG upstream of the start codon. This SD sequence is complementary to the E.
coli 16S rRNA. The internal ORF of gene 39 protein contains the entire DNA-binding

site but only half of the ATP-binding site. The resulting internal ORF of T4 gene 39

protein is therefore not expected to have the ATPase activity, but it would probably
retain its DNA-binding activity.

Perhaps topoisomerase binding to the anti-idiotypic antibody should not have
been a surprise. When I reproduced the Ray's (1992) immunoprecipitation of the 43kDa protein, the PhosphorImager also detected two small T4 protein bands. The first

band (84.9 kDa) is consistent with the large subunit of ribonucleotide reductase (T4
NrdA; 86.0 kDa). The second band (60.6 kDa) was consistent with either full-length

T4 gene 39 protein (58.0 kDa) or the oxygen-cleaved anaerobic ribonucleotide
reductase (NrdD; 61.8 kDa). If the latter band is the full-length gene 39 protein, the
anti-idiotypic antibody binds to the shortened (43-kDa) form of gene 39 protein and
also to the full-length protein.

Densitometric analysis of the PhosphorImage shows that the aa-Ndk Ab
immunoprecipitated 11.4 moles 43-kDa protein per mole full-length 39 protein. This
result suggests that the anti-idiotypic antibody binds to the 43-kDa gene 39 with greater

affinity than to full-length gene 39 protein. Ray (1992) did not detect full-length gene
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39 protein in her immunoprecipitations probably because this study pooled multiple
immunoprecipitations, and the new Phosphor Imager technology is more sensitive than
autoradiography.

Western blot analysis confirms that the anti-idiotypic antibody to NDP kinase

(aa -Ndk Ab 13173) binds to T4 gene 39 protein from T4 infection (Fig. 7.7). T4
topoisomerase (gene 39, 52 and 60 proteins) was a gift from Dr. Ken Kreuzer. I raised

antibody D2049 against the topoisomerase holoenzyme. Both as -Ndk and a-T4
topoisomerase antibodies were specific for a 58.7 -kDa protein from T4D-infected E.

coli B, whereas pre-immune D2049 serum was not (Fig. 7.7). The as -Ndk Ab was

also specific for the 55.4x103 Mr gene 39 topoisomerase protein. Two apparent
molecular weights for the same protein can indicate post-translational modification(s).

Phosphorylation can cause retardation of a protein's mobility through a gel, which
results in a small artifactual increase in Mr. During T4 infection, gene 39 protein may

have Mr of 58.7x103 in the putative phosphorylated form and 55.4x103 in the
unphosphorylated form.

Many E. coli proteins are phosphorylated in vivo; 2-D gel electrophoresis has
demonstrated 128 different E. coli phosphoproteins (Cortay et al., 1986). Examples of
E. coli phosphoproteins include NDP kinase (Almaula et al., 1995), phosphotransferase

system (PTS) proteins Enzyme I, HPr, FETA and ETIB (Postma et al., 1996), EnvZ,

CheA, OmpR, and CheY (Lu et al., 1996, Lukat et al., 1992), CheB (Lukat et al.,
1992), UspA (Freestone et al., 1997), NarX (Williams and Stewart, 1997), CpxA
(Raivio and Silhavy, 1997), ribosomal protein S 1 , succinyl CoA synthetase, DnaK and

Ndk (Freestone et al., 1995; Pearson and Bridger, 1975), GroEL (Sherman and
Goldberg, 1992), NarQ, NarX and NarL (Schroder et al., 1994), Era (Sood et al.,
1994), KdpB (Puppe et al., 1992), polyphosphate kinase (Aim and Komberg, 1990),

PhoR and PhoB (Makin et al., 1989), HtpG (Spence and Georgopoulos, 1989),
isocitrate dehydrogenase (Garland and Nimmo, 1984), thioredoxin (Pigiet and Conley,
1978),

a-subunit of RNA polymerase (Horvitz, 1974).

Bacteriophage T7

phosphorylates E. coli proteins including initiation factors IF1, IF2, IF3 and ribosomal
protein Si (Robertson and Nicholson, 1992), 13' subunit of RNA polymerase and RNase
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III (Robertson and Nicholson, 1990). Western blot analysis suggests that T4 phage
may also phosphorylate (or otherwise modify) gene 39 protein since the anti-idiotypic

antibody is specific for full-length gene 39 protein, as well as another protein with
slightly retarded migration.

The reactivity of the anti-idiotypic antibody (aa -Ndk Ab 13173) appears
contradictory at first. On Western blot the anti-idiotypic antibody is specific for the
full-length gene 39 protein but not for the 43-kDa protein. In solution the antibody
immunoprecipitates the 43-kDa protein and smaller amounts of the full-length gene 39

protein. The immunoprecipitation result suggests that the anti-idiotypic antibody has
less affinity for the full-length gene 39 protein than for the 43 -kDa of gene 39 protein.

Why does the anti-idiotypic antibody fail to bind the 43-kDa version of gene 39 on
Western blot?

The anti-idiotypic antibody binds the antigen in its native conformation. Ray

(1992) raised the original a-Ndk antibody against native NDP kinase, and her antiidiotypic antibody was raised against the native a-Ndk antibody. The anti-idiotypic
antibody should mimic the native conformation of the original antigenic determinant

on the surface of NDP kinase.

Thus, the as -Ndk Ab should bind the native

conformation of ligands of Ndk. On Western blot, some of the antigen is buried within
the hydrophobic PVDF membrane. Only part of the protein is above the surface of the
membrane and has sufficiently flexibility to reconstitute the native epitope. The longer

the protein, the greater the probability that the epitope is not buried in the membrane
and is not sterically hindered enough to renature. A minimal amount of protein must
not be immobilized in the membrane. The short 43-kDa fragment of gene 39 protein,

which is partially buried in the PVDF membrane, may not be large enough to
reconstitute the native epitope recognized by the anti-idiotypic antibody. Full-length

gene 39 protein is long enough to renature the epitope above the PVDF membrane,

since both the anti-idiotypic antibody and antibody D2049 against native T4
topoisomerase are reactive with the same 58.7-kDa band.

The anti-idiotypic antibody may also require a considerable length of gene 39

protein for detection on Western blot for another reason. The anti-idiotypic antibody
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may bind a discontiguous epitope on gene 39 protein. Specificity for a discontiguous

epitope would require a lengthy portion of the protein which includes a number of
particular, possibly widely-separated segments of residues to re-constitute the antigen.

An antibody can bind an epitope consisting of either one continuous stretch of amino

acids or a discontiguous epitope. Discontiguous epitopes are residues that may be

widely separated in primary structure, but these residues are close together in the
tertiary structure of the native protein. For example, four monoclonal antibodies bind

discontiguous epitopes of horse cytochrome c as demonstrated by epitope mapping
(Oertle et al., 1989). 2-D NMR (Paterson et al., 1990) and the crystal structure of the

FabE8cytochrome c complex (Mylvaganam et al., 1998) show that monoclonal
antibody E8 recognizes an epitope consisting of three distinct, widely-separated
segments of cyt c: residues 33-39, 56-66 and 96-104 as well as two minor sites. E8 at

least partially buries 21 residues and 534 A2 of continuous surface area of cyt c
(Mylvaganam et al., 1998).

The anti-idiotypic antibody and the anti-topoisomerase antibody recognize the
native conformation of gene 39 protein. Both antibodies recognize full-length gene 39

protein on the "solid-phase" Western blot technique even though detection of native
gene 39 on a Western blot is a very stringent test of binding activity compared to the
"solution-phase" immunoprecipitation technique. If the anti-idiotypic antibody binds a

discontiguous epitope on gene 39 protein, the antibody may require a quite lengthy
portion of the antigen exposed above the PVDF membrane in order for all the specific,

discontiguous elements to renature and re-constitute the native epitope. Essentially the

same phenomenon was observed in another study, which sought to map the proteinbinding domain of the E. coli RNA polymerase [3' subunit for the initiation factor a70

(Arthur and Burgess, 1998). Longer fragments of [3' were required to bind a70 in the
"solid-phase" far-Western blot technique than in the "solution phase" binding of a70 to

histidine-tagged fragments of [3' co-precipitated by Ni2+-NTA beads (Arthur and
Burgess, 1998).

Both as -Ndk Ab and a-topoisomerase Ab recognize the same band on Western

blot, and this is strong evidence that the anti-idiotypic antibody binds gene 39 protein

170

and hence that NDP kinase binds gene 39 protein.

In solution the anti-idiotypic

antibody immunoprecipitates both full length and a 43 -kDa form of gene 39 protein.

The anti- idiotypic antibody has greater affinity for the smaller protein. NDP kinase
might also have greater affinity for the 43 -kDa protein.

T4 topoisomerase relaxes negative and positive supercoils. Mutations in any of

the three T4 topoisomerase genes (gp39, gp52 and gp60) result in a DNA delay
phenotype. The physiological significance of NDP kinase bound to T4 topoisomerase

is not known. Perhaps binding to gene 39 protein allows NDP kinase to mediate
topoisomerase activity.

Because most of gene 39 protein appears to be post-

translationally modified as judged from a retardation of mobility in SDS-PAGE, the
activity of T4 topoisomerase may be regulated by phosphorylation. E. colt NDP kinase

has protein kinase activity (Lu et al., 1996), and T4 gene 39 protein could also be a
substrate for Ndk's protein kinase activity.

Adenvlate kinase interactions with other E. coli proteins

Antibody studies suggest new direct protein-protein interactions between
adenylate kinase and other E. coli proteins. Both anti-adenylate kinase antibodies (aAdk Ab C3359 and C3360) co-precipitated an unknown 75-kDa E. colt protein along

with Adk. Moreover, three anti-idiotypic antibodies (aa-Adk Ab D0669, C9847 and
C9846) immunoprecipitated E. colt proteins of 97.4, 35.8 and 17.7 kDa respectively.
The 34 -kDa protein that co-purifies with adenylate kinase (Huss and Glaser, 1983) may
be identical to the 35.8 -kDa protein bound by anti-idiotypic antibody C9847.

Protein-protein complexes

involving adenylate

kinase have

important

physiological effects. In complexes involving adenylate kinase, Adk could affect the
activity of its protein ligand in at least two ways.

First, since Adk undergoes large conformational change upon binding of
adenine nucleotides (Berry et al., 1994; Gerstein et al., 1993), the open or closed
conformation of Adk could induce allosteric changes in protein ligands. After adenine

nucleotides bind at the active site, the finger-like "lid domain" of Adk closes over the
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two substrates. The lid domain shuts by 30° at the first "knuckle" and by 60° at the

second for a total lid closure of 90° (Gerstein et al., 1993).

The large difference

between lid open/closed conformations could allow Adk to function as an adenine

nucleotide sensor, which transmits conformational signals to Adk protein ligands.

Thus, the protein ligand can alter its activity depending on concentrations and/or
specific ratios of adenine nucleotides.

The second way Adk could alter the activity of its protein ligand is by altering

the local pool of adenine nucleotides, which the protein ligand uses as substrates or
effectors. One example of this type of regulation is adenylate kinase modulation of the
local ATP/ADP pools in ATP-sensitive potassium channels (Dzeja and Terzic, 1998).

Proteins immunoprecipitated by a-Adk and aa-Adk antibodies are candidate
protein ligands of adenylate kinase. The Mr of immunoprecipitated proteins provides
some clue to their identity. Since the entire E. coli K-12 genome has been sequenced

(Blattner et al., 1997), the Mr of the immunoprecipitated proteins can be compared
against calculated molecular weights from the complete set of known and hypothetical

E. coli proteins.

The Tagldent tool (http://expasy.hcuge.ch/www/guess-prot.html)

compiled a list of candidate proteins from the Swiss protein database. E. coli proteins

of known function with molecular weight near the Mr of the immunoprecipitated
proteins are tabulated in Tables 8.1 through 8.4. Hypothetical proteins were excluded
from the tables.

Although relating the Mr values to those of known E. coli proteins is highly
speculative, it is possible to rationalize potential protein-protein interactions involving

E. coli adenylate kinase by using the immunoprecipitation data. Additional evidence

from the literature makes some of these speculations more intriguing. References to
proteins tabulated by TagIdent are identifiers used by the Swiss Protein Database, e.g.
"NRDG ECOLI" for E. coli NrdG.

Some of the protein-binding partners of adenylate kinase could be involved in
phospholipid biosynthesis. Genes involved in phospholipid biosynthesis include plsA,

plsB, plsC and plsX. plsB encodes the sn-glycerol-3-phosphate acyltransferase, which
catalyzes the first comitted step in phospholipid biosynthesis. A temperature-sensitive
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mutant in the plsA gene causes a temperature-dependent decrease in sn-glycerol-3phosphate acyltransferase activity. This pleiotropic phenotype involving plsA can be
explained by a direct protein-protein interaction between P1sA and P1sB. plsA has been

identified as adenylate kinase (adk) (Esmon et al., 1980). Thus, P1sB Adk interaction

was detected by a thermolabile adenylate kinase.

The P1sB Adk protein-protein

interaction may have been confirmed, since anti-idiotypic antibody D0669
immunoprecipitated a 97.4-kDa protein, which is close to the 93,696 Da calculated
molecular weight of P1sB (PLSB_ECOLI, Swiss Protein Database). An interpretation

that anti-idiotypic antibody D0669 immunoprecipitates P1sB is tempered by reports
that the sn-glycerol-3-phosphate acyltransferase has been purified as the shorter Mr=

83x103 protein (Heath et al., 1997; Scheideler and Bell, 1986; Larson et al., 1980;
Lightner et al., 1980). Perhaps P1sB is proteolytically cleaved to yield an 83-kDa
active form of the enzyme.

Swiss Prot. ID
ATKB_ECOLI

Accession
P03960

CSTA_ECOLI
DEAD_ECOLI
EFG ECOLI
GLGX_ECOLI
HELD_ECOLI
PT1A_ECOLI

P15078
P23304
P02996
P15067
P15038
P32670

RECG_ECOLI
REP_ECOLI
SYGB_ECOLI

P24230
P09980
P00961

SYM_ECOLI

P00959

SYT_ECOLI
TOP3_ECOLI

P00955
P14294

Protein
Potassium-Transporting ATPase (EC 3.6.1.36)
B Chain
Carbon Starvation Protein A
ATP-Dependent RNA Helicase DeaD
Elongation Factor G (EF-G).
Glycogen Operon Protein G1gX (EC 3.2.1.-)
Helicase IV (EC 3.6.1.-)
Phosphoenolpyruvate-Protein Phosphotransferase
PtsA (EC 2.7.3.9)
(Phosphotransferase System, Enzyme IA')
ATP-Dependent DNA Helicase RecG (EC 3.6.1.-)
ATP-Dependent DNA Helicase Rep (EC 3.6.1.-)
Glycyl-tRNA Synthetase Beta Chain (EC 6.1.1.14)
(Glycine-tRNA Ligase Beta Chain) (G1yRS)
Methionyl-tRNA Synthetase (EC 6.1.1.10)
(Methionine-tRNA Ligase) (MetRS)
Threonyl-tRNA Synthetase (EC 6.1.1.3) (ThrRS)
DNA Topoisomerase III (EC 5.99.1.2)

MW
72199.18

75105.24
72699.70
77450.11
73576.68
77976.20
78299.45

76430.37
76939.09
76681.76
76123.54
74014.30
73216.84

Table 8.1. Proteins of known function which are candidates for the 75 -kDa E. coli
protein immunoprecipitated by a-Adk antibodies C3359 and C3360. Candidate
proteins were compiled by Tagldent.
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P1sX is another phospholipid biosynthesis protein which is a potential protein

ligand of adenylate kinase. PlsX (PLSX_ECOLI) is a 37,100-Da protein of poorly
understood function. Mutations in both plsB and plsX are required to cause snglycerol-3-phosphate auxotrophy (Larson et al., 1984). Anti-idiotypic antibody C9847
immunoprecipitates a 35.8-IcDa protein which could be PlsX. A temperature-sensitive

adk mutant can cause defects in membrane phospholipid biosynthesis (Goelz and
Cronan, 1982; Ray et al., 1976; Glaser et al., 1975). Protein complexes of P1sB Adk,
P1sX Adk and/or P1sBAdkP1sX could explain how loss of adenylate kinase activity
could preclude normal interactions with phospholipid biosynthetic enzymes resulting in
loss of acyltransferase activity.

Swiss Prot. ID
ATMA_ECOLI
CAPP ECOLI
CYAA_ECOLI
GYRA_ECOLI

IF2ECOLI
MUTS_ECOLI
PHSG ECOLI
PLSB_ECOLI

Accession
Protein
P39168
Er + Trans ort ATPase, P-T j. e 1 C 3.6.1.P00864
Phosshoenol
vate Carbo lase C 4.1.1.31
P00936
Aden late C clase C 4.6.1.1
P09097
P02995
Initiation Factor IF-2a
P23909
DNA Mismatch Re. air Protein MutS
P13031
G1 cozen Phosho lase (EC 2.4.1.1)
P00482
Glycerol-3-Phosphate Acyltransferase P1sB

langrMLIMMEMEatej

C 2.3.1.15
SYA_ECOLI
SYL_ECOLI
TOPl_ECOLI

P00957
P07813
P06612

Alan 1- 4 A

MW
99466.49
99062 61
97543.93
96963.51
97349.90
95246.90
93144.50
93696.21

thetase MalikainalM=

96032.40

C 5.99.1.2 0-Protein

97349.76

kommar-ramatomuraummEIN 97233.76
DNA To toisomerase I

Table 8.2. Proteins of known function which are candidates for the 97.4-kDa E. coli
protein immunoprecipitated by as -Adk antibody D0669.

Since plsX and a ribosomal protein gene rpmF are co-transcribed, lipid
biosynthesis may be coordinated with growth (Podkovyrov and Larson, 1995). The
potential ternary complex of P1sBAdkP1sX offers a model in which P1sX and Adk
regulate the committed step of membrane lipid biosynthesis (sn-glycerol-3-phosphate

acyltransferase of P1sB) such that lipid biosynthesis occurs during the exponential
growth phase when ATP is high but not during stationary phase when ATP is low and
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Swiss Prot. ID
ATPD_ECOLI
ATPF_ECOLI
DKSA_ECOLI
DUT_ECOLI
DYR7_ECOLI
DYRA_ECOLI
DYRB_ECOLI
DYRC_ECOLI
EBGC_ECOLI
FABA_ECOLI

Accession
P00831
P00859
P18274
P06968
P27422
P00379
P00382
P11731
P24225
P18391

FABZ_ECOLI

P21774

GREA_ECOLI

P21346

GREB_ECOLI

P30128

HOLC_ECOLI
HPPK_ECOLI

P28905
P26281

HYCA_ECOLI
NRDG_ECOLI

P16427
P23875
P39329

NTPA_ECOLI
PTGA_ECOLI

P24236
P08837

1CDTB_ECOLI

PTIB_ECOLI

P31451

PTPB_ECOLI

P42909

Protein
ATP Synthase Delta Chain (EC 3.6.1.34)
ATP Synthase B Chain (EC 3.6.1.34)
DnaK Suppressor Protein
dUTP Pyrophosphatase (dUTPase; EC 3.6.1.23)
Dihydrofolate Reductase Type VII (EC 1.5.1.3)
Dihydrofolate Reductase Type I (EC 1.5.1.3)
Dihydrofolate Reductase Type I (EC 1.5.1.3)
Dihydrofolate Reductase Type I (EC 1.5.1.3)
Evolved I3-Galactosidase I3-Subunit
3- Hydroxydecanoyl- [Acyl- Carrier- Protein]

Dehydratase (EC 4.2.1.60)
(13-Hydroxydecanoyl Thioester Dehydrase)
(3R)- Hydroxymyristoyl -[Acyl Carrier Protein]
Dehydratase (EC 4.2.1.-)
Transcription Elongation Factor GreA
(Transcript Cleavage Factor GreA)
Transcription Elongation Factor GreB
(Transcript Cleavage Factor GreB)
DNA Polymerase III, x Subunit (EC 2.7.7.7)
2-Amino-4-Hydroxy-6-Hydroxymethyldihydropteridine
Pyrophosphokinase (EC 2.7.6.3)
(7,8-Dihydro-6-HydroxymethylpterinPyrophosphokinase) (HPPK)
Formate Hydrogenlyase Regulatory Protein HycA
Lipopolysaccharide Core Biosynthesis Protein Kdt
Anaerobic Ribonucleoside-Triphosphate Reductase
Activating Protein NrdG (EC 1.97.1.-)
dATP Pyrophosphohydrolase (EC 3.6.1.-)
PTS System, Glucose-Specific IIA Component
Auk)
(Glucose-Permease HA Component)
(Phosphotransferase Enzyme II, A Component) (EC
2.7.1.69)
PTS System, Arbutin-Like JIB Component
(Phosphotransferase Enzyme II, B Component)
(EC 2.7.1.69)
PTS System, N-Acetylgalactosamine-Specific LIB

MW
19332.22
17263.96
17527.75
16155.47
17594.17
17999.38
17575.10
17531.07
17456.62
18969.05

17032.95

17640.96
18527.06
16632.78
17947.60

17626.98
17836.63
17445.92
17305.76
18119.88

17626.24

17622.27

Component 1 (EITBAga)

PTPV_ECOLI

P42904

PTSN_ECOLI

P31222

(N-Acetylgalactosamin' e-Permease IIB Component 1)
(Phosphotransferase Enzyme II, B Component 1)
(EC 2.7.1.69)
PTS System, N-Acetylgalactosamine-Specific LIB
Component 2 (EIHIAP')
(N-Acetylgalactosamine-Permease LIB Component 2)
(Phosphotransferase Enzyme II, B Component 2)
(EC 2.7.1.69)
Nitrogen Regulatory HA Protein (EC 2.7.1.69)

17085.85

17959.57

(Enzyme IIANIT)

PTXA_ECOLI

P39303

(Phosphotransferase Enzyme II, A Component)
Unknown Pentitol Phosphotransferase Enzyme II, A
Component (EC 2.7.1.69)

17779.15
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PUR6_ECOLI

P09028

PYRI_ECOLI

P00478

RNH_ECOLI
SSPB ECOLI
UBIC_ECOLI

VSRECOLI

P00647
P25663
P26602
P09184

XGPT ECOLI

P00501

Phosphoribosylaminoimidazole Carboxylase Catalytic
Subunit (EC 4.1.1.21) (AIR Carboxylase) (AIRC)
Aspartate Carbamoyltransferase Regulatory Chain
(EC 2.1.3.2) (PyrI)
Ribonuclease HI (EC 3.1.26.4) (RNAse HI)
Stringent Starvation Protein B
Chorismate--Pyruvate Lyase (EC 4.-.-.-)
Patch Repair Protein (DNA Mismatch Endonuclease)
(EC 3.1.-.-)
Xanthine-Guanine Phosphoribosyltransferase
(EC 2.4.2.22) (XGPRT)

17649.13

16989.44
17596.99
18262.42
18645.73
18015.62
16970.59

Table 8.3. Proteins of known function which are candidates for the 17.6-kDa E. colt
protein irnmunoprecipitated by as -Adk antibody C9846.

ppGpp is high. Indeed the acyltransferase activity is regulated by ATP and the
alarmone ppGpp (Kito and Pizer, 1969; Merlie and Pizer, 1973). P1sB is the target of
ppGpp (Heath et al., 1994; Rodionov and Ishiguro, 1995).

Adenylate kinase can bind another set of candidate proteins involved in DNA

replication or repair.
replication

Binding of replication proteins to Adk could coordinate

with high ATP nucleotide pools (or adenylate energy charge of 0.8)

observed during exponential growth. a-Adk antibodies C3359 and C3360 bind a 75Is.Da E.

colt protein which could be the 73,217-Da DNA topoisomerase III

(TOP3_ECOLI), the Helicase IV (HELD_ECOLI) or one of the ATP-dependent DNA

helicases: 76,430-Da RecG (RECGECOLI) or 76,939-Da Rep (REP_ECOLI). The
anti-idiotypic antibody D0669 immunoprecipitates a 97.4-kDa protein that could be the

97,350-Da DNA topoisomerase I (TOPlECOLI, Swiss Protein Database), the 96,964 -

Da DNA gyrase (GYRA_ECOLI), or the 95,247-Da mismatch repair protein MutS
(MUTS_ECOLI). Anti-idiotypic antibody C9846 binds a 17.6-kDa protein which

could be 17,528-Da DnaK (DKSAECOLI), 16,633-Da DNA Polymerase III x-subunit

(HOLCECOLI), 17,597-Da RNAse HI (RNH_ECOLI) or the DNA mismatch
endonuclease Vsr (VSR ECOLI). Anti-idiotypic antibody C9847 binds a 35.8-kDa E.
colt protein that could be the 36,937-Da DNA polymerase HI 8' subunit

(HOLBECOLI) or the 35,783-Da DNA replication terminus site-binding protein Tus.
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Swiss Prot. ID
ADD_ECOLI
CYSDECOLI

P22333
P21156

DPPD_ECOLI
F16P_ECOLI

P37314
P09200

FTSN_ECOLI
G3P1 ECOLI

P29131
P06977

G3P3_ECOLI

P33898

GLPX_ECOLI
GPDA_ECOLI

P28860
P37606

GSHB_ECOLI

P04425

HOLB_ECOLI
IDCKGECOL

P28631
P46880

I
ISPB_ECOLI

P19641

K6P1_ECOLI

P06998

LIPA_ECOLI
LPXD_ECOLI

P25845
P21645

PLSX_ECOLI
PTNA_ECOLI

P27247
P08186

PTWC_ECOLI

P32672

PYRD_ECOLI

P08178

PYRB_ECOLI

P00479

PYRD_ECOLI

P05021

R1R4_ECOLI

P37146

RPOA_ECOLI

P00574

RSPB_ECOLI

SYFAECOLI

P38105
P08312

SYGA_ECOLI

P00960

Accession

Protein
Adenosine Deaminase (EC 3.5.4.4)
Sulfate Adenylate Transferase Subunit 2 (EC 2.7.7.4)
(ATP-Sulfurylase)
Dipeptide Transport ATP-Binding Protein DppD
Fructose-1,6-Bisphosphatase (EC 3.1.3.11) (D-Fructose1,6-Bisphosphate 1-Phosphohydrolase) (FBPase)
Cell Division Protein FtsN
Glyceraldehyde 3-Phosphate Dehydrogenase A
(EC .2.1.12) (GAPDH-A)
Glyceraldehyde 3-Phosphate Dehydrogenase C
(EC .2.1.12) (GAPDH-C)
GlpX Protein
Glycerol-3-Phosphate Dehydrogenase (NAD4)(EC
1.1.1.8)
Glutathione Synthetase (EC 6.3.2.3) (Glutathione
Synthase) (GSH Synthetase) (GSH-S) (GSHase)
DNA Polymerase III, 5' Subunit (EC 2.7.7.7).
Glucokinase (EC 2.7.1.2) (Glucose Kinase).

MW
36397.46
35202.34

Octaprenyl-Diphosphate Synthase (EC 2.5.1.-)
(Octaprenyl Pyrophosphate Synthetase)
6-Phosphofructokinase Isozyme I (EC 2.7.1.11)
(Phosphofructokinase-1)
(Phosphohexokinase -1)
Lipoic Acid Synthetase (LIP-SYN)
UDP- 3- O- [3- Hydroxymyristoyl] Glucosamine NAcyltransferase (EC 2.3.1.-)
(FirA Protein) (Rifampicin Resistance Protein)
Fatty Acid/Phospholipid Synthesis Protein P1sX Homolog
PTS System, Mannose-Specific IIAB Component
(EHABmn (Mannose-Permease IIAB Component)
(Phosphotransferase Enzyme II, AB Component)
(EC 2.7.1.69)
PTS System, Fructose-Like-2 IIC Component
(Phosphotransferase Enzyme II, C Component)
Phosphoribosylformylglycinamidine Cyclo-Ligase
(EC 6.3.3.1) (AIRS) (Phosphoribosyl-Aminoimidazole
Synthetase) (AIR Synthase)
Aspartate Carbamoyltransferase Catalytic Chain
(EC 2.1.3.2) (Aspartate Transcarbamylase) (PyrB)
Dihydroorotate Dehydrogenase (EC 1.3.3.1)
(Dihydroorotate Oxidase) (DHOdeHase)
Ribonucleoside-Diphosphate Reductase 2 Beta Chain
(EC 1.17.4.1)
(Ribonucleotide Reductase 2) (R2F Protein)
DNA-Directed RNA Polymerase a Chain (EC 2.7.7.6)
(Transcriptase a Chain)
(RNA Polymerase a Subunit)
Starvation Sensing Protein RspB (EC 1.1.1.-)
Phenylalanyl-tRNA Synthetase a Chain
(EC 6.1.1.20) (PheRS)
Glycyl-tRNA Synthetase a Chain (EC 6.1.1.14) (G1yRS)

35216.97

35844.36
36833.93

35779.20
35401.30
35745.59
35852.31
36361.60

35560.90
36936.56
34628.90

34757.91

36071.71
35907.29

37100.06
34916.36

37086.32
36722.85

34296.17
36774.52

36443.24

36511.72

36564.14
36831.81
34774.39
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TUS_ECOLI

P16525

ZIPA_ECOLI

P77173

DNA Replication Terminus Site-Binding Protein
(Ter Protein) (Ter Binding Protein)
Cell Division Protein ZipA

35783.18
36433.21

Table 8.4. Proteins of known function which are candidates for the 35.8-kDa E. coli
protein immunoprecipitated by as -Adk antibody C9847.

Two anti- idiotypic antibodies may identify E. coli enzymes involved in
nucleotide metabolism that form direct protein-protein interactions with adenylate
kinase. Adk binding to one of these enzymes could coordinate the energy status of the

cell (in terms of adenine nucleotide concentration) with DNA precursor biosynthesis.

The as -Adk Ab C9846 binds a 17.6 -kDa protein that could be one of the 17.5- or
18.0-1cDa dihydrofolate reductases (DYRA_ECOLI, DYRB_ECOLI, DYRCECOLI
or DYR7_ECOLI), the 16,155-Da dUTPase (DUT_ECOLI), the 17,306-Da dATPase

(NTPA_ECOLI), 17,446-Da anaerobic ribonucleotide reductase activating protein

NrdG (NRDG_ECOLI),

17,649-Da

catalytic

subunit

of AIR

carboxylase

(PUR6_ECOLI), 16,989-Da aspartate transcarbamoylase regulatory subunit PyrI
(PYRI_ECOLD

or

(XGPT_ECOLI).

Anti-idiotypic antibody C9847 immunoprecipitates a 35.8 -kDa

16,970-Da

xanthine-guanine

phosphoribosyltransferase

protein which could be the 36,397-Da adenosine deaminase (ADD_ECOLI), 36,723 -

Da AIR synthase (PUR5_ECOLI), 34,296-Da aspartate transcarbamoylase catalytic
subunit PyrB (PYRB_ECOLI), 36,775-Da dihydroorotate oxidase (PYRD_ECOLI), or
the 36,443-Da ribonucleotide reductase small subunit NrdB (RIR4_ECOLI).
Since adenylate kinase regulates homeostasis of adenine nucleotides, Adk could

also form important protein-protein interactions with catabolic enzymes. Interaction
with adenylate kinase could increase the local ATP pool or provide a conformational

signal to modulate the activity of the Adk-bound catabolic enzyme. Anti-idiotypic

antibody D0669 binds a 97.4 -kDa protein that could be the 93,145-Da glycogen
phosphorylase (PHSG_ECOLI).

Anti-idiotypic antibody C9846 binds a 17.6 -kDa

protein which could be the 19,332-Da 5 subunit (ATPD_ECOLI) or 17,264-Da 13
subunit (ATPF_ECOLI) of ATP synthase, or one of various phosphotransferase system
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(PTS) JIB subunits. Anti-idiotypic antibody C9847 binds a 35.8 -kDa protein which
could be the 36,834-Da fructose-1,6-bisphosphatase (F16P_ECOLI), the 35,401-Da or

35,745-Da glyceraldehyde-3-phosphate dehydrogenase A or C (G3P1 _ECOLI or
G3P3_ECOLI),

34,629-Da

glucokinase

(HXKG_ECOLI),

34,758-Da

phosphofnictokinase-1 (K6P1 ECOLI), the 34,916-Da or 37,086-Da PTS proteins
11A.B or IIC (PTNA_ECOLI or PTWC_ECOLI), or the 36,564-Da starvation-sensing

protein RspB (RSPB_ECOLI). Another possibility for as -Adk binding is the 35,202Da ATP sulfurylase (CYSD ECOLI).

Another major class of proteins that could interact with adenylate kinase is the

translation apparatus. The translation machinery is expressed at highest levels during
exponential growth, so Adk is once again a potential physiological sensor for high ATP

levels observed during exponential growth.

Since adenylate kinase is capable of

phosphorylating GDP to GTP, Adk like Ndk could be a good source of GTP necessary

for translation. Both a-Adk antibodies C3359 and C3360 bind a 75 -kDa protein that

could be the 77,450-Da elongation factor G or EF-G (EFG_ECOLI). Anti-idiotypic
antibody D0669 binds a 97.4-kDa protein that could be the 97,350-Da initiation factor

IF-2a (IF2_ECOLI). Anti-idiotypic antibody C9846 binds a 17.6-kDa protein which
could be transcription elongation factor GreA or GreB (17,641-Da GREA_ECOLI or
18,527- Da GREB_ECOLI).

Each

protein

co-precipitated

by

anti-adenylate

kinase

antibody

or

immunoprecipitated by anti-idiotypic antibody to adenylate kinase is visualized as an

Although many
band on a Phosphorlmage or autoradiogram.
alternativebut mutually exclusivepossibilities for these bands have been
individual

enumerated in the tables, each band almost certainly represents a single protein of the
given Mr.

Each anti-idiotypic antibody recognizes only one protein, because each

paratope is unique to only one protein.
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Conclusion

This report examined the structure of the bacteriophage T4 dNTP synthetase
complex and its interaction with the phage replication machinery. Since the E. coli
NDP kinase (Ndk) is sequestered in the complex, the role of the enzyme was evaluated

using an ndk disruption mutant. ndk knockout causes only a small reduction in growth

rate but it causes a much greater reduction in the rate of phage DNA synthesis. The

specific activity of Adk's NDP kinase activity suggests that T4 infection of the ndk

host causes kinetic de-coupling between the dNTP synthetase complex and the T4
replication apparatus. Individual interactions at the protein-protein interface between
the two complexes were determined using several methodologies in order to deduce the

quinary structure. Bacteriophage T4 offers a model, which can be kinetically de-

coupled, for studying protein structure and metabolic flux among and through a large

metabolon (dNTP synthetase complex) and second protein complex (replication
proteins).

ndk disruption in the host bacterium causes a number of pyrimidine pool
perturbations starting with UTP and culminating in a very large dCTP pool increase
and a modest dTTP pool increase, which together cause a mutator phenotype. Kinetic
analysis of purified adenylate kinase, which complements ndk disruption, explains that

Adk is responsible for the nucleotide pool perturbations to such a great extent that the

dNTP pool imbalance cannot be completely alleviated by allosteric control from
ribonucleotide reductase.

The physiologically-relevant activity of adenylate kinase that complements ndk

knockout is the novel (dNTP:AMP) phosphotransferase activity of Adknot its NDP
kinase activity. Adk uses ADP as the physiological phosphoryl donor instead of ATP.

Eukaryotic myokinases can also synthesize dNTP products. Since anti-viral di-deoxy

nucleotide analogs are not phosphorylated by NDP kinase, alternative pathways to
triphosphate activation such as adenylate kinase's (dNTP:AMP) phosphotransferase
activity are probably important for the metabolic activation of these life-prolonging
drugs.

180

BIBLIOGRAPHY

Aim, K. and Kornberg, A. (1990) J. Biol. Chem. 265(20) 11734-11739.

Alberts, B., Bray, D., Lewis, J., Raff, M. and Roberts, K. "Protein Function", pp. 195222 in Molecular Biology of the Cell 3rd Edition, Garland Publishing, Inc., New York,
NY (December 1995).
Almaula, N., Lu,Q., Delgado, J., Belkin, S. and Inouye, M. (1995) J. Bacteriol. 177(9)
2524-2529.

Anciaux, K., Van Dommelen, K., Willems, R., Roymans, D. and Slegers, H. (1997)
FEBS Lett. 400(1) 75-79.

Arthur, T.M. and Burgess, R.R. (1998) J. Biol. Chem. 273(47) 31381-31387.
Atkinson, D.E. (1969) Annual Rev. Microbiol. 23 47-68.

Atkinson, D.E. "Adenine nucleotides as stoichiometric coupling agents in metabolism
and as regulatory modifiers: the adenylate energy charge", pp. 1-21 in H. Vogel
Metabolic Regulation, Academic Press, Inc., New York (1971).
Atkinson D.E. and Walton G.M. (1967) J. Biol. Chem. 242(13) 3239-3241.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A. and

Struhl, K. Current Protocols in Molecular Biology, "Isolation of Proteins for
Microsequence Analysis" p 10.19, John Wiley & Sons, New York, NY (1996).
Barnes, T.M. and Biirglin, T.R. (1992) Nature 355 504-505.
Barry, J. and Alberts, B.M. (1972) Proc. Natl. Acad. Sci. USA 69 2717-2721.

Bartel, P.L., Roecklein, J.A., SenGupta, D. and Fields, S. (1998) Nat. Genet. 12 72-77.
Barzu, 0. and Michelson, S. (1983) FEBS Lett. 153(2) 280-284.

Batra, P.P., Burnette, B. and Takeda, K. (1986) Biochim. Biophys. Acta 869(3) 350357.

Bergmeyer, H.U. Methods of Enzymatic Analysis 3rd Ed. Weinheim, Verlag Chemie,
pp. 216-227 (1983).

Bernard, M.A. and Mathews, C.K., (August, 1996) "Functional Interactions Between

Enzymes of Nucleotide Metabolism and DNA Replication Machinery During
Bacteriophage T4 Infection" Evergreen International Bacteriophage T4 Conference.

181

Bernard, M.A., Wheeler, L. and Mathews, C. K. (August, 1993) "Abundance of PhageEncoded Proteins Early in T4D Infection and Assignment of Unknown Proteins on 2-D
Gels" Evergreen International Bacteriophage T4 Conference.

Berry, M.B., Bilderback, T., Glaser, M., and Phillips, G.N. Jr. "Crystal structure of E.
coli adenylate kinase with bound AMP and ADP" (http://www.bioc.rice.edu/berry/
papers/adla/AMP_ADP.html).

Berry, M.B., Meador, B., Bilderback, T., Liang, P., Glaser, M. and Phillips, G.N. Jr.
(1994) Proteins: Structure, Function and Genetics 19 183-198.
Biondi, R.M., Engel, M., Sauane, M., Welter, C., Issinger, 0.G., Jimenez de Aslia, L.
and Passeron, S. (1996) FEBS Lett. 399(1-2) 183-187.
Black, M.E. and Hruby, D.E. (1991) Mol. Microbiol. 5(2) 373-379.

Blattner, F.R., Plunkett, G. 3rd, Bloch, C.A., Perna, N.T., Burland, V., Riley, M.,
Collado-Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F., Gregor, J., Davis, N.W.,
Kirkpatrick, H.A., Goeden, M.A., Rose, D.J., Mau, B. and Shao, Y. (1997) Science 277
1453-1474.
Bode, W. (1967) J. Virol. 1(5) 948-955.

Bominaar, A.A., Molijn, A.C., Pestel, M., Veron, M. and Van Haastert, P.J. (1993)
EMBO J. 12(6) 2275-2279.

Bourdais, J., Biondi, R., Sarfati, S., Guerreiro, C., Lascu, I., Janin, J. and Veron, M.
(1996) J Biol. Chem. 271(14) 7887-7890.

Bremer, H. and Dennis, P.P. "Modulation of Chemical Composition and Other
Parameters of the Cell by Growth Rate", pp. 1553-1569 in F.C. Neidhardt Escherichia
coli and Salmonella: Cellular and Molecular Biology 2nd Ed. American Society for
Microbiology, Washington, DC (1996).

Britton, R.A., Powell, B.S., Court, D.L. and Lupski, J.R. (1997) J. Bacteriol. 179(14)
4575-4582.
Brodbeck, M., Rohling, A., Wohlleben, W., Thompson, C.J. and Susstrunk, U. (1996)
Eur. J. Biochem. 239(1) 208-213.

Capson, T.L., Peliska, J.A., Kaboord, B.F., Frey, M.W., Lively, C., Dahlberg, M. and
Benkovic, S.J. (1992) Biochemistry 31(45) 10984-10994.
Cha, T.A. and Alberts, B.M. (1986) J Biol. Chem. 261(15) 7001-7010.
Chapman, A.G., Fall, L. and Atkinson, D.E. (1971) J. Bacteriol. 108(3) 1072-1086.

182

Chiadmi, M., Morera, S., Lascu, I., Dumas, C., Le Bras, G., Veron, M. and Janin, J.
(1993) Structure 1(4) 283-293.

Chiu, C.S., Cook, K.S. and Greenberg, G.R. (1982) J. Biol. Chem. 257(24) 1508715097.

Chopade, B.A., Shankar, S., Sundin, G.W., Mukhopadhyay, S. and Chakrabarty, A.M.
(1997) J. Bacteriol. 179(7) 2181-2188.

Cortay, J.C., Rieul, C., Duclos, B. and Cozzone, A.J. (1986) Eur. J. Biochem. 159(2)
227-237.
Dearolf, C.R., Hesperger, E. and Shearn, A. (1988) Dev. Biol. 129 159-168.

Deville-Bonne, D., Schneider, B., Bourdais, J. and Veron, M. (1998) Adv. Exp. Med.
Biol. 431 569-573.
Dinbergs, I.D. and Lindmark, D.G. (1989) Exp. Parasitol. 69(2) 150-156.
Doermann, A.H. (1948) 1 Bacteriol. 55 257-275.
Donahue, J.P. and Turnbough, C.L. Jr., (1990) J. Biol. Chem. 265(31) 19091-19099.
Donahue, J.P. and Turnbough, C.L. Jr., (1994) 1 Biol. Chem. 269(27) 18185-18191.
Dong, F. and von Hippel, P.H. (1996) J. Biol. Chem. 271(32) 19625-19631.

Dong, F., Weitzel, S.E. and von Hippel, P.H. (1996) Proc. Natl. Acad. Sci. USA 93
14456-14461.

Dzeja, P.P. and Terzic, A. (1998) FASEB J. 12 523-529.

Engel, M., Seifert, M., Theisinger, B., Seyfert, U. and Welter, C. (1998) J. Biol. Chem.
273(32) 20058-20065.
Engel, M., Veron, M., Theisinger, B., Lacombe, M.L., Seib, T., Dooley, S. and Welter,
C. (1995) Eur. J. Biochem. 234(1) 200-207.
Freestone, P., Grant, S., Toth, I. and Norris, V. (1995) Mol. Microbiol. 15(3) 573-580.
Freestone, P., Nystrom, T., Trinei, M., Norris, V. (1997) J. Mol. Biol. 274(3) 318-24.

Fricke, J., Neuhard J., Kelin, R.A. and Pedersen, S. (1995) J. Bacteriol. 177(3) 517523.

Fukuchi, T., Nikawa, J., Kimura, N. and Watanabe, K. (1993) Gene 129(1) 141-146.
Garland, D. and Nimmo, H.G. (1984) FEBS Lett. 165(2) 259-264.

183

Geissdorfer, W., Ratajczak, A. and Hillen, W. (1998) Appl. Environ. MicrobioL 64(3)
896-901.

Gentry, D., Bengra, C., Ikehara, K. and Cashel, M. (1993) .1 Biol. Chem. 268(19)
14316-14321.

Gerstein, M., Schulz, G. and Chothia, C. (1993) J. MoL Biol. 229 494-501.

Gilles, A.M., Presecan, E., Vonica, A. and Lascu, I. (1991) J. Biol. Chem. 266 87848789.

Gil lin, F.D. and Nossal, N.G. (1975) Biochem. Biophys. Res. Commun. 64(2) 457-464.

Glaser, M.E., Nulty, W. and Vagelos, P.R. (1975) J. Bacteriol. 123(1) 128-136.
Goelz, S.E. and Cronan, J.E. Jr. (1982) Biochemistry 21 189-195.

Hadas, H., Einav, M., Fishov, I. and Zaritsky, A. (1997) Microbiology 143(1) 179-185.
Haldane, J.B.S. Enzymes Longmans, Green and Co. (1930). M.I.T. Press (1965).

Hama, H., Almaula, N., Lerner, C.G., Inouye, S. and Inouye, M. (1991) Gene 105 3136.

Hanish, J. and McClelland, M. (1988) Gene. Anal. Tech. 5(5) 105-7.
Hanson, E.S., (1995) Oregon State University Ph.D. Thesis.
Hanson, E. and Mathews, C.K. (1994) J. BioL Chem. 269(49) 30999-31005.

Harlow, E. and Lane, D. "Immunoblotting" in Antibodies: A Laboratory Manual, pp.
471-510. CSH Laboratory, Cold Spring Harbor, NY (1988).
Harlow, K.W., Nygaard, P. and Hove-Jensen, B. (1995) J. Bacteriol. 177 2236-2240.

Head, C.G., Tardy, A. and Kenney, L.J. (1998) J Mot Biol. 281(5) 857-70.
Heath, R.J., Goldfine, H. and Rock, C.O. (1997) J. Bacteriol. 179(23) 7257-7263.
Heath, R.J., Jackowski, S., Rock, C.O. (1994) J. Biol. Chem. 269(42) 26584-26590.

Heidbiichel, H., Callewaert, G., Vereecke, J. and Carmeliet, E. (1992) Circulation
Research 71 808-820.

Heidlyiichel, H., Callewaert, G., Vereecke, J. and Carmeliet, E. (1993) Pflugers Arch.
422(4) 316-324.
Hendricks, S.P., (1998) Oregon State University Ph.D. Thesis.

184

Hendricks, S.P. and Mathews, C.K. (1997) J. Biol. Chem. 272(5) 2861-2865.
Hendricks, S.P. and Mathews, C.K. (1998a) J. Biol. Chem. 273(45) 29512-29518.
Hendricks, S.P. and Mathews, C.K. (1998b) J. Biol. Chem. 273(45) 29519-29523.

Herendeen, D.R., Kassavetis, G.A., Barry, J., Alberts, B.M. and Geiduschek, E.P.
(1989) Science 245 952-958.

Herendeen, D.R., Kassavetis, G.A., and Geiduschek, E.P. (1992) Science 256 12981303.

Holzer, H. and Soling, H.D. (1962) Biochem. Z. 336 201-214.

Honoki, K., Tsutsumi, M., Miyauchi, Y., Mii, Y., Tsujiuchi, T., Morishita, T., Miura,
S., Aoki, M., Kobayashi, E., Tamai, S. and Konishi, Y. (1993) Cancer Res. 53(20)
5038-5042.
Hori, M. and Saeki, T. (1974) J. Biochem. 76 631-637.
Horvitz, H.R. (1974) J. MoL Biol. 90(4) 727-738.

Huang, W.M., Ao, S.Z., Casjens, S., Orlandi, R., Zeikus, R., Weiss, R., Winge, D. and
Fang, M. (1988) Science 239 1005-12.
Huberman, J., Komberg, A. and Alberts, B. (1971) J. MoL Biol. 62 39-52.
Huss, R.J. and Glaser, M. (1983) J. Biol. Chem. 258(21) 13370-13376.
Ito, Y., Tomasselli, A.G. and Noda, L.H. (1980) Eur. J. Biochem. 105(1) 85-92.
Izurniya, H. and Yamamoto, M. (1995) 1 Biol. Chem. 270(46) 27859-64.

Jarvis, T.C., Ring, D.M., Daube, S.S. and von Hippel, P.H. (1990) J. Biol. Chem.
265(25) 15160-15167.
Ji, J. and Mathews, C.K. (1991) MoL Gen. Genet. 226 257-264.
Jong, A.Y. and Ma, J.J. (1991) Arch. Biochem. Biophys. 291(2) 241-246.

Kikkawa, S., Takahashi, K., Takahashi, K., Shimada, N., Ui, M., Kimura, N. and
Katada, T. (1992) FEBS Lett. 305(3) 237-240.

Kim, Y.T., Tabor, S., Churchich, J.E. and Richardson, C.C. (1992) J. Biol. Chem.
267(21) 15032-15040.
Kimura, N. and Shimada, N. (1990) Biochem. Biophys. Res. Commun. 168(1) 99-106.

185

Kito, M. and Pizer, L.I. (1969)J. Bacteriol. 97 1321-1327.

Klinker, J.F., Laugwitz, K.L., Hageliiken, A. and Seifert, R. (1996) Biochem.
PharmacoL 51(3) 217-223.
Kuroda, A. and Komberg, A. (1997) Proc. Natl. Acad. Sci. USA 94(2) 439-442.

Larson, T.J., Lightner, V.A., Green, P.R., Modrich, P. and Bell, R.M. (1980) J Biol.
Chem. 255(19) 9421-9426.
Larson, T.J., Ludtke, D.N. and Bell, R.M. (1984) J. Bacteriol. 160(2) 711-717.

Lascu, I., Chaffotte, A., Limbourg-Bouchon, B. and Veron, M. (1992) 1 Biol. Chem.
267 12775-12781.
Latham, G.J., Bacheller, D.J., Pietroni, P. and von Hippel, P.H. (1997) 1 Biol. Chem.
272(50) 31685-31692.

Leirmo, S., .Harrison, C., Cayley, D.S., Burgess, R.R. and Record, M.T. Jr. (1987)
Biochemistry 26(8) 2095-101.

Lienhard, G.E. and Secemski, I.I. (1973) J. Biol. Chem. 248(3) 1121-1123.

Lightner, V.A., Larson, T.J., Tailleur, P., Kantor, G.D., Raetz, C.R., Bell, R.M. and
Modrich, P. (1980) J. Biol. Chem. 255(19) 9413-9420.
Lin, T.S., Rush, J., Spicer, E.K. and Konigsberg, W.H. (1987) Proc. Natl. Acad. Sci.
USA 84 7000-7004.

Lindberg, U. and Skoog, L. (1970) Anal. Biochem. 34 152-60.

Liu, C., Donahue, J.P., Heath, L.S. and Turnbough, C.L. Jr. (1993) J Bacteriol. 175(8)
2363-2369.
Liu, C., Heath, L.S. and Turnbough, C.L. Jr. (1994) Genes & Dev. 8 2904-2912.

Liu, C. and Turnbough, C.L. Jr. (1989) J. Bacteriol. 171(6) 3337-3342.
Long, C.W. and Pardee, A.B. (1967) 1 Biol. Chem. 242(20) 4715-4721.
Lu, Q. and Inouye, M. (1996) Proc. Natl. Acad. Sci. USA 93(12) 5720-5725.

Lu, Q., Park, H., Egger, L.A. and Inouye, M. (1996) 1 Biol. Chem. 271(51) 3288632893.

Lu, Q., Zhang, X., Almaula, N., Mathews, C.K. and Inouye, M. (1995) 1 Mol. Biol.
254(3) 337-341.

186

Lukat, G.S., McCleary, W.R., Stock, A.M. and Stock, J.B. (1992) Proc. Natl. Acad.
Sci. USA 89(2) 718-722.

Mace, D.C. and Alberts, B.M. (1984) 1 Mol. Biol. 177(2) 313-327.

Makin, K., Shinagawa, H., Amemura, M., Kawamoto, T., Yamada, M. and Nakata, A.
(1989) J. Mol. Biol. 210(3) 551-559.
Mathews, C.K. (1968) J. Biol. Chem. 243(21) 5610-5615.
Mathews, C.K. (1972)

Biol. Chem. 247(22) 7430-7438.

Mathews, C.K. (1976) Arch. Biochem. Biophys. 172 178-187.
Mathews, C.K. (1991) Encyclopedia of Human Biology 5 461-470.

Mathews, C.K. (1993) J. Bacteriol. 175(20) 6377-6381.
Mathews, C.K. (1993) Prog. Nucl. Acid Res. and Mol. Biol. 44 167-203

Mathews, C.K. "An Overview of the T4 Developmental Program", pp. 1-8 in J.D.
Karam Molecular Biology of Bacteriophage T4. American Society for Microbiology,
Washington, DC (1994).
Mathews, C.K. and Sinha, N.K. (1982) Proc. Natl. Acad. Sci. USA 79(2) 302-306.

March, P.E., Lerner, C.G., Alum, J., Cui, X. and Inouye, M. (1988) Oncogene 2(6)
539-544.

McCarthy, D., Minner, C., Bernstein, H. and Bernstein, C. (1976) 1 Mol. Biol. 106
963-981.

Mehus, J.G. and Lambeth, D.O., GeneBank Accession No. 3220239.
Merlie, J.P. and Pizer, L.I. (1973) J. BacterioL 116 355-356.
Mesnildrey, S., Agou, F. and Veron, M. (1997) FEBS Lett. 418(1-2) 53-57.

Milon, L., Rousseau-Merck, M.F., Munier, A., Erent, M., Lascu, I., Capeau, J. and
Lacombe, M.L. (1997) Hum. Genet. 99(4) 550-557.

Moen, L.K., Howell, M.L., Lasser, G.W. and Mathews, C.K. (1988) 1 Mol.
Recognition 1 48-57.

Mollgaard, H. and Neuhard, J. "Biosynthesis of deoxythymidine triphosphate", pp.
149-198 in A. Munch-Petersen Metabolism of nucleotides, nucleosides and
nucleobases in microorganisms. Academic Press, Inc. (London), Ltd., London (1983).

187

Moloney, P.C. "Coupling to an energized membrane: role of ion-motive gradients in
the transduction of metabolic energy", pp. 222-243 in F.C. Neidhardt Escherichia coli
and Salmonella typhimurium: Cellular and Molecular Biology, ft Edition American
Society for Microbiology (1987).
Morera, S., Le Bras, G., Lascu, I., Lacombe, M.L., Veron, M. and Janin, J. (1994) 1
Mol. Biol. 243(5) 873-890.
Morris, C.F., Sinha, N.K. and Alberts, B.M. (1975) Proc. Natl. Acad Sci. USA 72(12)
4800-4804.

Mukhopadhyay, S., Shankar, S., Walden, W. and Chakrabarty, A.M. (1997) J. Biol.
Chem. 272(28) 17815-17820.
C.W. and Schulz, G.E. (1992) J Mol. Biol. 244 159-177.

Munier, H., Gilles, A.M., Glaser, P., Krin, E., Danchin, A., Sarfati, R. and Barzu, 0.
(1991) Eur. I Biochem. 196(2) 469-474.
Murphy, J.E., Hanover, J.A., Frohlich, M., DuBois, G. and Keen, J.H. (1994) J. Biol.
Chem. 269(33) 21346-21352.
Mylvaganam, S.E., Paterson, Y. and Getzoff, E.D. (1998) J. Mol. Biol. 281(2) 301-322.

Nakajima, T., Sugimoto, T. and Kurachi, Y. (1992) 1 Gen. Physiol. 99(5) 665-682.
NCBI Data Repository for T4 Genome:
ftp://ncbi.nlm.nih.govirepository/t4phage/seq_files/A11_T4.SEQ
NCBI Data Repository for T4 Protein Database:

flp://ncbinlm.nih.govirepository/t4phage/oldfiles/t4proteins.fas
Nealon, D.A. (1986) Arch. Biochem. & Biophys. 250(1) 19-22.

Neuhard, J. and Nygaard, P. "Purines and Pyrimidines", pp. 445-473 in F.C. Neidhardt
Escherichia coli and Salmonella typhimurium: Cellular and Molecular Biology, IS`
Edition American Society for Microbiology (1987).
Neuhard, J. and Tarpo, L. (1993) J Bacteriol. 175 5742-5743.
Neuhard, J. and Thomassen, E. (1971) 1 Bacteriol. 105 657-665.
North, T.W., Bestwick, R.K. and Mathews, C.K. (1980) J. Biol. Chem. 255 6640-6645.

Oertle, M., Immergliick, K., Paterson, Y. and Bosshard, H.R. (1989) Eur. J. Biochem.
182(3) 699-704.

188

Ohtsuki, K., Yokoyama, M. and Uesaka, H. (1987) Biochim. Biophys. Acta 929(3) 231238.
Or lov, N.Ya. and Kimura, N. (1997) Biochemistry (Moscow) 63(2) 208-217.

Palmieri, R., Yue, R.H., Jacobs, H.K., Ma land, L., Wu, L. and Kuby, S.A. (1973) J.
Biol. Chem. 248 4486-4499.
Paterson, Y., Englander, S.W. and Roder, H. (1990) Science 249 755-759.

Pearson, P.H. and Bridger, W.A. (1975) J Biol. Chem. 250(21) 8524-8529.
Perrone-Bizzozero, N.I. and Benowitz, L.I. (1987) J. Neurochem. 48(2) 644-652.
Pigiet, V. and Conley, R.R. (1978) J. Biol. Chem. 253(6) 1910-1920.

Postel, E.H., Berberich, S.J., Flint, S.J. and Ferrone, C.A. (1993) Science 261 478-480.
Postel, E.H. and Ferrone, C.A. (1994) J. Biol. Chem. 269(12) 8627-8630.

Postma, P.W. "Phosphotransferase System for Glucose and Other Sugars" pp. 128-141

from F.C. Neidhardt Escherichia coli and Salmonella typhimurium:

Cellular and

Molecular Biology, lg Edition, American Society for Microbiology (1987).

Postma, P.W., Lengeler, J.W. and Jacobson, G.R. "Phosphoenolpyruvate:Carbohydrate

Phosphotransferase Systems" pp. 1149-1174 in F.C. Neidhardt and R. Curtiss
"Escherichia Coli and Salmonella: Cellular and Molecular Biology",
American Society for Microbiology (1996).

72d Edition

Presecan, E., Vonica, A. and Lascu, I. (1989) FEBS Lett. 250 629-632.

Pulitzer, J.F., Colombo, M. and Ciaramella, M. (1985) J. Mol. Biol. 182(2) 249-263.
Puppe, W., Siebers, A. and Altendorf, K. (1992) Mol. Microbiol. 6(23) 3511-3520.
Raivio, T.L. and Silhavy, T.J. (1997) J. Bacteriol. 179(24) 7724-7733.

Randazzo, PA., Northup, J.K. and Kahn, R.A. (1991) Science 254 850-853.
Raminz7o, P.A., Northup, J.K. and Kahn, R.A. (1992a) Science 257 862.

Randazzo, PA., Northup, J.K. and Kahn, R.A. (1992b) J Biol. Chem. 267(25) 1818218189.

Rao, N.N. and Komberg, A. (1996) J Bacteriol. 178(5) 1394-1400.
Ray, N.B. (1992) Oregon State University Ph.D. Thesis.

189

Ray, T.K., Cronan, J.E. Jr., Godson, G.N. (1976) J. Bacteriol. 125(1) 136-141.

Ray, N.B. and Mathews, C.K. (1992) Current Topics in Cellular Recognition 33 343356.

Reddy, G.P.V. and Mathews, C.K. (1978) J. Biol. Chem. 253(10) 3461-3467.

Reddy, G.P.V., Singh, A., Stafford, M.E. and Mathews, C.K. (1977) Proc. Natl. Acad.
Sci. USA 74(8) 3152-3156.
Reichard, P. (1993) Science 260 1773-1777.

Reynes, J.P., Tiraby, M., Baron, M., Drocourt, D. and Tiraby, G. (1996) J. Bacteriol.
178(10) 2804-2812.
Robertson, E.S. and Nicholson, A.W. (1990) Virology 175(2) 525-534.
Robertson, E.S. and Nicholson, A.W. (1992) Biochemistry 31(20) 4822-4827.

Rodionov, D.G. and Ishiguro, E.E. (1995) 1 Bacteriol. 177(15) 4224-4229.
Roof, W.D., Foltermann, K.F. and Wild, J.R. (1982) Mol. Gen. Genet. 187 391-400.

Rose, T., Brune, M., Wittinghofer, A., LeBlay, K., Surewicz, W.K., Mantsch, H.H.,
Barzu, 0. and Gilles, A.M. (1991) J. Biol. Chem. 266(17) 10781-10786.
Ruggieri, R. and McCormick, F. (1991) Nature 353(3) 390-391.
Rush, J. and Konigsberg, W.H. (1989) Prep. Biochem. 19(4) 329-340.
Saeki, T., Hori, M. and Umezawa, H. (1974) J. Biochem. 76 631-637.

Saint Girons, I., Gilles, A.M., Margarita, D., Michelson, S., Monnot, M., Fermandjian,
S., Danchin, A. and Barzu, 0. (1987) 1 Biol. Chem. 262(2) 622-629.

Sambrook, J., Fritsch, E.F. and Maniatis, T., pp. A.5-A.6, Molecular Cloning: A
Laboratory Manual 2nd Ed., Cold Spring Harbor Laboratory Press (1989).

Sargent, G. (1987) Oregon State University Ph.D. Thesis.
Schaertl, S. (1996) FEBS Lett. 394(3) 316-320.
Schaertl, S., Konrad, M. and Geeves, M.A. (1998) J. Biol. Chem. 273(10) 5662-5669.
Scheideler, M.A. and Bell, R.M. (1986) J. Biol. Chem. 261(24) 10990-10995.

Schneider, B., Xu, Y.W., Sellam, 0., Sarfati, R., Janin, J., Veron, M. and DevilleBonne, D. (1998) J. Biol. Chem. 273(19) 11491-11497.

190

Schroder, I., Wolin, C.D., Cavicchioli, R. and Gunsalus, R.P. (1994) J. Bacteriol.
176(16) 4985-4992.

Seifert, M., Seib, T., Engel, M., Dooley, S. and Welter, C. (1995) Biochem. Biophys.
Res. Commun. 215(3) 910-914.

Selina, L., Blondin, C., Krin, E., Sismeiro, 0., Danchin, A., Sakamoto, H., Gilles,
A.M. and Barzu, 0. (1995) Biochemistry 34(15) 5066-5074.

Shankar, S., Kapatral, V. and Chakrabarty, A.M. (1997) Mol. Microbiol. 26(3) 607618.

Shankar, S., Schlictman, D. and Chakrabarty, A.M. (1995) Mol. Microbiol. 17(5) 935943.

Sharma, R.C. and Schimke, R.T. (1996) Biotechniques 20(1) 42-44.
Sherman, M.Y. and Goldberg, A.L. (1992) Nature 367 166-1692.
Shewach, D.S. (1992) Anal. Biochem. 206 178-182.
Sinha, N.K., Morris, C.F. and Alberts, B.M. (1980) J. Biol. Chem. 255(9) 4290-4303.
Skoog, L. (1970) Eur. J. Biochem. 17(2) 202-208.

Sonnemann, J. and Mutzel, R. (1995) Biochem. Biophys. Res. Commun. 209(2) 490496.

Sood, P., Lerner, C.G., Shimamoto, T., Lu, Q. and Inouye, M. (1994) Mol. Microbiol.
12(2) 201-208.
Spence, J. and Georgopoulos, C. (1989) J Biol. Chem. 264(8) 4398-4403.

Strelkov, S.V., Perisic, 0., Webb, P.A. and Williams, R.L. (1995) J. Mol. Biol. 249(3)
665-674.

Tamura, T., Shiraki, H. and Nakagawa, H. (1980) Biochim. Biophys. Acta 612(1) 5666.

Teng, D.H.F., Engele, C.M. and Venkatesh, T.R. (1991) Nature 353 437-440.

Thomas, G.B. Jr. and Finney, R.L. Calculus and Analytic Geometry 5th Ed. pp. 86-87,
Addison-Wesley Publishing Co, Reading MA (1979).

Thompson, F.M. and Atkinson, D.E. (1971) Biochem. Biophys. Res. Commun. 45(6)
1581-1585.

191

Timmons, L., Xu, J., Hersperger, G., Deng, X.F. and Shearn, A. (1995) J. Biol. Chem.
270(39) 23021-23030.

Tomich, P.K., Chiu, C.S., Wovcha, M.G. and Greenberg, G.R. (1974) J. Biol. Chem.
249(23) 7613-7622.

Troll, H., Winckler, T., Lascu, I., Muller, N., Saurin, W., Veron, M. and Mutzel, R.
(1993)J. Biol. Chem. 268(34) 25469-25475.
Uesaka, H., Yokoyama, M. and Ohtsuki, K. (1987) Biochem. Biophys. Res. Commun.
143(2) 552-559.

Van Kuilenburg, A.B.P., Elzinga, L., Van den Berg, A.A., Slinger land, R.J. and Van
Gennip A.H. (1994) Anticancer Res. 14(2A) 411-415.
von Dobeln, U. (1976) Biochem. Biophys. Res. Commun. 72(3) 1160-1168.

Walton, G.M. and Gill, G.N. (1976) Biochim. Biophys. Acta 418(2) 195-203.
Weinfeld, H., Savage, C.R. Jr. and McPartland R.P. (1978) Meth. Enzymol. 51 84-97.

Webb, P.A., Perisic, 0., Mendola, C.E., Backer, J.M. and Williams, R.L. (1995) J.
Mol. Biol. 251(4) 574-587.

Werner, R. (1968) J. Mol. Biol. 33 679-692.

Wheeler, L.J., Wang, Y. and Mathews, C. K. (1992) J. Biol. Chem. 267 7664-7670.

Wheeler, L.J., Ray, N.B., Ungermann, C., Hendricks, S.P., Bernard, M.A., Hanson,
E.S. and Mathews, C.K. (1996) J. Biol. Chem. 271(19) 11156-11162.

Wieland, T. and Jakobs, K.H. (1992) Mol. Pharmacol. 42 731-735.
Williams, S.B. and Stewart, V. (1997) Mol. Microbiol. 26(5) 911-925.
Xu, L., Murphy, J. and Otero, A.S. (1996) J. Biol. Chem. 271(35) 21120-21125.

Xu, Y., Se llam, 0., Morera, S., Sarfati, S., Biondi, R., Veron, M. and Janin, J. (1997)
Proc. Natl. Acad. Sci. USA 94(14) 7162-7165.
Yi, X.B., Seitzer, N.M. and Otero, A.S. (1996) Biochim. Biophys. Acta 1310(3) 334342.

Zalkin, H. (1985) Meth. Enzymol. 113 282-287.

Zhang, X. (1995) Oregon State University Ph.D. Thesis.

192

Zhang, X., Lu, Q., Inouye, M. and Mathews, C.K. (1996) 1 Bacteriol. 178(14) 41154121.

Zou, L.L. and Richardson, J.P. (1991)1 Biol. Chem. 266(16) 10201-10209.

193

APPENDIX

194

Appendix. An Enzymatic Rate Method for the Assay of dNTP Pools
by Competitive Radio label Incorporation

Two basic methods have been employed for measuring dNTP pools. The first
technique involves HPLC methods such as Shewach (1992) or Hendricks and Mathews

The second method is the enzymatic endpoint method in which a
complementary radiolabeled nucleotide is incorporated into a DNA copolymer

(1997).

template (Lindberg and Skoog 1970; Skoog, 1970; North et al., 1980; Sargent, 1987).
The new rate method described here uses competitive incorporation into a co-polymer

template. Although the new method is similar to the enzymatic endpoint method, the
new method has four advantages which will be discussed.

The old enzymatic method measures complementary radiolabeled nucleotide

incorporate into a DNA copolymer template. An assay for dATP or dTTP measures

incorporation into a dAdT template. Briefly, for example, in order to measure the
dATP pool in a cell extract, a reaction mixture includes DNA polymerase, an oligo
dAdT copolymer template, [3H]dTTP, dTTP, dAMP, MgCl2, and the cell extract. The

reaction mixture is incubated at 37°C. Since the complementary [3H]dTTP and dTTP

are present in excess, the reaction proceeds to an endpoint when the last of the dATP

from the cell extract has been consumed. At various time points during the reaction,

samples are spotted on Whatman 3MM chromatography paper, and unincorporated
nucleotides are removed by ascending paper chromatography.

Radio label

incorporation is measured by detecting the acid-precipitable counts in a scintillation
counter. Excess dAMP in the reaction mix protects the DNA product by product-

inhibition of exonuclease activity.

The endpoint assay for dCTP or dGTP measures incorporation of the
complementary

nucleotide

into

an

oligo

deoxyinosinedeoxycytidine

(dIdC)

copolymer template. The endpoint assay for dGTP, for example, involves a reaction
mixture with DNA polymerase, an oligo didC copolymer template, [3H]dCTP, dCTP,
dGMP, MgC12, and the cell extract. Samples are taken at three time points and are
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prepared as described for the dATP assay. Radio labeled DNA product is quantitated in
a scintillation counter.

The new enzymatic rate method uses competitive incorporation into the DNA

template, and samples are taken at early time points in the reaction. Instead of
measuring radiolabel incorporation of the complementary nucleotide into the template,

the rate method measures competitive radiolabel incorporation of the same nucleotide

into the copolymer template. For example, to measure the dATP pool, the reaction
mixture includes DNA polymerase, an oligo dAdT copolymer template, [3H]dATP,
dTTP, dAMP, MgC12, and the cell extract. The reaction mixture is incubated at 37°C.

The complementary dTTP nucleotide is present in excess. dATP present in the cell
extract competes with the [3H]dATP label for incorporation into the dAdT template.
Early in the reaction, both the [3H]dATP and dATP are in excess relative to the DNA
polymerase activity. Early time points in the reaction yield radiolabeled product in the
proportion [dATP*]

([dATP*] + [dATP]), where [dATP*] is the concentration of

radiolabeled nucleotide in the reaction mixture, and dATP is the concentration of dATP

from the cell extract. At various early time points during the reaction, samples are
spotted on Whatman 3MM chromatography paper, and unincorporated nucleotides are

removed by ascending paper chromatography. Radiolabel incorporation is measured
by detecting the acid-precipitable counts in a scintillation counter.

The new enzymatic rate method has four advantages over the old endpoint
method. The first advantage is that the rate method eliminates interference from the
pool of complementary nucleotide from the cell extract. The old method attempts to

compensate for this interference by assaying for the complementary nucleotide, but

then both measurements of the nucleotide and the complementary nucleotide are

confounded by interference from each other.

For example, the dATP pool is

underestimated due to the presence of dTTP in the cell extract. Similarly, the dTTP
pool is underestimated due to interference by dATP in the cell extract. The old method
requires the experimenter to compensate for the two mutual interferences by applying a

mathematical "correction" to the nucleotide and complementary nucleotide pool
measurements. In contrast, the competitive incorporation method for assaying [dATP]
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is independent of [dTTP] from the extract. The competitive dATP assay detects the
ratio [dATP*]

([dATP*] + [dATP]), and excess dTTP is added to the reaction mix.

The second advantage is that the new method is faster. Early kinetics of the

reaction are quantitated (._60 min.) instead of waiting until after the old method's
endpoint has been reached at 90 min. Multiple timepoints are not required in order to

assure that the endpoint has been reached, since this is a rate assay. Additional
timepoints can be used to show the linear rate of reaction if desired.

The third advantage is that the standard curve can be linearized for convenient

calculation of the nucleotide pools.

The old method uses five standards which

produces a non-linear standard curve. Although the new competitive rate method also
yields a non-linear standard curve, the standard curve can be linearized when the data
are transformed as 1/CPM vs. nucleotide concentration.

The fourth advantage is that the new method avoids the uncertainty in the
quantity of nucleotide incorporated by the endpoint method. At the endpoint, the

amount of incorporated nucleotide does not reflect the stoichiometric amount of
nucleotide added into the reaction mix (C.K. Mathews, personal communication).

Perhaps the amount of nucleotide incorporated in the endpoint assay is substoichiometric due to overwinding of the DNA product since there is no helicase or
topoisomerase present in the reaction mix. Later in the reaction there may be topology

problems such as highly branched (and therefore inflexible) DNA molecules due to
high self-complementarity of the template and product. Secondary structures such as

stem loops probably also stall the DNA polymerase.

The lack of quantitative

incorporation is reflected in the fact that the endpoint assay exhibits a standard curve
that is linear at low nucleotide concentration, but it flattens and becomes less sensitive
at higher nucleotide concentrations. The competitive rate method detects incorporation

early in the reaction presumably before loss of incorporation efficiency occurs as
indicated at the high end of the endpoint method's standard curve.

The computer simulation of the competitive incorporation is shown in Fig.
A.1.A. A pool concentration of zero shows the highest rate of radiolabel incorporation
into the DNA template, whereas increasing amounts of the dNTP pool will decrease
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Figure A.1. Time course of competitive incorporation into the DNA template. (A.)
Computer simulation of the competitive radiolabel incorporation. (B.) Experimental
competitive incorporation of dATP analyte into an oligo dAdT template at 37°C in
the presence of the [3H]dATP label. The dATP analyte was measured at 0, 5, 10, 20

Early time points (<60 min) should be sampled in the
and 40 pmole per 10
competitive assay. Note that time points after 75 minutes were near the endpoint of
the reaction.
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the rate of radiolabel incorporation into the DNA template. The rate of incorporation is

linear, because samples are taken during early kinetics of the reaction when the
nucleotides are present in sufficient excess relative to DNA polymerase that the time
course exhibits linear kinetics.

The kinetics of competitive incorporation was tested in a dATP pool assay
which is a modification of the enzymatic endpoint method of Sargent (1987). A 100-111

reaction was prepared containing 45 mM Tris, pH 8.3, 4.5 mM MgC12, 1 mM (3-

mercaptoethanol, 90 1.iM dTTP, 1µM [3H]dATP, 1 unit/ml Klenow fragment of
Escherichia coli DNA polymerase I, 8 i_tg/m1 dAdT co-polymer template, 0.2 mg/ml

BSA, 10 mM dAMP and 10 gl dATP standard. Each reaction mixture contains 60
1.5x dNTP assay buffer, 2 ill 10 mg/ml BSA, 1 µ1 poly dAdT template, 1µl 100 iuM

dTTP, 1 µ1 1 mCi/m1 [3H]dATP, 1 gl of 0.1 U per IA E. coli DNA polymerase I
(Klenow fragment), 10 1.11 100 mM dAMP, 14 ill H2O. All the reaction components

above were combined except for the template and DNA polymerase.

The dATP

standard (10 [il) was added to each reaction. dATP standards were 0, 5, 10, 20 and 40
pmole per 10

Reaction mixtures were kept on ice. After adding the DNA template

and DNA polymerase, the reaction tubes were incubated in a 37°C water bath. At time

points 60 minutes, 75 minutes, and 90 minutes, 25-R1 samples were spotted onto

Whatman 3MM chromatography paper which had been pre-soaked with freshly
prepared 5% trichloroacetic acid (TCA) and 2% pyrophosphate. Samples were washed
in 5% TCA and 2% pyrophosphate at room temperature by ascending chromatography.

Solvent was allowed to run within three inches of the top of the paper. Sample strips
were cut off of the bottom of the sheets and were batch washed twice in 95% ethanol.

After drying, sample strips were cut to provide individual sample squares. Sample

squares were placed in scintillation vials containing 5 ml Omnifluor scintillation
cocktail and were counted for 10 minutes or 1% error using the tritium window on a

Beckman scintillation counter.

The time course of competitive radiolabeled

incorporation into the DNA template is shown in Fig. A.1.B. The time point at 60 min.

still appears to be within the early linear kinetics of incorporation, whereas timepoints
75 and 90 mM. are near the endpoint of the reaction. The 60 mM. standard curve can

199

Competitive Nucleotide Pool Assay
Observed Standard Curves
Expected Standard Curves
CPM vs. Nucleotide Concentration
A.

Simulated Standard Curves for an
Enzymatic Nucleotide Pool Assay
Based on Competitive Incorporation
90

zo

B.
80,000

75,0004,

Reaction: DNA Template + rblicIATP Label
+ Competing dATP from Sample or Standard

).
A

80

0-

0

.0

TimePt4
TimePt3
TimePt2
TimePt1

70

C

0

60

Experimental Standard Curve
Competitive [3H]dATP Incorporation
in Enzymatic dATP Pool Assay

70,000-

0
C

90 min
75 min

65'

0
> E 60,000
r9

A-- 60 min

50.9%

Lt-

7 Q-

E

55'"-

O

50,000:,

0 =a_8

40
go

4,,
20

g.

ti

45,000
40,000

10

35,000

0

20

40

60

80

100

120

140

160

180

5

dATP Pool (Arbitrary Units)

10

15

20

25

30

35

40

dATP Pool (pmole/10 pi)

1/CPM vs. Nucleotide Concentration
Linearized Standard Curves
0.12-1 in a Simulated dATP Pool Assay

C.

0.1 0-

0

c

0.000030

A-- Time Pt#1 (1/CPM)

O

-a

0.000028

Time Pt#2 (1/CPM)
Time Pt#3 (1/CPM)

7

1/CPM (60 min)
1/CPM (90 min)

2
0.. 0.000026
O0

--A-- Time Pt#4 (1/CPM)

=

[Linearized Standard Curves
in an Experimental dATP Pool Assay

D.

.01 c 0.000024

0.08 -

_o R
m

Eti.

:6 < 0.06 l(0

"5 a.
O

4-

0

2/
0.044P

0

0.000022

8 0.000020

S
0.000018
11
cS <

2

a

o_

x-0.000016

0.02 #r
0.000014
0.000012

0.00

1;,)

dATP Pool (Arbitrary Units)

0

5

10

15

20

25

30

35

40

dATP Pool (pmole/10 pl)

Figure A.2. Standard curves for competitive incorporation into an oligo dAdT
(A.) Standard curve calculated from the computer simulation of the
template.
competitive radiolabel incorporation. (B.) Experimental standard curve from the
competitive incorporation of dATP analyte into DNA template in the presence of the
[3H]dATP label. The dATP analyte was measured at 0, 5, 10, 20 and 40 pmole per
10 pl. (C.) Linearized simulated standard curve: 1/CPM vs. dATP pool. (D.)
Linearized experimental standard curve: 1/CPM vs. dATP pool.
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be linearized (Fig. A.2.0 and D), because it is an early time point. Linearization is
possible under the assumptions of the early phase of the reaction.

Standard curves were also prepared for both the computer simulation and for

the experimental competitive [3H]dATP incorporation in an enzymatic dATP pool
assay. The computer simulation shows standard curves at four different time points
during the early stage of incorporation into the DNA template measuring dATP pools
(Fig. A.2.A). The simulated standard curves all show the concave upward appearance

indicative of early kinetics of incorporation.

In experimental standard curves

generated by the competitive incorporation method, only the 60-min. time point shows

the expected concave upward appearance of the experimental standard curve (Fig.
A.2.B). Since the time points at 75 and 90 min. approach the endpoint of the reaction

as shown in Fig. A.1.B, incorporation at those late time points does not abide by the
assumption during early kinetics in which dATP is in excess. In practice, time points
at 60 min. or earlier should be used.

The competitive incorporation method allows the non-linear standard curves to

be linearized for convenient calculation of nucleotide pool concentrations. Early in the

dATP assay, the acid-precipitable counts detected in the scintillation counter are
proportional to [dATP*] + ([dATP*] + [dATP]), where [dATP*] is the concentration of
[3H]dATP. The standard curve data can be transformed to yield a linear standard curve
in which the slope is 1/(k[dATP*]) and the offset is 1/k.
CPM

1

k [dATP*]
[dATP*] + [dATP]

1

{

k + k[dATP*]

[dATP]

Both the simulated and experimental standard curves could be transformed to
yield a linear plot. The simulated standard curve was linearized Fig. A.2.0 by plotting

1/CPM vs. [dATP].

The experimental standard curves for the dATP assay were

linearized in the same way (Fig. A.2.D). Both in theory and in practice, the standard
curves can be linearized for convenient nucleotide pool calculations.
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The new dNTP assay is an enzymatic method using competitive radioisotope
incorporation. The competition assay measures incorporation into a DNA copolymer
template of a radiolabeled nucleotide which is the same as the nucleotide analyte from

a cell extract. The new method has four advantages over the old endpoint method,

which measures incorporation of the complementary nucleotide.

(1.)

The

complementary nucleotide is no longer an interfering substance. (2.) The assay can be

run faster with a reaction time of less than 60 min. instead of waiting until after the
endpoint at 90 min. (3.) The non-linear standard curve can be linearized for simple
calculation of nucleotide pool concentrations. (4.) Since the new method takes samples

early in the reaction, the new method is unaffected by the old method's lack of
stoichiometric incorporation into the DNA template, which is especially apparent in
loss of sensitivity at the high end of the old endpoint assay's analytical range.

