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Bacteriophage T4 Ribonucleotide Reductase: Genes and Proteins

Chapter 1

Introduction
OVERVIEW

The bacterial virus phage T4 has a very active molecular lifestyle in its
association with its Escherichia coli host. Regulating the expression of its
genome is of paramount importance to provide sufficient quantities of
structural and metabolic proteins at the precise times. This is required for the
coordinated assembly of many copies per cell of an extraordinary complex
virion in a short span of time. Many of these proteins are involved in the
critical function of providing the DNA replication machinery with the
deoxyribonucleoside triphosphates (dNTPs). Without a coordinated effort at
the genetic and enzymatic levels to perform the function of dNTP
biosynthesis, phage T4 would have a bleak outlook for its progeny due to lack
of sufficient precursors for DNA synthesis. This thesis investigates two
aspects of the molecular architecture of dNTP metabolism in T4-infected E.
coli. Both concern the T4-encoded ribonucleotide reductase (RNR). These two
areas are schematized in Figure 1.1. First, there is the occurrence of four open
reading frames found in the T4 genome that share the potential for encoding
proteins that share a high degree of homology at their N-terminus.
Furthermore, these conserved open reading frames reside near structural
genes of DNA metabolism, all of which contain intervening sequences. Since
T4 proteins that are functionally related often have genes that reside near one
another on the viral genome it seems likely that these putative proteins may
some how be linked to DNA metabolism in T4-infected E. coli.
Second, the enzymatic reduction of ribonucleotides to the
corresponding deoxyribonucleotides by ribonucleotide reductase is essential to
all living organisms. The evolution of phage T4 has endowed this virus with
its own two-subunit aerobic ribonucleotide reductase, comparable to cellular
forms of the enzyme, that is intricately regulated by the nucleotide effectors.
The effects that these allosteric nucleotides have on subunit interactions are
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Figure 1.1. Diagram of phage T4 and subjects of this thesis. Shown are the two
topics that this thesis is concerned with. A, The T4 genome has maintained
four unique regions of DNA that have high homology at the deduced amino
acid level (shown by dark boxes). Three of the four sequences reside near
genes of DNA metabolism, all of which contain intervening sequences: nrdB,
small subunit if the aerobic RNR; nrdD, anaerobic RNR; and gene 39, a
subunit of topoisomerase. B, The phage T4-induced RNR is a component of
the T4 dNTP synthetase complex as shown. It is composed of two subunits
that are strongly influenced by effectors (ATP and the dNTPs). How the
effectors influence subunit interactions will aid in understanding both the
enzymology of RNR as well as how this enzyme is integrated in the dNTP
synthetase complex.
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important in understanding the overall nature of the T4-encoded RNR as
well as all class I ribonucleotide reductases. Moreover, interactions between
T4 ribonucleotide reductase and other proteins of dNTP biosynthesis may be
strongly influenced by the presence of these effectors. This could have
important implications regarding our understanding of the T4 dNTP
synthetase complex (described below). Following a very brief summary of the
T4 infectious cycle I will describe the process of dNTP metabolism in T4infected E. coli followed by a general overview of ribonucleotide reductases.

BASIC EVENTS OF A BACTERIOPHAGE T4 INFECTION

Phage T4 is a large double-stranded DNA virus that parasitizes
Escherichia coli. Its general morphology is depicted in Figure 1.1. Under
optimal laboratory conditions this virus can, in about 25 minutes, infect a
bacterial cell, reproduce its 169,000-bp genome, generate a protein capsid
structure to carry and protect the newly synthesized DNA, and lyse the
bacterial cell, releasing 200 or more progeny. The ability of this virus to
accomplish this complex infectious cycle with such efficiency rests in a highly
orchestrated interplay between nucleic acids and proteins as well as proteinprotein interactions. Temporal gene expression is responsible for the
synthesis of the proteins that direct the structural and metabolic requirements
of a T4 infection. The following is a brief overview of some of the most basic
events that take place during a T4 infectious cycle. An excellent compilation
of many aspects of the molecular biology of T4 has recently been published
(Karam, 1994).

Following adsorption of the T4 tail fibers to diglucosyl residues in the
lipopolysaccharide on the E. coli outer membrane, the single viral
chromosome is transported from the head, via a contractile tail sheath, into
the bacterial cytoplasm. Figure 1.2 shows an overview of the infectious cycle
of phage T4. Within about 5 minutes post-infection viral DNA replication
ensues. However, this is not the first event to take place. Rather, viral
transcription begins from immediate early promoters, which resemble E. coli
promoters, by an unmodified E. coli RNA polymerase. These promoters are
active until about 4 minutes post-infection. Shortly after the onset of
immediate early gene expression host mRNA and protein synthesis cease due
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Figure 1.2. Phage T4 infectious cycle. Shown are the main events that take
place during a phage T4 infection. Note the bacterial chromosome breakdown
and formation of enzymes involved in DNA precursor synthesis. From
Mathews and Allen, 1983.

to changes in the host RNA polymerase. These alterations include ADPribosylation by the phage-encoded Alt and Mod proteins, which results in a
decrease in the affinity of the core RNA polymerase for the E. coli sigma
factor. Subsequently, RNA polymerase begins transcription from the middle
promoters, which is facilitated by the promoter-bound T4 Mot protein.
Included in prereplicative gene expression are the genes that direct the
synthesis of enzymes for DNA metabolism, including both the enzymes for
dNTP synthesis and those of DNA replication itself.
Late gene expression is dependent on DNA replication and the T4encoded sigma homologue gp55, which confers RNA polymerase with the
ability to recognize late promoters. Transcription at these promoters begins
about 12 minutes post-infection. Also required for late gene transcription are
the T4 RNA polymerase-binding protein gp33 and the T4 DNA replication
accessory protein gp45. DNA replication proteins comprise a mobile enhancer
for transcription from late promoters and are therefore required for the
initiation and maintenance of expression from these promoters. The proteins
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of late gene transcription are generally those that provide the structural
components of the capsid and tail fibers.
During the infectious process E. coli DNA is degraded to
deoxyribonucleoside monophosphates (dNMPs), which are subsequently
reutilized in the synthesis of T4 DNA. Two T4-encoded endonucleases,
endonuclease II and endonuclease IV, are largely responsible for host
chromosome breakdown. These endonucleases act on unmodified host DNA
while sparing viral DNA that is protected by modification both prior to
polynucleotide polymerization as well as after. Viral DNA replication
incorporates 5-hydroxymethyl-dCMP in place of dCMP. This modified
nucleotide is the enzymatic product of the T4-encoded dCMP
hydroxymethylase. Following incorporation of 5-hydroxymethyl-dCMP into
DNA the hydroxymethyl group at the 5 position on the cytosine base is
glycosylated by either the T4-encoded a- or 13-glucosyltransferase.
Following the completion of DNA synthesis the viral chromosome is
packaged into the protein head. One end of a linear concatemeric DNA
molecule is passed through a portal in a precursor head structure. Packing
requires the assistance of several T4 proteins that may provide ATPase
activity to drive the process. As the DNA enters the head it is cleaved in a
region of terminal redundancy by a terminase encoded by genes 16 and 17.
This generates linear chromosomes of the proper size which are about 169-Kb.
Chromosomal size is proportional to the size of the head. At the last step of
the infectious process T4 lysozyme attacks the outer membrane
lipopolysaccharide of the E. coli cell at which time cell lysis occurs. The
liberated phage progeny may now infect new cells or remain in a dormant
state.

DEOXYRIBONUCLEOTIDE SYNTHESIS IN
T4-INFECTED ESCHERICHIA COLI

Phage T4 encodes enzymes of dNTP metabolismLike all organisms,
T4 requires ample amounts of the dNTP precursors for the replication of its
genome. In fact, de novo dNTP synthesis and DNA replication begin
simultaneously and have kinetically superimposable curves (Greenberg et al.,
1994). In order to ensure adequate supplies of the DNA precursors, the T4
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genome has evolved the capacity to encode most of the enzymes required for
dNTP metabolism. These enzymes and their reactions are shown in Figure
1.3a and 1.3b. There are, however, at least three activities that are provided by
E. coli host. These are dAMP kinase, nucleotide diphosphate kinase, and
serine hydroxymethylase. Although dAMP kinase is very active, dAMP via
host-cell DNA breakdown is a minor but significant precursor. The de novo
reduction of ADP to dADP by ribonucleotide reductase ultimately provides
the majority of dATP. Non-specific phosphorylation of the NDPs and dNDPs
(ribonucleoside and deoxyribonucleoside diphosphates) is performed by the
essential E. coli nucleoside diphosphate kinase. Since this activity is
extremely high the virus is not required to produce its own.
Some T4-encoded enzymes for dNTP synthesis are required for
viability while others are not. The three enzymes that are required are dNMP
kinase, dCMP hydroxymethylase, and dCTPase-dUTPase. These three
enzymes are necessary for the synthesis of hydroxymethyl-dCTP. Lack of
hydroxymethyl-dCTP results in the incorporation of unmodified dCMP by T4
DNA polymerase. In turn this DNA is rapidly degraded due its susceptibility
to the T4 endonucleases mentioned above. Clearly this cannot be tolerated for
phage viability. The remaining genes for enzymes of dNTP precursor
metabolism are not absolutely required for phage viability. Therefore,
mutations in the genes for ribonucleotide reductase (RNR), thymidylate
synthase, dihydrofolate reductase, dCMP deaminase, and thymidine kinase
can be tolerated. However, phage that are defective in any of these activities
have a reduction in DNA synthesis, resulting in poor growth.
Why does T4 augment the activities of the host dNTP metabolic
enzymes? This question is answered largely by the fact that DNA replication
increases up to 10-fold in virally infected cells relative to uninfected cells.
Naturally this places a greater demand on the dNTP supplies. The increase in
DNA replication in an infected cell is not a consequence of higher
incorporation rates of dNMPs by the T4 DNA polymerase, as compared to the
E. coli polymerase, but rather that there are more replication forks in an
infected cell. Up to 60 replicating forks can be maintained in a T4-infected cell
(Werner, 1968) whereas rapidly dividing E. coli have 6. Although DNA
synthesis greatly increases upon a T4 infection, the dNTP pools remain
constant (Mathews, 1972). It has been estimated that dNTP pools in the
vicinity of a replication fork must completely fill and drain 10 times per
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Figure 1.3. Enzymes in T4 DNA precursor synthesis. A, The eleven T4
(including glutaredoxin, formally thioredoxin) and two E. coli enzymes
involved in DNA precursor synthesis in T4-infected E. coli. Also shown are
the reactions that each enzyme catalyzes. B, Flow of metabolites in dNTP
biosynthesis showing the relationships between the enzymes involved. The
two host enzymes are adk and ndk (both from Mathews and Allen, 1988).
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second (Ji and Mathews, 1991). Thus, it is dear that the benefits bestowed on
T4 by carrying genes for dNTP metabolism outweigh the burden that their
maintenance may impose.
As mentioned above, T4 breaks down the E. coli chromosome to the
dNMPs by the phage-encoded endonudease II and endonudease W. The E.
coli chromosome is about 20 times larger than the T4 chromosome and
therefore it is possible to synthesize 20 phage genomes simply by host DNA
degradation. However, in reality only about 10 phage equivalents are
generated from this pool of salvageable precursors. The dNMPs resulting
from host DNA degradation are phosphorylated first to the diphosphate level
(except dCMP which is first hydroxymethylated) by T4 dNMP kinase (or the E.
coli dAMP kinase in the case of dAMP) followed by phosphorylation to the
triphosphate level by the E. coli- encoded nucleoside diphosphate kinase. The
remaining metabolites for dNTP synthesis are from the rNDP pools generated
from de novo synthesis and RNA turnover. These rNDP substrates enter
dNTP metabolism via reduction to the corresponding dNDP by the phageencoded RNR. The nrdA and nrdB genes encode the a and 0 chains of RNR,
respectively, yielding a holoenzyme with an a202 configuration (discussed in
detail below). Since 200 or more progeny may be generated from an infected
cell, a majority of the dNTP precursors are necessarily drawn from the de
novo rNDP pools versus the recycling of dNMPs from host DNA.

T4 dNTP synthetase complex and metabolic channeling
Numerous biosynthetic pathways involve associations between constituent
enzymes to form protein complexes (reviewed by Srere, 1987). These
complexes may consist of tightly bound, noncovalently interacting proteins.
Conversely, most protein complexes are probably stabilized by weak forces
where the in vivo environment supports specific protein-protein
interactions. Nature has designed enzymes for their surface structures as well
as for their catalytic sites. Indeed, when comparing total proteins from human
and hamster cells on two-dimensional gel electrophoresis, more than half the
proteins are indistinguishable (McConkey, 1982). This suggests that protein
evolution has a rigid requirement upon size and surface charged amino acids,
which may be required to maintain interactions among proteins.
It has been suggested that most metabolic pathways are catalyzed by
organized protein complexes or "metabolons" (Srere, 1987). Protein
The
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complexes that catalyze sequential reactions have several appealing
characteristics. First, a complex may channel a metabolic end product of one
reaction to its next catalytic fate by juxtaposition of two sequential enzymes.
This can be a way to provide peak enzymatic efficiency, even if average
concentrations of substrates are below saturating concentrations. Channeling
could therefore decrease the dilution of metabolites into the general cellular
milieu by creating concentration gradients at the appropriate location, or
microenvironment. This in turn would create locally high metabolite
concentrations. Local maintenance of metabolites would also aid in the
solvation capacity of cellular water. Therefore, a metabolic intermediate
would not have to fill the water volume of a cell to reach a required
concentration. Furthermore, channeling could provide a means for a rapid
regulatory response in the microenvironment in which the complex resides.
Second, a complex would decrease the transient time for an intermediate to
reach the active site of the next enzyme. Third, a complex could decrease the
time for the system to reach a new steady state versus a comparable system in
which the enzymes are free in solution. Fourth, interactions between
sequential enzymes of a complex may induce allosteric effects that are
different from the isolated enzyme. Although protein complexes are
attractive models to explain genetic and biochemical data in a qualitative
manner, they are the topic of controversy. Both Mathews (Mathews, 1993a)
and Alberts (Alberts and Miake-Lye, 1992) warn of the "seductive" nature of
such models.
Perhaps seductive in nature, there are nonetheless many data
substantiating the existence of a protein complex involved in DNA precursor
synthesis in T4-infected E. coli, termed the dNTP synthetase complex. A
description of multiple experimental approaches to analyze protein
complexes and metabolic channeling has been presented (Mathews, 1993a)
and suggests a multifaceted approach to the investigation of such complexes.
Application of most of these approaches to T4 dNTP biosynthesis has taken
place in the laboratories of Greenberg and Mathews (reviewed by Mathews,
1994a,b; Greenberg, 1994). Collectively, data support the formation of a
multienzyme complex involved in DNA precursor synthesis in T4-infected E.
coli. Also, there are data that suggest a similar phenomenon in eukaryotic
cells (reviewed by Reddy and Fager, 1994).
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Both Greenberg's and Mathews' laboratories have described the partial
purification of the dNTP synthetase complex, which contains all the activities
of the enzymes responsible for dNTP synthesis (Chiu et al., 1982; Reddy et al.,
1977). The associations of these proteins in the dNTP synthetase complex
appeared to be specific and not simply random aggregation. A large body of
evidence over nearly two decades continues to support the idea of the
existence of the dNTP synthetase complex and its probable juxtaposition to
the DNA replication apparatus (Mathews et al., 1988; for thorough review see
Mathews, 1993a). Some of the evidence includes the following.
(1) Specific aggregation of dNTP biosynthetic enzymes. A mixing
experiment in which 14C-labeled T4 proteins were added to unlabeled T4infected bacteria prior to lysing was found to yield no radioactivity in the
dNTP synthetase complex as isolated by centrifugation at 100,000 X g (Allen et
al., 1983). This evidence argues that the isolated complex is probably not the
result of random protein aggregation occurring after cell lysis, but rather that
it represents specifically interacting proteins.
(2) Enzyme activities are kinetically coupled. For example, enzyme
assays of the isolated complex which contain a genetically altered protein
(dCMP hydroxymethylase: dCMP -) hydroxymethyl -dCMP) demonstrate
loss of coupling in a sequence that does not contain the altered enzyme
dTDP
dTTP) (Thy len and Mathews, 1989;
activity (dUMP p dTMP
Reddy and Mathews, 1978). This loss of efficiency of product formation
demonstrates a functional interaction between the altered enzyme with one
or more of the other enzymes in the reaction sequence. Also, nonradioactive
intermediates cannot dilute the radioactivity of a product of a reaction
sequence when starting with a substrate that is a radioactive precursor. These
and other kinetic data (discussed below with regard to RNR) indicate that the
enzymes of the dNTP synthetase complex are kinetically coupled.
(3) Affinity column chromatography as a probe for protein-protein
interactions. Using overexpressed and purified proteins as immobilized
ligands, there appears to be some specificity for associations with other
enzymes of both dNTP and DNA synthesis. Several T4 radiolabelled proteins,
identified by two-dimensional gel electrophoresis, were found to bind to a
dCMP hydroxymethylase column (Wheeler et al., 1992). Subsequent
experiments with other immobilized proteins have also identified other
interactions.
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(4) Antiidotypic antibodies provide a potentially powerful approach in
identifying interactions between two proteins. This approach has been used to
probe for protein-protein interactions of the dNTP synthetase complex.
Specifically, antiidiotypic antibodies to purified anti- hydroxymethylase Fab
fragments immunoprecipitated T4 thymidylate synthase (Young and
Mathews, 1992), indicating that these two proteins have interacting surfaces.
This technique has also been extended to the vaccinia virus system, indicating
interactions between the vaccinia virus RNR small subunit and p34, a virallyencoded single stranded DNA protein (Davis and Mathews, 1993).
(5) Nucleoside diphosphate kinase is required for complex formation.
Nucleoside diphosphate kinase is an essential enzyme in dNTP metabolism.
Inhibition of nucleoside diphosphate kinase activity by the drug desdanine is
overcome under anaerobic conditions. The anaerobic resistance was reported
to be due to high levels of the enzyme pyruvate kinase, which may
enzymatically substitute for nucleoside diphosphate kinase activity (Saeki et
al., 1972). However, T4 DNA replication is sensitive to desdanine under
anaerobic conditions, even though sufficient amounts of the dNTPs are
present (Reddy and Mathews, 1978). It was suggested that pyruvate kinase
cannot adequately supply the dNTP precursors to T4 DNA replication because
it cannot structurally substitute for nucleoside diphosphate kinase in the
dNTP synthetase complex. This may indicate that nucleoside diphosphate
kinase is an essential part of the complex.
Although there are few data demonstrating direct interactions between
enzymes of dNTP synthesis and those of DNA replication, persuasive
arguments can be made for the linkage of these two complexes. First, the in
vitro dNTP concentrations needed to saturate T4 DNA polymerase are
severalfold higher than the average in vivo dNTP concentrations (Mathews
and Sinha, 1982). The advantage that the virus would gain by the coordinated
effort of dNTP metabolism and DNA synthesis is the maintenance of locally
high concentrations of the dNTPs near the replicating forks. This "replication
active" dNTP pool is distinct from a replication-inactive pool, which has a
lower overall dNTP concentration and is dispersed throughout the
remainder of the cellular milieu. Furthermore, it is likely that in vivo the
DNA replication apparatus is nearly saturated with dNTPs (Mathews and
Sinha, 1982). Second, distal precursors are incorporated into DNA efficiently.
In experiments using permeabilized T4-infected E. coli, the incorporation into
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DNA of the distal precursors (dNMPs and rNDPs) was more efficient than the
incorporation of the proximal dNTPs (Reddy and Mathews, 1978; Stafford et
a/., 1977). This is most easily explained by a "funneling-like" process where in
situ the ciNTPs cannot freely enter DNA but the distal precursors can. The
distal precursors enter the dNTP synthetase complex via RNR followed by
delivery to the remainder of the complex finally to end up in DNA. This may
indicate channeling and suggests a link between dNTP metabolism and DNA
synthesis (Figure 1.4). However, it should be mentioned that the Vmax values
for individual enzymes in dNTP synthesis are lower than the Vmax for DNA
replication. This would mean that if there is a physical link between the two
complexes several dNTP synthetase complexes would have to be associated
with one replication fork.
ribonucleotide reductase and its role in the dNTP synthetase
complexT4 RNR is composed of one each of a large R1 and small R2
subunit. Each of the subunits is a homodimer, resulting in an a2132 (R1R2)
configuration (discussed in Chapter 3). The nrdA and nrdB genes, encoding
the large and small subunits, respectively, are separated by 357 by on the T4
genome. The transcriptional pattern of the nrdAB genes has been examined
(Tseng et al., 1992). The genes are expressed both separately and coordinately
from early, middle, and late promoters. At 370C R1 and R2 can be labeled with
[35S]-Met from 12 to 21 minutes post-infection just as efficiently as labeling
from 3 to 10 minutes (Chapter 4). This indicates that RNR synthesis continues
throughout the infectious cycle. This may reflect the need for maintenance of
the dNTP pools until cell lysis.
The synthesis of R2 is interesting in two regards. First, the nrdB gene
contains a self-splicing group I intron (Sjoberg et al., 1986), one of three such
introns in T4 (see Figure 2.3a in Chapter 2). Efficient intron removal and exon
ligation are required to produce a mature mRNA transcript. Interestingly, the
other two intron-containing genes also code for enzymes of dNTP synthesis:
thymidylate synthase (Chu et al., 1984) and anaerobic RNR (Shub et al., 1988).
Second, it was reported that a point mutation in nrdB could be suppressed by
a mutation in T4 gene 39 which codes for one of three topoisomerase
subunits (Cook et al., 1988; Wirak et al., 1988). Recently, this suppression has
been shown to be at the translational level (Hilfinger and He, 1994),
suggesting that gp39 and R2 may act together in modulating the levels of R2.
T4
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Figure 1.4. Diagram representing the T4 dNTP synthetase complex and
speculative relationship with DNA replication. Shown are the two main
pathways for the synthesis of dNTPs: (1) the reduction of the NDPs by RNR
(de novo pathway) and (2) dNMPs from host cell degradation (salvage
pathway). Also schematized is the possible juxtaposition of the T4 dNTP
complex with T4 DNA replication. (from Mathews 1993b).

T4 RNR plays a central role in dNTP synthesis since (1) it is the key
regulatory enzyme in dNTP metabolism and (2) it catalyzes the synthesis of
the dNDPs, which is the committed step to DNA synthesis. At the most basic
level one can think of the T4 RNR as the entrance point to the dNTP
synthetase complex since catalysis by this enzyme introduces the raw
materials for dNTP metabolism (Figure 1.4). In light of this it is relevant to
ask how RNR is integrated into the dNTP synthetase complex.
The first indication that RNR was a component of the dNTP synthetase
complex came from its detection in a multienzyme aggregate isolated from
T4-infected bacteria. The presence of RNR was confirmed both enzymatically
(Allen et al., 1980; Greenberg and Chiu, 1978 ) and by identification of the large
and small subunit proteins by two-dimensional gel electrophoresis
(Greenberg and Chiu, 1978). It appears that only the R1R2 form of RNR can
enter the complex and not the subunits individually. This is based on the
observation that the isolated dNTP synthetase complex from T4 infections
carried out with mutants in the nrdB gene contained no R1, even though R1
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synthesis was similar to wild-type infections (Cook and Greenberg, 1982). This
finding differs from that of Mathews and coworkers (Allen et al., 1980; Moen
et al., 1988) who found aberrant enzyme aggregation in E. coli infected with T4
carrying mutations in the nrdB gene. This was also true for mutations in gene
56, encoding dUTPase-dCTPase. The discrepancy between reports may be
simply due to isolation procedures. Nonetheless, these data indicate that
R1R2 complex formation is a prerequisite for RNR to associate with other
enzymes of dNTP biosynthesis. The physical data are corroborated by kinetic
data. The multi-step conversion of UDP to dTTP is as efficient as the
conversion of dUMP to dTTP (Allen et al., 1980), suggesting that RNR is
kinetically linked to other enzymes in the sequence concerned (see Figure 1.3
for the sequence of reactions).
Lastly, it was found that the allosteric regulation of RNR appears to be
different in intact infected cells as compared to the purified enzyme (Ji et al.,
1991). Specifically, dTTP inhibits CDP reductase activity in crude extracts but
not in ammonium sulfate-precipitated preparations. The differential dTTP
sensitivity in partially purified extracts may be due to the loss of proteinprotein interactions between RNR and other dNTP metabolic enzymes. This
in turn could alter the allosteric properties of RNR.

RIBONUCLEOTIDE REDUCTASES

The enzymatic reaction catalyzed by the prototypic class I RNRs is
shown in Figure 1.5. This activity plays an indispensable role in all living
cells. The conversion of the ribonucleotides to the corresponding
deoxyribonucleotides is not only the committed step to DNA synthesis but
also the major control point in dNTP synthesis. Furthermore, RNRs are key
enzymes from an evolutionary standpoint. The arrival of RNR activity
allowed the transition from an RNA world to a DNA world to be possible
(Reichard 1993a). In a more contemporary context, RNR holds promise as a
chemotherapeutic target in the treatment of herpes simplex virus, as well as
other pathogenic diseases such as malaria.
The RNR family currently consists of five members as depicted in
Table 1.1. All classes have a reaction mechanism which employs free radical
chemistry in the process of substituting the 2' hydroxyl of the ribose moiety to
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Figure 1.5. Reaction catalyzed by RNR. RNR (both subunits shown) reduces
the 2' carbon of the ribose moiety of a ribonucleoside diphosphate with
simultaneous oxidation of either thioredoxin, glutaredoxin, or some other
reductant. Trx-(SH)2 and Trx-S2, reduced and oxidized thioredoxin,
respectively; Grx(-SH)2 and Grx-S2, reduced and oxidized glutaredoxin,
respectively; and 2GSH and GSSH, reduced and oxidized glutathione,
respectively. Thioredoxin reductase and glutathione reductase are indicated.

18

Figure 1.5

NADP

NADPH

'"4.`mcalkft,

Trx-(SH)2

P-P-0

Trx-S2

0 \Base
T

ase

21/

OH OH

GSSG

2 GSH

19

IClass-Type
Class I:

Fe+3-tyrosyl radical

1

Substrate
NDP

1

Effectors

ATP, dNTPs
(neg. feedback at
high dATP con.)

[

Structure
a2= 172 kDa
132= 87 kDa

1

References

Reichard 1993b;
Fontecave et al,
1992, Eriksson and

Class II:

NTP

dNTP (minimal neg.
feedback)

single 76 kDa

Sjoberg, 1989);
Stubbe, (1990a)
Stubbe, 1990;

Class III:
Mn-d
Class 1V : oxygen

NDP

dNTP (no neg.
feedback)

a2= 100 kDa

Sjoberg, 1989
Willing et. a1, 1988

a2 =145 kDa

Reichard 1993a

?

Hokenkamp et. al,
1987; Sze et. al
1992

adenosylcobalamin

sensitive anaerobic
Class V:
Methanobacterium
thermoautotrophicum

(NTP at 20%)
CTP
?

ATP, dip, dGTP
dATP inhibits
?

(a2P2= 256 kDa)

Eriksson and

Table 1.1. Classes of RNRs. Shown are the 5 classes of ribonucleotide
reductases indicating allosteric effectors, substrate specificity, and holoenzyme
structure. The far right column are references to reviews.
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a hydrogen (Figure 1.5). Furthermore, all classes of RNR are allosterically
regulated by the dNTPs. Although radical chemistry and a common allosteric
regulation scheme are similar among all RNRs, the similarity ends there. It is
quite remarkable that RNRs with limited sequence identity and different
quaternary structures catalyze the same substrate reduction (NDP or NTP).
Based on this, it has been argued by Reichard (Reichard, 1993a) that divergent,
not convergent, evolution has resulted in the present day RNRs.
The aerobic RNR is the best understood of any of the RNRs. The E. coli
aerobic RNR is the prototypic class I RNR, with the phage T4 and
mammalian enzymes displaying many similarities. Discussion of class I
RNRs follows an overview of the other RNR classes.

Class IIClass II enzymes were first identified in Lactobacillus
leischmannii (Blakley and Barker, 1964; Blakley, 1982). The single polypeptide
chain of 76 kDa uses adenosylcobalamin as a cofactor. Adenosylcobalamin has
been implicated to initiate a protein radical similar to the tyrosine radical
found on the small subunit in the class I enzymes (Ashley et al., 1985). Use of
a tritium exchange assay indicates that the adenosylcobalamin RNRs are
found widely in prokaryotes, though they have not been identified in
eukaryotes (Gleason and Hogenkamp, 1972). Unlike class I RNRs, the class II
RNRs reduce the ribonucleoside triphosphates instead of the diphosphates.
The dNTP products act as allosteric effectors at a single site on the enzyme
(Chen et al., 1972). Substrate reduction is accompanied by oxidation of dithiols
(Lin et al., 1987), similar to class I RNRs. Adenosylcobalamin RNR is active
both in the presence and absence of oxygen, unlike the other RNRs, where
oxygen may be required or detrimental to activity.

Class IIIThe class III RNR is found in Corynebacterium ammoniagenes.
This RNR resembles the class I cc2P2 oligomeric structure and reduces the
NDPs, although NTPs may be reduced at one fifth the rate. The small subunit
probably contains a t-oxo bridged manganeseIILIV complex analogous to the
p-oxo bridged irons that stabilize the tyrosine radical on the E. coli small
subunit (Nordlund et al., 1990). A radical in C. ammoniagenes has not yet
been detected. Class III RNR is inactivated by hydroxyurea (discussed below)
and requires oxygen for activation.
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Class IVReduction of the ribonucleotides under anaerobic conditions is
accomplished by the anaerobic class IV RNRs. This RNR is oxygen sensitive,
unlike the aerobic class I RNRs, which require oxygen (reviewed by Reichard,
1993a). Anaerobic RNR activity was first identified in crude extracts of
Methanobacterium thermoautotrophicum (Hokenkamp et al., 1987).
Subsequently, the enzyme was purified from E. coli (Eliasson et al., 1990;
Eliasson et a/., 1992; Harder et al., 1992) and the gene was cloned and
sequenced (Sun et al., 1993). UV-visible spectra and metal and sulfur analysis
demonstrated that the enzyme contains an Fe-S duster. Crude anaerobic RNR
depends on a multienzyme system as well as a reduced pyridine nucleotide,
dithiothreitol, ATP, and Mg+2 ions. S-adenosylmethionine (Ado Met)
addition is also required. Two other enzymes of bacterial anaerobic
metabolism, pyruvate-formate lyase (catalyzes a key step in anaerobic glucose
metabolism) and 2,3-aminomutase (catalyzes the first step in lysine
fermentation), also require Ado Met. Ado Met is involved in the generation of
a glycine radical on these enzymes. Since the immediate amino acid region
centering on the glycine radical of pyruvate-formate lyase is also conserved in
the anaerobic RNR, and since the anaerobic RNR was expected to operate via
radical chemistry, it appeared that the anaerobic RNR also requires Ado Met
for glycine radical generation. Furthermore, spectroscopy of the anaerobic
RNR demonstrates the formation of an organic free radical that is equivalent
to the radical in activated PFL (Mulliez et al., 1993). Therefore, Ado Met
activation appears to be similar in these enzymes. Also required for the
activation of the anaerobic RNR are two protein fractions. One protein has
been identified as ferrodoxin NADP+ reductase (Eliasson et al., 1992). The
other may be similar, though not identical, to a protein activase required for
activating PFL (Harder et al., 1992). Interestingly, based on deduced amino acid
homologies, phage T4 apparently contains a gene encoding an activase
(Wong et al., 1993) required for activation of the recently reported viral nrdD
(formally sunY) anaerobic RNR gene (Young et al., 1994)

Class VA possible new member to the RNR family is the class V enzyme
from Methanobacterium thermoautotrophicum. The reductase activity is
oxygen-sensitive and inhibited by Ado Met and reducing agents and thus
differs from all the other classes (Hogenkamp et al., 1987; Sze et al., 1992).
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Class ICurrent understanding of the class I RNR comes from over two
decades of research on this enzyme. In 1969 Brown and Reichard (Brown and
Reichard, 1969a,b) laid the foundation for much of the following work on
RNR when they described the subunit structure and allosteric properties of
the aerobic E. coli RNR. Here I will summarize the main features of this
enzyme highlighting those areas that are most relevant to this thesis. More
detailed descriptions may be found in several excellent reviews (Thelander
and Reichard 1976; Eriksson and Sjoberg, 1989; Stubbe, 1990; Fontecave et al,
1992; Reichard, 1993b; and for details of R2 crystal structure Nord lund and
Eklund, 1993).

The class I RNRs are found in bacteria and their viruses and in
mammalian cells and their viruses. The class I RNRs are composed of two
subunits, each of which is a homodimer. Figure 1.6a is a diagram of the RNR
holoenzyme. The large subunit (R1) is formed by the association of two oc
chains of -86 kDa each. Likewise, the small subunit (R2) is formed by two 13
chains of -43 kDa each. Both subunits are absolutely required for the
formation of an active R1R2 (a2r32) holoenzyme. The aerobic RNRs encoded
by phage T4 and E. coli are similar in their primary structures, with 60% and
47% identities between the large and small subunits, respectively.
Accordingly, the enzymes are alike in most respects. However, there two
important differences that will be discussed below

The large subunitRedox-active dithiols found on the R1 subunit
participate in the catalytic cycle of RNR. The substrate-oxidized cysteines are
reduced by the small proteins thioredoxin and glutaredoxin in a redox-cycle
with NADPH being the ultimate electron donor via thioredoxin reductase or
the glutaredoxin/glutathione reductase systems, respectively (Figure 15). In
vivo, there are presumably other molecules that are capable of reducing these
thiols since E. coli mutant in both these genes are able to survive (Russel and
Holmgren, 1988). Recently it was reported that null mutants in both
thioredoxin and glutaredoxin have high RNR activity, demonstrating that
there is another physiologically relevant reduction system for RNR (MirandaVizuete et al., 1994).
In 1974 Thelander showed that 3 moles of CDP could be reduced by 1
mole of RNR when no external reductant was present (Thelander, 1974). This
suggested that cysteines other than the ones at the active site may be involved
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via intramolecular dithiol exchange. The substrate oxidized thiols for both
the E. coli R1 and L. leischmannii were specifically labeled and identified by
an elegant labeling technique using radioactive iodoacetic acid (Lin et al.,
1987). Five cysteines were identified in radiolabeled peptides of the E. coli Rl.
The generation of mutants at these cysteines revealed which ones were
involved directly in substrate reduction (cysteines 225 /462) and those that
interact with thioredoxin or glutaredoxin (cysteines 754/759) (Mao et al.,
1992a,b; Aberg et. al., 1989). Evidence for the role of the fifth cysteine was also
provided by mutagenesis (Mao et a/., 1992c). These data were confirmed by the
recent crystal structure of the E. coli R1 (Uhlin and Eklund, 1994).This cysteine
is proposed to be a thiyl radical generated on R1 that initiates the reduction
reaction by cleavage of the 3' carbon hydrogen bond as shown in the proposed
reaction mechanism in Figure 1.6b.
Since RNR is allosterically regulated, the balance of the dNTP pools in
a cell is directly related to the state of this enzyme. This allosteric regulation
takes place on the R1 subunit of the T4 phage, E. coli, and mammalian RNRs.
There are two distinct sites that, in combination, dictate which (if any)
substrate will be reduced. These sites are the specificity (h, or high affinity site)
and the activity (1, or low affinity site) sites. Kinetic analysis of the E. coli
enzyme (Brown and Reichard 1969b) characterized this allosteric regulation in
detail. Further analysis of these two allosteric sites came from using purified
protein in equilibrium dialysis experiments (Eriksson, 1983), in ultrafiltration
assays (Ormii and Sjoberg, 1990), and in filter binding assays (Soderman and
Reichard, 1986). The specificity site has high affinity for ATP, dATP, dGTP and
dTTP, with a Kd of 0.03 RM for dATP. The binding of a dNTP ligand to this
site alters the Km and Vmax for the various substrates. The activity site binds
ATP or dATP with a Kd of 0.1-0.51.1M for dATP. When ATP is bound to the E.
coli activity site the enzyme is active, whereas the binding of dATP

completely turns off the enzyme, perhaps by oligomerization of the enzyme
(Reichard et al., 1969; Sjoberg et a/, 1987). This monitoring of the dATP/ATP
ratio presumably ensures that sufficient dNTPs are available for DNA
synthesis without depleting the pools of ribonucleotides required for RNA
synthesis (Thelander, 1980). This allosterism leads to a complicated regulatory
pattern depicted in Figure 1.7.
RNR activity in T4-infected E. coli was first demonstrated in 1969
(Berglund, 1969). In 1972 Berglund purified milligram quantities of T4
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Figure 1.6. Diagram of the structure of the phage T4 ribonucleotide reductase
and its proposed catalytic mechanism. A, Shown are the large (R1) and small
(R2) subunits. The R1 subunit contains (a) the catalytic sites with NDP bound,
(b) the allosteric effector sites (specificity and activity sites) with ATP or dNTP
bound, (c) the redox active thiols, and (d) the cysteine (S) proposed to be the
thiyl radical that initiates the reaction. Note the proximity of the catalytic and
specificity sites (Uhlin, 1994). Shown on R2 is the buried tyrosine radical with
the iron centers and an arrow indicating the proposed radical transfer to the
cysteine on R1. B, The figure shows only the main features of the reaction as
proposed by Stubbe (Stubbe, 1990). The protein radical on R1 is indicated as X
and is likely a thiyl radical. This radical abstracts a H from the C-3' which
facilitates the leaving of the OH group at C-2'. This is then reduced by the
thiols at the catalytic site. The original H first abstracted is then returned to C3'.
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effector is dATP on GDP reduction. dCTP, dGTP, and dTTP are all effectors, to
varying degrees, on the reduction of all substrates. The major difference
between the E. coli and T4 RNR is that there is no inhibition by dATP on the
purified T4 enzyme.
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RNR from phage-infected E. coli and subsequently characterized the enzyme
(Berglund, 1972a,b). The viral RNR was found to be quite similar to the E. coli
RNR. However, two differences were found. First, the T4 RNR forms a very
tight R1R2 complex (subject of Chapter 3) when bound to a dATP-Sepharose
column via the allosteric site(s). By contrast, the E. coli R1 and R2 separate
during purification. Second, there was no inhibition of enzyme activity when
dATP was present at high concentrations, unlike that of the E. coli enzyme.
This lack of negative feedback control may reflect the need for the virus to
continue synthesizing DNA throughout the infectious cycle. Although the
purified T4 RNR does not display negative feedback regulation, the enzyme
does appear to contain a second site on R1 that binds ATP or dATP, similar to
the regulatory site of the E. coli enzyme. This evidence comes from (1)
equilibrium dialysis, which suggests the existence of two sites (Berglund, 1975)
and (2) immobilized RNR could not be released from a dATP-Sepharose
column with either dTTP or dCTP but could be eluted with ATP and dATP
(Yeh and Tessman, 1969). In contrast to the purified enzyme, crude T4 lysates
show dTTP inhibition of CDP reductase activity (J1 et al., 1991).

The small subunitThe prominent feature of the R2 protein is a

diferric iron center and its associated tyrosine radical. The uv spectrum of R2
has a characteristic strong absorbance at 410 nm. This absorption is due to the
tyrosine radical which is found in all known R2 sequences. Exposure of R2 to
the antioxidant hydroxyurea (HU) completely inactivates the enzyme. The
structure, reactivity, and generation (in vivo and in vitro) of the radical have
been of great interest. The function of the radical on R2 is believed to
indirectly initiate abstraction of a hydrogen atom from the 3' position on the
ribose moiety which begins the catalytic process (Figure 1.6b). The crystal
structure of the E. coli R2 protein has been determined (Nordlund et. al., 1990)
and fits very nicely with previously published spectroscopic data regarding
the tyrosine radical (Fontecave et al, 1992 and Norlund et. al., 1993).
Interestingly, the crystal structure revealed that the radical is buried 10A from
the surface of the protein. Therefore, its direct participation in the enzyme
reaction was questioned. Visible and EPR spectroscopic data indicate that
there are no conformational changes upon binding of R1 which would
juxtapose the radical to the substrate. A long range electron transfer has been
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implicated (Mao et a/., 1992c; Karlsson et al., 1992) in which a thiyl radical on
R1 is generated.

The major role of the dinuclear iron center is in the formation and/or
stabilization of the radical. The reaction is spontaneous upon addition of Fe+2
and 02 to apoR2, which does not contain iron:
Tyrosine + 2Fe+2+ 02+ H + e > [Fe+3-0-Fe+3] [Tyrosine-radical] + H2O
(Inactive)

(Active)

In vivo the nascent or recently synthesized R2 binds ferrous ions with
subsequent radical formation. The MetR2 form of small subunit has oxidized
irons but lacks the radical and hence is inactive. MetR2 is formed upon
exposure of R2 to HU or other radical scavengers. In vivo MetR2 is probably
formed during catalysis. Furthermore, in vivo MetR2 can be reactivated by an
enzyme system including NADP(H):flavin oxidoreductase, flavins, and
ferrous ions (Fontecave et al., 1987; Eliasson et al., 1986). Recently this
reactivation has been shown by mutagenesis to be dependent on a conserved
serine residue that resides near the iron center (Regnstrom et al, 1994).
R1/R2 interactionsAs indicated above, both the R1 and R2 subunits
are essential for RNR activity. The carboxyl terminus of R2 is required, and
sufficient, for binding to Ri. This has been demonstrated in a number of
ways. First, a truncated form of R2 lacking the carboxyl 30 residues is capable
of radical formation but not capable of complexing with R1 (Sjoberg et al.,
1987). Second, the herpes simplex virus-encoded RNR is inhibited by a
nonapeptide corresponding to the C-terminus of R2 (Dutia et al., 1986; Cohen
et al., 1986) due to inhibition of complex formation (Mc Clements et al., 1988).
Third, similar effects were observed for the mammalian and E. coli RNRs
(Yang et al., 1990; Consentino, 1991; Climent, 1991). This inhibition is species
specific and therefore may prove to be of chemotherapeutic value.
The crystal structure of the E. coli R2 did not resolve the carboxylterminal 30 residues. It was thought that this may be due to flexibility of this
region. NMR studies of the mouse R1 indicate that the C-terminus is
dynamic and unstructured when unbound to R1 (Lycksell et al., 1994).
However, in the presence of R1 the mobility of this region is reduced. Thus,
the C-terminal tail may act as flexible molecular "glue" that aids in the
binding of Ri. The C-terminal end of R2 may fit a model where unstructured
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polymeric domains act to increase specific macromolecular interactions
(Pontius, 1993).

PRESENT WORK

The objective of the work presented in this thesis is two-fold. First, to
begin to elucidate how the T4 RNR is structurally linked to the T4 dNTP
synthetase complex, some understanding of T4 R1 /R2 interactions is
required. It seemed reasonable to test the effects that the allosteric (and other)
nucleotides have subunit interactions, especially considering that in my
purification scheme overexpressed R1 /R2 proteins did not all readily copurify (Chapter 3 and Appendix 1), unlike that previously reported (Berglund,
1972b; Tseng et al., 1992). To this end, R2 polydonal antibodies were generated
to the overexpressed and purified protein and an immunoassay was devised
that detects interacting phage-induced R1 /R2 subunits. This immunoassay
was then employed to test the effects of nucleotides on subunit interactions
(Chapters 3 and 4). Also preliminary crosslinking experiments were done to
investigate the effects of allosteric effectors on RNR intermolecular proteinprotein interactions.
Second, since some of the open reading frames depicted in Figure 1.1
reside near self-splicing group I intron-containing genes, and since these open
reading frames potentially code for proteins that share a highly conserved
motif, it was of interest determine if any are synthesized during a T4
infection. Using an immunological approach, antibodies were generated to
the conserved peptide motif and exhaustive immunoprecipitations and
immunoblot analysis were performed. The presumptive nrdA.1 gene, which
resides at the end of the nrdA gene, was cloned as several different constructs.
One of these constructs was used to overexpress the nrdA.1 as a fusion
protein. A second was used to test for any effects nrdA.1 has on R2 synthesis
in T4-infected bacteria (Chapter 2).
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Chapter 2
Analysis of a New Class of Putative T4 Genes: Protein Homologies
and Gene Arrangements Suggest a Role in Ribonucleotide Reductase
Expression
SUMMARY

There are many unidentified proteins expressed by bacteriophage T4
after infection of Escherichia coli. Analysis of the known sequence of the
entire T4 genome indicates that many new genes have yet to be identified.
Consequently, in addition to the approximately 150 known T4 genes, there are
still new proteins and genes being identified. We have noted three unique
open reading frames in T4 that demonstrate a strong similarity to each other
at the deduced amino acid level. Furthermore, the open reading frames code
for polypeptides that all have extremely high pI's (around 11.0). This
homology extends to other presumptive protein sequences including two
found in the first and second group I introns of the photosystem II psbA gene
located in the chloroplast of the green alga Chlamydomonas moewussi,
several found in bacterial group II introns, a probable algae reverse
transcriptase, and the bacterial McrA endonuclease. In addition to sequence
homologies, these T4 open reading frames have remarkable similarities in
their gene structures. Most notably, the open reading frames designated
nrdA.1 (referred to elsewhere as nrdB.2) and D each have their start codon
overlapping the stop codon of the upstream gene. In both cases the upstream
gene encodes a ribonucleotide reductase, either the aerobic or anaerobic form.
Moreover, both forms of ribonucleotide reductase contain group I introns.
Immunological approaches were taken in an effort to demonstrate the
synthesis of nrdA.1, 55.10, or D protein(s) in T4-infected cells. Also, the
cloning and overexpression of nrdA.1 protein was done as a starting point to
begin to elucidate its biological role in a T4 infection.
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INTRODUCTION

The phage T4 genome is one of largest genomes of any of the DNA
viruses. Its single 169-Kb chromosome has been entirely sequenced and
reveals many new potential genes; some of these have recently been
identified (Sharma et al., 1992; Orsini et al., 1993), while others are almost
certain to be bona fide genes (Se lick et al., 1993). A large number of proteins
are synthesized at some point during the 25-minute infectious cycle of the
virus. This value has been placed at 250 or more (Se lick et al., 1993). It has
been reported that phage early proteins alone (those radioactively labeled
from 3 to 8 minutes post-infection) reveal about 200 spots on twodimensional gels (Kutter et al., 1994). About 50 discrete spots on twodimensional gels correspond to proteins of less than 15 kDa (Kutter et al.,
1994). It has recently been suggested that at least another 100 probable genes
remain to be identified, most of them encoding smaller proteins (Se lick et al.,
1993). The totality of T4 proteins probably represents the expression of nearly
the entire genome. Efficient use of genetic material is the norm for viruses,
and T4 is no exception. Although large, the T4 genome is streamlined, with
apparently little DNA that is not protein coding. Genes that code for proteins
of the same metabolic or structural pathways are often found close to one
another on the T4 chromosome, and in many cases they overlap. For
instance, the structural proteins 9, 10 , 11, 12, and wac are encoded by
overlapping genes. In the case of deoxyribonucleoside triphosphate (dNTP)
metabolism the thymidylate synthase gene overlaps that of dihydrofolate
reductase (Purohit and Mathews, 1984).
Among the early T4 genes expressed are those encoding proteins of
dNTP synthesis. Inclusive in these genes are those coding for the large (nrdA)
and small (nrdB) subunits of the aerobic ribonucleoside diphosphate
reductase (RNR) as well as the recently described anaerobic RNR (nrdD)
(Young et al., 1994). The aerobic and anaerobic RNR's are central to dNTP
synthesis in T4-infected E. coli, since they are responsible for the reduction of
the ribonucleoside (di/tri)phosphates to the corresponding
deoxyribonucleoside (di/tri)phosphates. At the immediate 3' end of the nrdA
is found an open reading frame referred to herein as nrdA.1 or nrdB.2. We
observed that nrdA.1 potentially codes for a protein that shares a high degree
of sequence homology with two other potential phage proteins, 55.10 and D
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(nomenclature follows that of reported sequences). In addition to protein
sequence similarities, further examination led to several intriguing findings.
(1) The 55.10 open reading frame overlaps the nrdD gene in the same manner
nrdA.1 overlaps nrdA. Furthermore, both the nrdB and nrdD genes contain
group I self-splicing introns (reviewed by Belfort, 1990; Maley and Maley, 1990;
Quirk et al., 1989). (2) The boundaries of nrdA/nrdA.1 and nrdD/55.10 both
have predicted strong stem loop structures. (3) All three potential proteins
share similar homology with open reading frames that reside in the first two
group I introns of the psbA gene of the Chlamydomonas moewussi, and
several open reading frames found in bacterial group II introns among others.
(4) Four of the five T4 and C. moewussi opening reading frames potentially
code for proteins of very high pI's (all around 11), indicative of many nudeic
acid binding proteins. (5) Both nrdA.1 and 55.10 proteins sequences contain a
putative zinc-finger motif almost identical to that found in the T4 dCMP
deaminase (Maley et al., 1993).
Analysis of these sequences, at both the DNA and protein levels,
indicates that they are members of a potentially new class of T4 genes
encoding proteins involved in dNTP synthesis. A region of T4 DNA
containing the nrdA.1 open reading frame, as well as others, has been cloned
and overexpressed. The results of initial experiments with this clone are
described. Furthermore, an immunological approach was taken in an effort to
identify nrdA.1, 55.10 or D proteins in T4-infected E. co/i.

MATERIALS AND METHODS

Protein and DNA sequence analysisThe T4 nrdA.1/nrdB.2 protein
sequence was sent by electronic mail to European Molecular Biology
Laboratories (EMBL, Heidelberg) where the FASTA program (Pearson and
Lipman, 1988) was used to perform sequence homology searches. Searches
were performed using all EMBL and Swiss-Prot protein sequence entries,
including the most up to date data sets available (June, 1994). Results were
received by electronic mail. Nucleic acid similarities and protein sequence
alignments were done using the GENALIGN program available from
IntelliGenetics (1991 version). Molecular weight, amino acid compositions,

33

and pI determinations were done by using the polypeptide analysis program
of IntelliGenetics.
Cloning and sequencing of nrdA.1Restriction and other DNA
modifying enzymes were from New England Biolabs or Promega, Ultrapure
dNTPs were from Pharmacia, and Vent DNA polymerase was from
Stratagene.
The polymerase chain reaction (PCR) was used to amplify the nrdA.1
open reading frame. Total T4 genomic DNA was prepared as previously
described (Wang, 1989). Briefly, phage particles from a crude lysate were
pelleted by centrifugation at 23,000 X g for 2 hours, resuspended in one tenth
volume M9 salts and centrifuged again at 10,000 X g for 20 minutes to remove
any remaining cellular debris. Phage DNA was extracted by phenol and
phenol/chloroform and T4 DNA was pelleted by ethanol precipitation
(Ausubel et al., 1993). It should be noted that successful amplification from
total T4 DNA can also easily be done by picking a single plaque. Briefly, a
single plaque is placed in 100 gl water, which is vortexed vigorously to elute
phage from agar, and centrifuged in a bench top centrifuge at maximum
speed for 10 minutes to remove any debris. Using 1 gl of this is adequate for
template DNA in a PCR reaction. Phage proteins do not appear to inhibit
amplification. The 5' primer used for nrdA.1 amplification has the sequence
5'-ATGAATTATCAAAAAATCTATAAC-3' and the 3' primer has the
sequence 5'-TTAGCCCTTCCTTTGGTTGC-3'. Primers were synthesized at the
Center for Gene Research and Biotechnology, Oregon State University. The
PCR reaction mix contained 200 gM each dNTP, 100 pmol of each primer, T4
DNA, all in 100 p.1 1X buffer (supplied by manufacturer). Two units of Vent
DNA polymerase were added after denaturing and annealing of the primers
to template DNA at 48°C. Fifty cycles, at 30s each temperature (920C, 480C and
720C), were run to generate the 426 by nrdA.1 fragment. Blunt end ligation of
this PCR product into the p17-7 expression vector (Tabor and Richardson,
1985) at the filled-in Ndel/Psti sites was done according to standard
techniques (Ausubel et al., 1993). Sequencing in both directions revealed an

error in the reported sequence. Therefore, in order to obtain the full open
reading frame of nrdA.1 the Sphl/ HindIll fragment from the nrdB-containing
pBS5 vector was exchanged for the Sphl/HindIll of pnrdA.1/426, resulting in
an insert of 891 bp. This clone is called pnrdA.1/891. All transformations were
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done by electroporation following recommendations from the manufacturer
(Bio Rad).

Antibody generationPeptide antibodies were generated to the

HHIIPR sequence (synthesized at the Center for Gene Research and
Biotechnology, Oregon State University) in two different rabbits. Peptides
were linked via the N-terminus to the free amines of either bovine serum
albumin (BSA) or ovalabumin by using glutaraldehyde as a crosslinker as
described (Harlow and Lane, 1988). Briefly, the HHIIPR peptide was mixed
with BSA (Sigma) at molar ratio of 5.7 to 1.0 (10.0 mg peptide + 8.9 mg BSA),
respectively, in a final volume of 2.0 ml in phosphate buffered saline. A
control in which no peptide was added was also prepared. Two ml of 0.2%
glutaraldehyde was added and crosslinking was allowed to go for 1 hour at
room temperature with gentle spinning. One ml of 1.0 M glycine was then
added to quench the reaction with a further 1-hour incubation. The final
crosslinked product was dialyzed overnight against phosphate buffered saline.
Peptide antibodies were generated to the BSA- and ovalabumin-peptide
conjugates in two different rabbits. Antigen was mixed with Freund's
adjuvant and injected intramuscularly as described (Harlow, 1988).
Polyclonal antibodies were generated to the overexpressed (see below)
and gel isolated nrdA.1 protein. The band containing the overexpressed
protein was electroeluted by using an elute-trap device as directed by
manufacturer (Schleicher & Schuer). The isolated protein was used as an
antigen in two rabbits as described for peptide antibody generation.
Overexpression of pnrdA.1/426 and pnrdA.1/891BL21(DE3) cells
containing the expression vectors were grown at 37°C in LB medium to an
OD595 = 0.7, at which time the 17 RNA polymerase was induced by addition
of isopropyl-thiogalatoside to a final concentration of 0.4 mM. Induction was
allowed to proceed for at least 6 hours at which time the cells were harvested
by centrifugation.

Metabolic protein labeling and immunoprecipitationsE. coli and T4

proteins were labeled with [35S]-Met or [35S]-Met / [35SJ-Cys protein labeling

mix (New England Nuclear). E. coli B proteins were labeled at mid log phase
for 30 minutes with 1 gCi [35S]- Met /Cys per ml of culture. E. coli B cells were
infected with 10 phage/cell at a cell density of about 3 x 108 cells/ml. T4 early
and late proteins were specifically labeled by addition of protein labeling mix
(1 p.Ci/ ml) for 3 to 10 or 12 to 21 minutes post-infection, respectively.
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Infections were stopped by pouring infected cells into pre-chilled tubes
containing ice. Cells were pelleted, washed in 1 ml of buffer A (25 mM
HEPES, pH=7.8, 100 mM NaCl) and finally brought up in 0.01 volume of the
original culture. Cells were lysed on ice by sonic oscillation.
Immunoprecipitations were performed as follows. The desired antiserum
was added to 0.5 to 1.0 ml of the indicated buffer containing 20 1.t1 of native or
denatured labeled extract. Denaturation was done by addition of SDS to 2% to
the concentrated labeled extract followed by boiling for 10 minutes. The
extract was then chilled on ice and 20 Ill was added to 1.0 ml buffer.
Antibody/antigen complex formation was allowed to proceed for 1 hour with
gentle spinning at 4 °C. Then 50 gl of washed and equilibrated 50% (v/v)
Protein-A Sepharose (Sigma) was added and incubation was continued for 30
minutes more. The antibody/antigen-Protein-A (Sigma) complexes were
pelleted by centrifugation at 10,000 r.p.m. in a bench top microfuge. Three 1.0ml washes in buffer were done. Each was gently mixed for 15 minutes prior to
harvesting of the Protein-A pellet. The final pellet was brought up in 15 to 30
41 SDS-PAGE loading buffer, boiled for 1 minute and loaded on an SDSPAGE. Gels were dried, fixed, and prepared for fluorography by soaking in 1M
sodium salycilate. X-ray film (Kodak) was exposed to the dried gels until the
desired band intensity was achieved (usually 1 to 3 days).
ImmunoblotsAbout 15 lig total E. coli or T4-infected E. coli protein
was loaded and resolved on 12 or 15% SDS-PAGE gels. Proteins were
transferred to nitrocellulose for 1 to 2 hours at 100 mA in transfer buffer
(18.2 g Tris base and 86.5 g glycine in 6 L water containing 1200 ml methanol).
The blots were blocked in 1% gelatin in TBST buffer (30.5 Tris base, 41 g NaCI,
2 g EDTA, 5 ml Tween 20, and 5 L water) for 1 hour. The blot was then
incubated in alkaline phosphatase-coupled anti-rabbit IgG (Promega) at a 7000
fold dilution, in a volume sufficient to cover the blot. Blots were washed with
3 X 10 ml TBST buffer and developed in 7.5 developing buffer [33 ill NBT and
44 µ1 BCIP (Gibco BRL) in 100 mM ethanolamine (pH=9.6), 100 mM NaCl, 5
mM MgC12). At the desired level of color development the reaction was
stopped by washing the blot 3 X 20 ml water.
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RESULTS

Analysis of DNA and protein sequences

Sequence analysis reveals strong homologies at the deduced amino
acid levelProtein sequence homology searches revealed that the open
reading frame 3' to the T4 nrdA gene is similar in many respects to other
potential T4 proteins. Figure 2.1a shows the amino acid alignment of the
deduced N-terminal regions of the five most conserved open reading frames
considered. These protein sequences are nrdA.1, 55.10, and D from T4 as well
as psbA.1 and psbA.2 found in the first and second group I introns of the
chloroplast psbA gene from the green algae Chlamydomonas mouwesii. The
psbA gene encodes the D1 thylakoid membrane protein of photosystem
Also shown is the "cryptic gene 39.1" T4 sequence (discussed below). The
strongest homology was found between the inferred T4 sequences centers
around amino acid 27 to around amino acid 65 (indicated on top by a dashed
line). This region has up to 77% exact matches with many of the substitutions
being conserved. Ten invariant residues are found in all the sequences. These
begin with the first two histidines (HH) indicated at the left of the dashed line
in Figure 2.1a. Furthermore, the first histidine is nearly the same distance
from the amino-terminus in all the sequences. The one exception is psbA.1,
which contains an additional N-terminal 120 amino acids.
Figure 2.1b shows the more limited sequence similarity that nrdA.1 has
with other protein sequences. These sequences are found in cyanobacteria,
green algae chloroplast, and E. coli as indicated. The striking feature is the
location of the sequences found within bacterial group II self-splicing introns
(Ferat and Michel, 1993), shown at the bottom of Figure 2.1b.
Table 2.1 summarizes the homologies of the sequences relative to
nrdA.1. The overall N-terminal sequence identity is high relative to
alignments performed the same way except using the same amino acid
composition that is randomized (randomized values in parenthesis).
However, no significant sequence homology is apparent beyond the Nterminal region. Exact matches relative to nrdA.1 range from 42 to 75% in the
first 62 residues. The nrdA.1, 55.10, and D protein sequences are more similar
to one another then they are to the C. moewussi homologues. Table 2.2
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Figure 2.1. Region alignment of T4 and C. moewussi sequences that share
sequence similarities. A, Alignment of the N-terminus regions of (A) 55.10,

(B) D, (C) nrdA.1 and (D) cryptic gene 39.1 from T4 and (E) psbA.1 and (F)
psbA.2 from C. moewusii. Exact matches between two or more sequences are

indicated with a line and/or upper case letters. Where residues are not
identical there is usually a conserved substitution (not shown). Numbers to
the left indicate the the amino acid number. The consensus (Con) sequence is
indicated below with upper case letters showing residues that are the same in
A-C, small case indicates the residue is present in at least two sequences. The
region defined as the high homology is indicated on top by a dashed line.
Also shown is the putative Zn+2 finger. B, Other sequences displaying
homology to nrdA.1 are boxed: 5-methylcytosine restriction enzyme A (top),
probable reverse transcriptase (middle), and bacterial group II intron open
reading frames (bottom; from Feret and Michel, 1993).
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Figure 2.IB
PRT; 277 AA.
STANDARD;
DE 5-MET HYLCYTOSINE-SPECIFIC RESTRICTION ENZYME A (EC 3.1.21.-).

ID MCRA_ECOLI

Matches 12; Mismatches 9; Partials 3; Indels 0; Gaps 0;
.* * *
**.*
* * **.**
224 YLEVHHVIPLSSGGADTTDNCVAL 247
23 YKETHHIIPRCMGGSDDKENLVEL 46

Db
nrdA.1

PRT; 608 AA.
STANDARD;
DE PROBABLE REVERSE TRANSCRIPTASE (EC 2.7.7.49).

ID RDPO_SCEOB

Matches 11; Mismatches 7; Partials 4; Indels 0; Gaps 0;
* *** *
.

.

** *

.

* * *
.

540 ELHHILPKRFGGKDTPNNMVLL 561
25 ETHHIIPRCMGGSDDKENLVEL 46

Db
nrdA.1

Calothrix sp. gene for group II introncontained ORF
*..****.
** * .**
850 EIDHIIPKSQGGKDVYDNL
25 ETHHIIPRCMGGSDDKENL

Db

nrdA.1

*

Cal.xl
Cal.x2
So.petD
AvUWR.xl
Ec.mcrA

*

LLKKFLGK
LLIKOEKK
ILEKWGPC
LWLGQSKR
(206]

Zinc-Finger-like Domain
+* + +*+++++
+ +*+++

**

DVKT (19]
7]
DIIH
CGLCRKNLEINSIP----YELHHILPKRFGGKDTPNNMVLLCM.PCH QLVS (37]
NNIHHIIKRHMGGGDELDNLVLLHR, -CH MLR (15)
CPMCKQLITFETG
CENCGKNAPFYLNDGHPYLEVHHVIPLSSGGADTTDNCVALCPN-CH RELH (21]
CSHCGLYFREDDL- - - - -)EIDHIIPKSOGGKDITYDNLOALHRF -CH
CSECHLMFTSEDI - - -HEVEHIDONR- -GNNKLSNLTLVHRI -CH

(

40

Chlamydomonas
moewusii
psbA.2
psbA.1
NrdA.1
55.10
D,D*
In second
In first
Overlap 3' Overlap 3' Downstrea
intron of
intron of
m of gene
end of
end of
psbA gene psbA gene
55
nrdA gene nrdD gene
Phage T4

Location of sequence

Exact matches in region of
high homology compared
to NrdA.1

75.0%
(6.1%)

66.6%
(6.1%)

47.2%
(7.7%)

41.6%
(4.4%)

Table 2.1. Analysis of protein sequences. Top row indicates the location of the
sequence (see Figure 2.3). The bottom row shows the overall exact matches
compared to NrdA.1 for the region indicted by dashed line in Figure 2.1.
Conserved substitutions are not considered here. The GENALIGN program
from ItelliGenetics was used to generate the alignments. Gaps were allowed
in the alignments. Values in parenthesis are the average of 10 determinations
when comparisons are made against randomized sequences with the same
amino acid compositions.

Phage T4
Molecular

Weight (kDa)

Number amino acids
Isoelectric Point
Percent weight
lysine (top value)
and arginine

Chlamydomonas

NrdA.1 55.10
16.9

23.9

D
30.4

146
10.86
15.2

210
10.98
12.8
7.8

265
10.83
12.7
7.7

8.3

moewussi
psbA.1 psbA.2
38.6
35.9
345
10.49
14.4
6.1

312
7.34
10.0
6.1

Table 2.2. Physical properties of T4 and C. moewussi homologues. See Figure
2.3 for corresponding genomic locations.
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summarizes several properties of the protein sequences. The T4 sequences
range in size from 16.4 to 30.4 kDa. Regardless of the size of the inferred
sequences, all are very rich in lysine and arginine. This results in unusually
high pI's that range from 10.5 to 11.0. This contrasts with most T4 and E. coli
proteins, which tend to be acidic. The basic nature of the potential proteins
suggests the possible association with the negatively charged phosphate
backbone of either RNA or DNA.
Analysis of DNA sequences of nrdA.1, 55.10, and D Is the strong
homology of the inferred protein sequences an artifact of similarities between
regions of DNA or is it the result of a selective pressure to maintain a specific
protein-coding sequence? At least five observations suggest the latter to be the
case for the T4 nrdA.1, 55.10, and D protein sequences.
First, Table 2.3 summarizes the results in Figure 2.2 which demonstrate
that the similarity in DNA sequences between nrdA.1, 55.10, and D appear to
be maintained only in the open reading frame regions and not in the
immediate 5' upstream sequence. The upstream -200 nucleotide regions
(relative to the ATG start codon) show no significant differences in DNA
sequence similarities as compared to alignments using the same base
composition of random nucleotides (Table 2.3). However, not surprisingly,
the +200 nucleotide regions do display an increase in similarities. Therefore,
it appears that the amino acid similarity does not simply reflect a larger
artifact of duplicated DNA.
Second, the preference that a base has for codon position is a strong
indicator for distinguishing structural genes from fortuitous open reading
frames (Stormo, 1987). These preferences have been analyzed for known E.
coli and T4 genes and demonstrate a strong bias in their codon position (Table
2.4a). The codon preferences of the nrdA.1, 55.10, and D open reading frames
closely parallel those of known T4 genes (compare Table 2.4a and 2.4b). These
preferences can be expressed as a correlation coefficient which can vary from
-1.0 to +1.0 (Stormo, 1987). The sum of the correlation coefficient values for
all three reading frames of a given open reading frame is 0, with the proteincoding frame scoring near +1.0. Correct reading frames for 58 T4 genes all had
values greater than 0.77, whereas the remaining two reading frames all had
values less than 0 (Se lick et al. 1993). The correlation coefficients for NrdA.1,
55.10, and D are all relatively high (Table 2.4c). Based on this criterion it
appears that these open reading frames are likely protein-coding regions.
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I'

F---

A
200 by

1

Difference between

randomized and non-

NrdA.1
55.10

randomized -200
NrdA.1 55.10
D,D*
5

ATG

-1

200 by

-I

Difference between

randomized and nonrandomized +200
D,D*
NrdA.1 55.10
24

27
28

Table 2.3. Comparison values of similarity scores. Scores were determined for
the downstream (-200) and upstream (+200) 200 nucleotides for both the real
and randomized sequences (control). An average of 10 values was used for
each random determination. Values are the difference of random and nonrandom values and represent the number of exact matches. Data are from the
alignments in Figure 2.3. The GENEALIGN program (IntelliGenetics) was
used to determine matches. These values demonstrate that the DNA
sequences in the first 200 nucleotides of the opening reading frames are more
similar then the 200 nucleotides upstream.
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Figure 2.2. DNA sequence comparison of downstream and upstream DNA
sequences. The GENALIGN program (IntelliGenetics) was used with the
indicated parameters to compare the upstream and downstream DNA
sequence (+ and - 200 nucleotides relative to ATG start codon, respectively)
similarities for D,nrdD (including 55.10), nrdA (including nrdA.1), and
regions.
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A

Deviation for E. coli
codons
Pos
1

2

3

CG

Deviation for T4
codons

ACG

T
A
C
T
+.010 -.016 +.114 -.129 -.012 -.004 +.210 -.124
+.088 -.033 -.122 +.092 +.038 +.088 -.091 -.026
-.097 +.05 +.009 +.038 -.025 -.083 -.118 +.151

B

Deviation NrdA
codons
Pos.
1

2

3

A
0
0
0

Deviation 55.10
codons

Deviation D
codons

T
C
T
A
G
A
G
T
C
C
G
-.037 +.142 -.065 +.017 -.046 +.131 -.086 +.019 -.057 +.105 -.051
+.013 +.156 -.012 -.097 -.017 +.181 +.017 -.068
+.140 -.109
0
-.102 -.042 +.065 -.029 -.110 -.119 +.184 -.001 -.123 -.121 +119

C

Gene

Correlation coefficient

n rdA .1

0.94

55.10

D

0.88
0.78

n rdC

0.90

nrdD
nrdB

0.98

n rdA

0.98

td

0.94

0.96

Table 2.4. Codon analysis of T4 sequences. A, The occurrence of each base at
codon position 1, 2, or 3 was determined, normalized to 1.0, and subtracted
from random occurrence (0.33). This value was found for each base at each
codon position for known E. coli and T4 genes. A total of 58 T4 genes were
analyzed (data from Selick et al., 1993). B, The same data were determined for
the nrdA.1, 55.10, and D sequences. C, Correlation coefficients for open
reading frames nrdA.1, 55.10, and D (see text, values from E. Kutter and
coworkers). For comparison, correlation coefficients for some known T4
genes are shown. A value of 0.9 or greater strongly suggests that the sequence
is a gene.
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Third, all three protein sequences contain a unique putative zinc-finger
motif that is similar to that found in T4 dCMP deaminase (Moore et al., 1993).
One of the two proposed zinc-binding motifs in dCMP deaminase has the
primary structure H-X3-C-X14-H-X3-H (see Figure 2.1), where the three

histidine and one cysteine residues coordinate zinc. Both nrdA.1 and D
protein sequences have the sequence H-X4-C-X18-H-X3-H, which is nearly
identical to that of dCMP deaminase. The 55.10 protein sequence contains a
serine in place of the cysteine. Also, the putative zinc-finger domains in the
T4 proteins share homology with zinc-finger-like domains found in protein
from the open reading frames in group II introns (see Figure 2.1b).
Fourth, although the amino acid similarity is confined to the Nterminal regions, lysines and arginines are distributed throughout the
primary sequences (Table 2.2), resulting in unusually high pI's. Thus, it
appears that an overall basic nature has been selected for, again indicating that
the sequences are protein-coding.
Fifth, the sequences are not only maintained in T4 but also in widely
divergent organisms. This would seem highly unlikely if these proteins did
not serve a significant biological function.
Gene arrangements display striking similaritiesAside from having
remarkably conserved sequences at the protein level, the nrdA.1 and 55.10
open reading frames also display intriguing similarities in their location on
the T4 genome. Both are juxtaposed to the 3' ends of the genes coding for the
two different classes of ribonucleotide reductase. The nrdA.1 and 55.10 start
codons share nucleotides with the stop codons of the nrdA and nrdD genes,
respectively (Figure 2.3). Interestingly, there are strong predicted mRNA
secondary structures at these boundaries which are shown in Figure 2.3b. In
both cases the AUG start codon is located in the loop structure. This could
provide a mechanism for a ribosomal shift into the correct reading frame.
Furthermore, in the case of 55.10, the secondary structure brings a potential
ribosome binding site proximal to the AUG start codon. A similar situation is
seen for T4 gene 25, where an mRNA secondary structure brings a distal
ribosome binding site into a more favorable position for translation
(Nivinskas et al., 1993).
Both protein sequence similarities and chromosomal locations of
nrdA.1 and 55.10 can be extended to another T4 gene involved in DNA
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Figure 2.3. Genomic locations of homologous sequences and predicted
secondary structures at overlapping regions. A, The locations of the sequences
are shown. The overlapping start and stop codons are indicated. The
similarity between the nrdAB region and the topoisomerase region is
evident: nrdA.1 and gp39.1 are found between genes of multimeric enzymes
in which the downstream gene has an intervening sequence. B, The predicted
secondary structures at the overlaps of nrdA/nrdA.1 and nrdD/55.10. Also
shown is the predicted secondary structure at the 5' end of the D open reading
frame, although there is no immediate upstream gene present. The AUG start
codons are hollow and the stop codons are indicated with *. A potential
ribosome binding site is shown for 55.10.
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metabolism, T4 topoisomerase. T4 topoisomerase is a trimeric enzyme with
two of the three subunits, genes 39 and 60, separated by 726 nucleotides
(Figure 2.3). Fifty nucleotides of the gp60 mRNA transcript are untranslated
(Huang et a/., 1988). This intervening sequence is similar to the group I
introns in the nrdB and nrdD genes. However, instead of being excised by
mRNA splicing, the 50-nucleotide untranslated region in the gp60 transcript
is bypassed by a "hopping" ribosome. These fifty nucleotides may be the
artifact of a once larger self-splicing intron that has lost the capacity to splice.
Although there is no start codon, we found that when the DNA sequence
spanning the end of gene 39 (see Figure 2.3a) is translated in the proper
reading frame the resulting peptide sequence shows the same homology as
that described for the above T4 and C. moewusii sequences (Figure 2.1 ). A
general theme appears to emerge: Phage T4 open reading frames,
homologous at the amino acid level, are found near genes that contain
intervening sequences. This extends to C. moewusii, where psbA.1 and
psbA.2 are found within the first and second group I introns of the psbA gene,
and to bacterial group II intron open reading frames. Furthermore, the T4
topoisomerase region (genes 39 and 60) and ribonucleotide reductase region
(nrdA and nrdB genes) share a similar architecture. Both nrdA.1 and 39.1 are
located between genes of multimeric enzymes in which the downstream gene
carries an intervening sequence. Since all these sequences reside in or near
self-splicing introns, speculation of a functional relationship is tempting.
Could it be that pressure to maintain an intact gene 39.1 was lost when gene
39 evolved from a self-splicing intron to a ribosomal bypass? This would
contrast nrdA.1 that remains intact, and functionally linked to the nrdB
intron.
Cloning of the nrdA.1 region

Cloning nrdA.1Analysis of mRNA transcripts of the T4 nrdA and

nrdB genes revealed that these genes are expressed both separately and
coordinately (Tseng et al., 1990). Since the nrdA.1 open reading frame resides
between the nrdA and nrdB genes, it too is found on these messages. The
presence of mRNA transcripts, as well as the above DNA and protein
analysis, strongly suggests that at least one of the T4 sequences is proteincoding, and that this protein may in some way be linked to the expression of
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the genes for one or both of the T4-encoded ribonucleotide reductases.
Therefore, cloning of the nrdA.1 gene was undertaken to (1) obtain protein
for use as an antigen in the generation of rabbit polyclonal antibodies and (2)
as a starting point to characterize a potential biological function for the nrdA.1
protein.
PCR was used to amplify DNA specific for nrdA.1. Primers were
synthesized based on the reported sequence of the nrdA.1 open reading frame
obtained from Gen Bank. Using these primers and total genomic T4 DNA as
template, PCR resulted in the amplification of the expected 426-bp fragment
shown in Figure 2.4. This fragment was cloned into the T7 expression vector
pT7-7 (Tabor and Richardson, 1985). The insert was sequenced and found to
contain two errors. Therefore, the cloning was repeated using a PCR fragment
from a separate reaction. The second clone was found to have one of the same
errors (an insertion of an A at position 350) as was found in the first clone.
This second clone is referred to as pnrdA.1/426. The pBS5 plasmid contains
the T4 nrdB gene (Sjoberg et al., 1986) along with 537 nucleotides of upstream
sequence of which 279 nucleotides overlaps the 3' of the nrdA.1 open reading
frame. When the 5' end of the pBS5 insert was sequenced it was found to
match exactly the sequences of the PCR clones. Therefore, it appears that the
published sequence was in error, having an extra A inserted in a run of A's at
positions 331 to 355. The new nrdA.1 sequence results in an open reading
frame of 441 nucleotides instead of the previous reading frame of 426
nucleotides. Replacing the Sphl/HindlIl fragment of the nrdA.1 clone with
the 726 by Sphl/Hindill fragment from pBS5 results in a final insert of 891 by
containing the full length nrdA.1 reading frame as well as several other open
reading frames, one of which has a strong potential ribosome binding site
(Figure 2.4b). Table 2.5 is a list of the various constructs that were generated.

52

Figure 2.4. NrdA.1 region. A, The gel on the left shows the amplification of a
DNA fragment that contains the first 426 by of nrdA.1 (lanes 1 and 2). The gel
on the right is verification of the pnrdA.1/891 either uncut (lane 1) or
restriction digested with Sad/ HindIII (lane 2) or Sphl/HindlII (lane 3). The 5'
end of the insert (ATG start codon to the Sphl site) is from the PCR product
and the Sphl/Hindill fragment is from plasmid pBS5. The outside lanes are
markers. (B) Partial restriction map of 891-bp insert containing nrdA.1. Also
shown are other potential genes within this fragment and ribosome bindinglike sequences where applicable.
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Name of clone

pnrdA.1/891
pnrdA.1/426
anti-pnrdA.1 /426
ASacl- anti-pnrdA.1 /426

Description of insert

891 bp, beginning at nrdA.1 ATG start codon
426 bp, vector blunt at Ndel/Pstl
opposite orientation as pnrciA.1/426

deletion of Sad site, truncating nrdA.1 reading frame
at codon 28.

Table 2.5. NrdA.1 constructs generated.

The first nrdA.1 clone obtained was overexpressed in BL21(DE3) cells
which contain the IPTG-inducible T7 RNA polymerase gene. This clone
should express a fusion protein that contains the first 141 residues of the
nrdA.1 protein along with several vector-encoded residues. Coomassie bluestained gel of total protein from uninduced and induced cells is shown in
Figure 2.5. The induced protein runs at about 21 kDa, which is near the
expected molecular weight. Using anti-peptide antibodies (discussed below)

that should recognize the nrdA.1 protein, immunoblot analysis showed that
this antiserum was able to recognize the overexpressed protein (Figure 2.5b).
In order to generate polydonal antiserum to the entire protein, overexpressed
nrdA.1 was isolated from a 15% SDS-PAGE gel by electroporation. The
isolated protein was then injected into rabbits to generate polyclonal
antiserum.
Probing for expression of nrdA.1, 55.10, or D proteinsImmunological
detection of the nrdA.1, 55.10 and D protein was attempted. As mentioned
above, peptide antibodies, as well as protein antibodies were generated in
rabbits. The peptide sequence HHIIPR was synthesized and used as an antigen.
Antibodies were generated to an ovalbumin-peptide conjugate that was
prepared by crosslinking the amino group of the peptide to any available
amino groups on ovalbumin using glutaraldehyde (see "MATERIALS AND
METHODS"). This peptide-conjugate was sufficiently antigenic to elicit an
immune response. The presence of anti-peptide antibodies is demonstrated in
Figure 2.6. Panel A is a Coomassie blue-stained gel of equal amounts of BSA,
glutaraldehyde cross-linked BSA, and glutaraldehyde crosslinked
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Figure 2.5. Overexpression of recombinant nrdA.1. A, Coomassie blue-stained
15% SDS-PAGE gel of total protein from uninduced and induced BL21(DE3)
cultures containing the 426-bp nrdA.1 insert. Samples were removed at the
indicated times (min.). The arrow shows the induced protein. This first
construct is slightly different from nrdA.1/426 by having 2 fewer nucleotides
between the ribosome binding site and the ATG start codon and different
plasmid-encoded amino acids fused at the carboxy terminus. B, Immunoblot
analysis of uninduced (U) and induced (I) cultures using anti-peptide
antibodies (see Figure 2.6) that recognize the epitope HHIIPR found at
position 27-32 (see Figure 2.1).
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Figure 2.5
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BSA-peptide. Cross linking is evident from the smear of the bands which
represents different amounts of peptide crosslinked to BSA. Panel B is an
immunoblot of Panel A using a 2000-fold dilution of the anti-peptide
antiserum. The lane containing the BSA-peptide conjugate (lane 3) gives the
maximum signal with only a low level of background due to cross-reacting
antibodies to BSA or glutaraldehyde. Panel C is a control that shows that the
crosslinked BSA cannot compete away the BSA-peptide signal when the
antiserum is preincubated with an 85-gg excess of crosslinked BSA. This
indicates that the epitope recognized is the HBIIPR peptide.
Both protein and peptide antibodies were used in an attempt to identify
the presence of nrdA.1, 55.10, or D proteins in T4-infected bacteria. Antibodies
to the HHILPR epitope should be capable of recognizing any of these proteins
since this sequence is present in all three. T4 early and late proteins were
labeled with [35S }- Met /Cys from 3 to 10 and 12 to 21 minutes post-infection at

37°C and used in exhaustive immunoprecipitation analysis. Both native and
SDS-denatured T4 proteins were used. Disappointingly, there were no
conclusive data demonstrating the presence of any of the three presumptive
proteins. T4 proteins were also labeled at 25°C and analyzed by
immunoprecipitations, which gave similar results. Lastly, immunoblots were
performed which also provided no evidence for their synthesis. Taken
together, these results suggest that under the standard laboratory conditions
used for T4-infections there is no synthesis of the nrdA.1, 55.10, or D proteins.
This may not be totally surprising since the biological function of these
proteins may be required only under "natural" conditions. Their synthesis
may be regulated resulting in their presence only under conditions when
these proteins would serve a required or useful function. Of course, it is also
possible, though seemingly unlikely, that the these proteins are not expressed
under any conditions. Alternatively, only a few copies per cell may be made
and thus not detectable with the antisera that were generated.
Effect of induction of pnrdA./891 on R2 expressionSince it was
speculated that the nrdA.1 protein may have something to do with R2
synthesis, experiments were designed to see if induction of pnrdA.1/891
affects R2 production during a T4 infection at different temperatures.
BL21(DE3) cells containing pnrdA.1/891 were grown at 37°C and induced for
30 minutes prior to T4 infections. Uninduced cells served as controls. When
infections were carried out at 30°C or 37°C there was no detectable change in

58

A

m

1

2

3

B

Figure 2.6. Specificity of anti-HHIIPR peptide antibodies. A, Coomassie bluestained gel of BSA (lane 1), glutaraldehyde-crosslinked BSA (lane 2) and
glutaraldehyde-crosslinked BSA-peptide (lane 3). B, Immunoblot of gel in A
without preincubation of anti-peptide antiserum with crosslinked BSA. C,
Immunoblot of gel in A with preincubation of anti-peptide antiserum with 85
lig of crosslinked BSA.
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R2 levels when comparing induced and uninduced cells, as indicated by R2
immunoblot analysis shown in Figure 2.7. However, when a similar
experiment was done with infections carried out at 22°C no R2 could be
detected. As a control, anti-pnrdA.1/426 was induced and infected with T4 in
parallel with pnrdA.1/891. R2 could be detected only in the control cells,
indicating that its decrease is not due to IPTG induction of a plasmid. These
results indicate that a protein expressed from the insert somehow affects R2
expression after a T4 infection.
Analysis of pnrdA.1/891 and pnrdA.1/426 inductions Prior to
realizing that the pnrdA.1/426 vector did not contain the full length nrdA.1
open reading frame (see above), BL21(DE3) cells containing this plasmid were
induced to overexpress nrdA.1. The Coomassie blue-stained gel in Figure 2.8a
shows a definite band at 21 kDa that is specific for the induced cells, similar to
the gel in Figure 2.5. However, Figure 2.8b demonstrates that the same
expression pattern is not found for the induction of pnrdA.1/881. This vector
is exactly the same as pnrdA.1/426 except for having 455 by more at the 3' end
of the insert (see Figure 2.4). After several attempts at nrdA.1 induction from
pnrdA.1/891, only a low-molecular band at 10 kDa was induced. It was
assumed that the 10 kDa band represented the N-terminus of R2 since this
vector is expected to code for a truncated 9.4-kDa R2 protein (see Figure 2.4b).
However, this does not appear to be the case since the immunoblots with
anti-R2 antibodies did not detect this protein (Figure 2.7).
As a more sensitive approach in determining what proteins are
expressed from the pnrdA.1/881 vector, plasmid-encoded proteins were
specifically radiolabeled. Following inhibition of E. coli RNA polymerase
with rifampicin, cells were induced with 0.4 mM IPTG and labeled with [355]Met/Cys. The results are shown in the autoradiogram in Figure 2.8. Induced
pnrdA.1/881 shows a broad band at 10 kDa. This labeled protein is not seen
in uninduced extract (lane 2) or from induced cells that contain the antipnrdA.1/426 vector (lane 2). Consistent with the Coomassie blue-stained gels
in Figure 2.8a, the 21-kDa band representing nrdA.1 protein was not detected.
These results indicate that the 10-kDa protein may be responsible for the
inhibition of R2 synthesis, both from a T4 infection as well as the plasmidencoded N-terminus of R2. Figure 2.4b illustrates. that there are several
possibilities for which protein this may be, with the 9.4-kDa protein perhaps
being the most likely due the strong ribosome binding site. However, it
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Figure 2.7. Effect of pnrdA.11891 induction on R2 synthesis in T4-infected E.
coli. BL21(DE3) cells carrying the pnrdA.1/891 or anti-pnrdA.1/426 vectors
were grown at 37°C in LB medium containing 100 p.g ampicillin. At mid-log
phase the cultures were split in half and to one half IPTG was added to 0.4
mM. After 30 minutes more growth at 37°C the cells were equilibrated to the
new temperature for 10 minutes and then infected with T4 at a multiplicity of
infection of 10. Cells were harvested at 10 to 20 minutes post-infection and
prepared for immunoblot analysis using anti-R2 antibodies as described in
"MATERIALS AND METHODS". Panel A, infection of cells carrying
pnrdA.1/891 at 25 °C with (+) or without (-) prior IPTG induction. Panel B,
infection at 25 °C with cells carrying anti-pnrdA.1/426 (A, anti orientation) or
pnrdA.1/891 (C, correct orientation) after IPTG induction. Panel C shows
infections of pnrdA.1/891 at 37 °C: lane 1, no plasmid with IPTG induction,
lanes 2 and 3 are not infected with lane 3 IPTG induced, and lanes 4 and 5 are
infected with lane 5 IPTG induced. Markers are indicated in kDa.
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Figure 2.8. Induction of pnrdA.1/426 and pnrdA.1/891. BL21(DE3) cells
containing either the pnrdA.1/426, anti-pnrdA.1/426, or pnrdA.1/891
plasmids were grown in LB medium containing 100 µg /ml ampicillin at 37°C.
At 0D595 -0.8 cells were induced by addition of IPTG to 0.4 mM. A, Coomassie
blue-stained gels of total protein from pnrdA.1/891 (top gel) and pnrdA.1/426
(bottom gel) inductions. U, uninduced and I, induced. Bottom gel lanes: 1, no
induction; 2-5 various times post-induction; 6, no induction; 7 soluble protein
from induced cells; and 8, soluble protein from uninduced cells. Arrows
indicate the -10 kDa-protein and 21-kDa nrdA.1 protein. B, Autoradiogram of
pnrdA.1/891 induction. Ten ml of cells containing the pnrdA.1/891 or antipnrdA.1/426 (control plasmid) plasmids were grown to 0D595 0.6 at which
time they were pelleted at 8,000 X g. The cell pellet was brought up in 10 ml
M9 medium and allowed to grow for a further 60 minutes at 30°C at which
time there was no IPTG addition or IPTG was added to 0.4 mM. Rifampicin
was added to 200 1.1g/m1 after 20 minutes induction and the cells were kept at
42°C for 10 minutes. After returning to 30°C for 20 minutes 30 [iCi [35S]Met/Cys was added and labeling was allowed to proceed for 15 minutes. Total
protein was resolved on a 12% SDS-PAGE gel and exposed to X ray film. Lane
1, IPTG induction of anti-pnrdA.1/426 plasmid; lane 2, no IPTG induction of
pnrdA.1/891 plasmid; and lane 3, IPTG induction of pnrdA.1/891 plasmid.
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Figure 2.8B
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should be noted that the heat-inducible pBS5 plasmid which contains both
the nrdB gene and the DNA for the 9.4 kDa protein will overexpress R2 at
42°C (data not shown).
A second finding is the apparent shutoff of nrdA.1 protein synthesis in
pnrdA.1/891 as compared to pnrdA.1/426. A similar situation has been
reported in which several T4 genes on a cloned fragment of DNA influence
the expression of the other genes. A cloned fragment of DNA containing T4
genes 51, 27, and 28, will express gene 51 only when there is a deletion in
genes 27 and 28 (Nieradko et al., 1990). Since the 10-kDa protein is expressed to
relatively high levels it should be straight forward to positively identify it by
micro sequencing.
Although the initial question of whether the nrdA.1 protein affects R2
synthesis remains unanswered, the data here elucidate what appears to be a
complex regulatory pattern for R2 synthesis; DNA upstream of the nrdB gene
appears to encode a protein that is somehow involved in the regulation of R2
synthesis.

DISCUSSION

Here we have shown that the T4 presumptive proteins nrdA.1, 55.10,
and D have striking similarities to each other and with other protein
sequences found in C. moewussi group I introns, bacterial group II introns,
and a probable reverse transcriptase. These same regions show a limited
sequence homology to the zinc-finger-like domains of reverse transcriptase.
Reverse-transcriptase-like proteins function as maturases that facilitate in the
splicing of group II introns (reviewed by Lambowitz and Belfort, 1993;
Saldahna et W., 1993) which may have evolved from an intron-mobilizing
activity. Maturases are often found within the intron in which they are
involved in splicing and are usually specific for that intron.
Although circumstantial at this point, there is strong evidence
implicating nrdA.1, 55.10, or D in the splicing of one or several group I
introns found in T4 (nrdB, nrdD, and td introns). Furthermore, 39.1 may be
the remnants of an intron-splicing protein factor for a once full-length intron
in gene 60 (discussed above). It should be mentioned that genetic analysis of
T4 intron-splicing has not yet revealed mutations in any genes that affect
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splicing (D. Hall, personal communication). However, efficient in vivo
intron excision may not require protein-facilitated splicing under standard
laboratory conditions. These proteins may be required only under more
stressful (i.e. non-laboratory-like) conditions. This may explain the inability to
immunologically detect nrdA.1, 55.10, or D proteins after a T4 infection.
Although the T4 introns self-splice in vitro, they do so under rather
non-physiological conditions which include extended times at high MgC12
concentrations and elevated temperatures (Ohman, et a/., 1993; Chu et al.,
1986). This may suggest that splicing is assisted in vivo. The nrdA.1, 55.10 and
D proteins could facilitate intron excision by (a) recruiting the Mg+2 ions
required for catalysis, (b) helping with proper folding and stabilization of the
mRNA tertiary structure that is functionally catalytic, (c) aiding in the rate
limiting 5',3' exon ligation step, or (d) aid in the fidelity of splice site
junctions.
Contrary to a maturase-like function, the T4 proteins could potentially
down regulate splicing. Stereoselective L-arginine binding to the GTP binding
site in group I introns is a conserved property (Hicke et al., 1989). Since GTP is
required for the transesterification reaction, binding of arginine acts as a
competitive inhibitor of splicing. Interestingly, arginine is conserved in all
the T4 sequences in the motif HHIIPR. This is true for several other similar
sequences as well (see Figure 2.1).

Cloning and overexpression of nrdA.1 was done. However,
preliminary experiments to determine any effects of the overexpressed
nrdA.1 protein on R2 production were complicated by the apparent
expression of another gene that is found between nrdA.1 and nrdB. The
unexpected finding from these initial experiments suggests that this --.10 kDa
protein may be involved in nrdB expression under certain conditions. This
leads to a complex regulatory pattern for nrdB regulation since it was recently
reported that R2 and gp39 are both involved in R2 expression at the
translational level (Hilfinger and Pe, 1994).
Experiments so far have used the pnrdA.1/891 construct (see Figure 2.4)
which, for unknown reasons, does not express the nrdA.1 protein at
detectable levels. However, the pnrdA.1/426 construct (lacking 465 by of
downstream sequence) does express the first 141 of 146 residues of nrdA.1
protein. Expression from this construct should allow for testing the in vivo
effects of the nrdA.1 protein on nrdB expression from the recombinant gene
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or from a T4 infection either by directly monitoring mRNA splicing (Ohman,
et a/., 1993) or indirectly following R2 synthesis by immunoprecipitation.
In summary I suggest that nrdA.1 and its protein homologues are in
some way involved with intron splicing. One scenario is that these proteins
regulate or facilitate splicing. Their involvement in intron mobility seems
less likely since proteins encoded by genes located within T4 introns have
already been shown to have this property (Quirk et al., 1989).
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SUMMARY

Bacteriophage T4 encodes its own aerobic ribonucleotide reductase
(RNR), which reduces ribonucleoside diphosphates to the corresponding
deoxyribonudeoside diphosphates. T4 RNR is composed of homodimeric
large (R1) and small (R2) subunits. Intricate regulation of enzymatic activity is
accomplished by the binding of nucleotide effectors to Ri. Berglund (1972b)
described similarities between T4 RNR and aerobic E. coli. An important
difference, however, is that T4 RNR forms a tight R1R2 complex, while the E.
coli R1 and R2 more readily dissociate. In this study we purified the phage R2
subunit from an overexpression vector constructed by Tseng et al. (1992) and
used this as an immunogen to generate polyclonal antiserum. Using coimmunoprecipitation techniques we probed in vitro for interactions between
the phage-induced R1 and R2 subunits. Our studies indicate that tight binding
of the phage RNR subunits is completely dependent upon the known
allosteric effectors of the enzyme. Once the R1R2 holoenzyme has been
formed it appears to be remarkably stable when in the presence of dATP.
However, if dATP is removed, the R1R2 complex readily dissociates.

INTRODUCTION

Ribonudeotide reductase (RNR) sits at a crucial point in DNA
precursor biosynthesis in all organisms. As studied principally in aerobic
Escherichia coli and in mammalian cells, RNR catalyzes the committed step
to DNA synthesis by reduction of ribonudeoside diphosphates (rNDPs) to the
corresponding deoxyribonucleoside diphosphates (dNDPs). Consequently,
RNR is central to deoxyribonudeoside triphosphate (dNTP) metabolism in all
cells and appears to be the limiting enzyme in dNTP biosynthesis in T4
phage-infected E. coli (Chiu et al., 1982; Chiu et al., 1980). The phage RNR is
similar to the prototypic aerobic RNR of its E. coli host. Both RNRs are
composed of homodimeric large R1 (172 kDa) and small R2 (86 kDa) subunits,
and are generally believed to have an a2132 structure (Nordlund et al., 1990;
Uhlin and Eklund, 1994; Uhlin et al.; Brown and Reichard, 1969a). The R1
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subunit also contains redox-active thiols involved in catalysis. The small
subunit harbors an essential tryosyl radical stabilized by a non-heme binuclear
iron center. Both subunits are absolutely required for enzymatic activity.
Equilibrium dialysis (Berglund, 1975) and affinity chromatography
(Berglund and Eckstein, 1972) provide strong evidence that the T4 R1 subunit
contains two classes of nucleotide-binding sites, similar to the E. coli RNR.
RNR is exquisitely regulated by the binding of nucleotide effectors to these
sites, the activity site and the specificity site (Brown and Reichard, 1969b;
reviewed in Eriksson and Sjoberg, 1989; Thelander and Reichard, 1979).
Binding of ATP or dATP to the activity site and ATP or one of the dNTPs to
the specificity site modulates the Km and V. for each of the four rNDP
substrates.
Two major differences between T4 and E. coli RNRs have been
reported. First, unlike the E. coli enzyme, the phage RNR is not inhibited by
high dATP concentrations; in fact, CDP and UDP reductase activities are
stimulated (Berglund, 1972b). Second, the viral enzyme has tightly associated
R1 and R2 subunits (Berglund, 1972a; Berglund, 1975; Lin et al., 1987), similar
to the herpes simplex virus RNR (Bacchetti et al., 1986; Frame et al., 1985),
whereas the E. coli RNR more readily dissociates into free R1 and R2 under
similar conditions (Thelander, 1973). The original study of purified RNR
from T4 phage-infected cells demonstrated that only under denaturing
conditions could the two subunits be separated when the enzyme was bound
to a dATP-Sepharose column via the dATP-binding site(s) on R1 (Berglund,
1972a). However, these results were seen only in the presence of dATP, which
may have an effect on protein-protein interactions between the two subunits.
We considered the possibility that dATP, and possibly other nucleotides, may
stimulate interactions between the small and large subunits. In turn, this may
potentially influence interactions between RNR and other proteins of the
dNTP synthetase complex, a multienzyme complex formed in T4 phageinfected cells that facilitates deoxyribonucleotide biosynthesis (Chiu et al.,
1982; Allen et al., 1980; Mathews et al., 1988; Allen et al., 1983). To examine the

former possibility we used co-immunoprecipitation as a technique to probe
R1/R2 interactions in the presence of various effectors. Here we provide
evidence for a strong stimulatory effect on Rl /R2 subunit interactions by the
known allosteric effectors. Moreover, it appears that effectors are obligatory
for subunit interactions in vitro. This stimulatory effect could not be achieved
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by substrate or nudeotides that do not affect enzyme activity. Furthermore,
the effector-stimulated R1R2 ternary complex appears to be extremely stable.

MATERIALS AND METHODS

R2 PurificationRecombinant phage R2 protein was purified from
cells containing the pnrdAB vector, which harbors the nrdA and nrdB genes,
coding for the R1 and R2 polypeptide subunits, respectively (Tseng et al.,
1992). Overexpression was performed as previously described (Tseng et al.,
1992). Induced cell pellets representing 0.5 liters of culture were brought up in
6 ml of buffer A (50 mM Tris-Cl (pH=8.0), 20 mM NaC1, 1 mM dithiothreitol
(DTI), 1 mM phenylmethanesulfonyl fluoride (PMFS), and 10% glycerol).
Cells were lysed on ice with three 40-second bursts of sonic oscillation, with 1minute intervals between each two bursts. Cell debris was removed by
centrifugation at 10,000Xg for 20 minutes. Nucleic acids were precipitated
from the supernatant by addition of streptomycin sulfate to 0.8%, followed by
ammonium sulfate precipitation of the R1 and R2 proteins at 45% saturation.
The precipitated protein was dissolved in 3 ml buffer A and desalted by
passing over a 10DG desalting column (Bio-Rad) equilibrated with buffer A.
All steps were carried out at 40C or lower. R2 was separated from R1, and any
R1R2 complex, by anion exchange chromatography using an FPLC
(Pharmacia). A 20-400 mM NaC1 gradient in buffer A (lacking PMSF) was run
using a QMA Mem Sep 1010 chromatography cartridge (Millipore). Protein R2
came off at about 80 mM NaCl. The R1 protein, along with some R2, eluted
off the column at higher NaC1 concentrations. R2 was greater than 90% pure
at this point and no further purification was done. Fractions containing R2
were pooled and concentrated with a Centricon-30 device (Amicon). The
protein was stored in 50% glycerol in buffer A at 200C. Identity of the
purified protein as R2 was confirmed by its characteristic absorption at 410
nm, due to the tyrosyl radical.

Antibody GenerationA New Zealand white rabbit was injected both
intramuscularly and subcutaneously with a total of 50 gg purified R2 by using
the MPL+TDM adjuvant system (RIBI) as described by the manufacturer. A
similar second boost was given two weeks later using 50 gg of purified R2,
except this time Titer Max (Sigma) was used as an adjuvant. The rabbit was
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bled 56 days later. The blood was allowed to clot overnight at 4°C. Antiserum
was removed and stored at 20°C. No further purification was necessary.
Protein Labeling and ImmunoprecipitationsE. coli and T4-infected E.
coli were labeled in vivo with [35S]- methionine /cysteine by using the Express
protein labeling mix (New England Nudear), which has 72% of its
radioactivity in methionine and 18% in cysteine. Briefly, a 250-m1 culture was
grown at 37° C in SM9 medium and infected at a density of 3 x 108 cells/ml at
10 phage/cell. Phage proteins were labeled with a total of 250 pCi [35S]methionine /cysteine from 3 to 12 minutes post-infection. At 12 minutes postinfection the cells were rapidly chilled and pelleted at 8,000 rpm. Uninfected
E. coli was labeled similarly, except that the labeling period was 30 minutes.
Cell pellets were washed once in 1.0 ml 25 mM HEPES (pH=7.8), 100 mM
NaC1, 5 mM MgC12, 1 mM dithiothreitol (buffer B) and lysed in 2.5 ml buffer
B by sonic oscillation, using three 30-second bursts at 1-minute intervals. All
procedures were done at 4°C or on ice.
Immunoprecipitations were performed as follows. 25 gl of labeled
extract was added to 500 p1 of cold buffer B containing nucleotide at the
desired concentration . (Nucleotides were from Sigma with purities greater
than 98%). Each mixture was allowed to incubate for 0.5 to 1 hour at 4°C with
gentle spinning. This incubation sufficed for maximum R1R2 complex
formation. Following this incubation, 5 p1 of R2 antiserum was added and
incubation was continued for another 30 minutes. 60 gl of a 50% solution of
Protein A-agarose (Sigma) in buffer B was then added and the immune
complexes were harvested 30 minutes later by centrifugation at 10,000 rpm.
The pellets were washed three times each with 1.0 ml buffer B containing
either no nucleotide or the specified nucleotide at the indicated
concentration. The immunoprecipitated proteins were resolved on 12%
sodium dodecyl sulfate (SDS) polyacrylamide gels. Gels were fixed, rinsed in
water, and soaked for 20 minutes in 20 ml of 1 M sodium salicylate, 5%
methanol, and 1% glycerol for fluorography. The gels were dried and exposed
to X-ray film. Determination of radioactivity of bands was done by scanning
the dried gels with a System 200 imaging scanner (Bioscan, Inc. Washington,
D.C.).
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RESULTS

Purification and Generation of Antibodies to Overexpressed R2The
expression vector pnrdAB (Tseng et al., 1992), harboring the genes for both the
large (nrdA) and small (nrdB) T4 RNR subunits, was used to simultaneously
overexpress both subunits. Total soluble protein from cells harvested 6 hours
post-induction with 100 [tM isopropyl-thiogalactoside contained up to about
30% combined R1 and R2 proteins, as estimated from visual inspection of
Coomassie blue-stained gels. It was possible to purify the overexpressed R2
away from overexpressed R1 under mild conditions (Figure 3.1a, see
"Materials and Methods"). The characteristic absorption at 410 nm of the
conserved R2 tyrosyl radical confirmed the identity of the purified protein as
R2 (Figure 3.2). Since the R2 subunit could readily be dissociated from R1
and/or R1R2 on an anion exchange column at low salt concentrations, it
appeared that the overexpressed RNR might have lost the intrinsic ability to
form a tight R1R2 complex. It was previously reported that the T4 RNR
holoenzyme could be purified from the overexpressed proteins (Tseng et al.,
1992) or from phage-infected cells (Berglund, 1972a; Berglund, 1975; Cook and
Greenberg, 1983) when a dATP-Sepharose column was used as an affinity
ligand for the R1 subunit. Therefore, we considered the possibility that some
factor that influences subunit interactions might have been lost in an initial
step in our purification scheme, to yield dissociated R1 and R2 subunits. Also,
our laboratory has previously reported that the allosteric properties of T4
RNR in vivo are different from those of partially purified enzyme (Ji et al.,
1991). It seemed likely that dATP or one of the other nucleotide effectors
could be the missing factor that promotes subunit interactions. This would
explain the apparent discrepancy between our results (readily separated
subunits) and those of Berglund (tightly associated subunits when
immobilized on dATP-Sepharose, 1). However, we could not exclude the
possibility that there was simply more R2 than R1 present in the starting
preparation and that this was not complexed as R1R2.
Pure R2 was used as an immunogen to generate rabbit polyclonal

antibodies. This R2 antiserum, when used in an immunoprecipitation with a
[35S]-methionine/cysteine-labeled T4-infected E. coli extract, precipitated only
one major band at the expected molecular weight for R2 (Figure 3.1b). This
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Figure 3.1. Purification and antibody generation to the small subunit of T4
RNR. The polypeptide chains of the large R1 and small R2 subunits are
indicated. A, Coomassie blue-stained 12% SDS-polyacrylamide gel of different
fractions of R2 purification (see "Materials and Methods"). The induced lane
shows the soluble proteins from cells harvested 6 hours post-induction of the
pnrdAB expression vector. A minor contaminant, probably R1, is seen when
the purified R2 preparation is overloaded. B, autoradiographic analysis of
immunoprecipitations of [35S]- labeled E. coil or T4-infected E. coli lysates
using 5 gl of pre-immune serum or anti-R2 serum as indicated (see
"Materials and Methods"). Molecular weight standards are indicated at the
left.
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Figure 3.2. Spectra of purified R2 protein. Both top and bottom spectra contain
32 pg of purified protein in a 200 µL 50 mM Tris (pH=8.0). The same protein
preparation was incubated in 10 mM hydroxyurea for 30 minutes at room
temperature before obtaining spectra. This inactive R2, or MetR2, shows loss
of the 410 nm spike due to loss of the tyrosine radical. The shoulder at 370 is
from the characteristic Fe(III) band. Spectra were obtained with a Hewlit
Packard 8254A diode array spectrophotometer.
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band was absent when preimmune serum was used. There were no detectable
contaminating T4 R1 antibodies (resulting from any contaminating T4 R1 in
the purified R2 preparation) in the antiserum, as shown by lack of a specific
band corresponding to R1 at 86 kDa in the T4 lane. The antibodies generated
to T4 R2 did not cross-react with the host E. coli 43 kDa R2 protein (lane 2).
This lack of cross-reactivity has been noted previously (Berglund, 1975) and is
surprising, since there is a 47% amino acid identity between the two proteins
(Sjoberg et al., 1986). Interestingly, in the E. coli lane there is a strong
immunoreactive protein at the expected molecular weight of the E. coli R1
polypeptide.
Co-immunoprecipitation of R1 Reveals Stimulation of R1/R2
Interactions by ATP and dATPUsing the polyclonal anti-R2 serum, we
employed immunoprecipitation techniques to probe for the state of the T4 R2
in infected cells, where it can exist either in the unbound state or complexed
with Ri. Similar approaches have been used to study the herpes simplex
virus RNR, which has tightly associating subunits (Filatov et al., 1992;
Ingemarson and Lankinen 1987) but lacks allosteric regulation (Averett et al.,
1983; Lankinen et al., 1982). To test the influence of different nucleotide
effectors on R1/R2 subunit interactions, immunoprecipitation were
performed with different nucleotides present throughout the entire
immunoprecipitation procedure. Labeled T4 protein extracts were incubated
alone or with ATP or dATP in 500 gl modified buffer B (25 mM HEPES
(pH=7.8), 100 mM NaC1, 5 mM MgC12, 2 mM DTT) for 60 minutes at 4°C

before the addition of R2 antiserum and Protein A-agarose. After 30 minutes
more of incubation the immune complexes were harvested by centrifugation
and washed three times each in 1.0 ml of the same buffer containing ATP or
dATP at the indicated concentrations. The immunoprecipitated proteins were
boiled in SDS loading buffer and loaded on a 12% SDS-polyacrylamide gel. As
shown in the autoradiogram in Figure 3.3, when no ATP or dATP was
present only the R2 protein was immunoprecipitated. However, the 86-kDa
band representing the R1 protein was co-immunoprecipitated in the presence
of ATP (200 pM or greater) and dATP (20 p.M or greater). To ensure that R1
was co-immunoprecipitating with R2, R2 antiserum was pre-incubated with
pure, unlabeled R2 prior to an immunoprecipitation in 500 p.M dATP.
Absence of both R1 and R2 bands indicates that R1 is precipitated via its
association with R2 (Figure 3.3c).
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Figure 3.3. Effects of ATP and dATP concentrations upon T4 RI/R2 subunit
associations. Autoradiographic analysis of immunoprecipitations performed
as in Figure lb, except with varying concentrations of ATP (A) or dATP (B)
present throughout the entire immunoprecipitation procedure. C,
competition experiment without (R2) or with (+R2) 20 gg of unlabeled pure
R2 that was preincubated with 5 ml of anti-R2 serum prior to addition of [35S]labeled T4 proteins. Both immunoprecipitations were done in 500 tiM dATP.

79

Figure 3.3

A

ATP
0 z>Z>.e.

oc
4.011r5rin

,

\
R1

Arrimor

4111406

4"'""

-4--R 2

dATP
-4N-

.

-

R1

,1111.1111W%111111.010

wrsawitio

R2

80

Figure 3.3

-R2

+R2

97.4-

-c-R1

68
aqiimmairft

43

29-

.0-

-4-R2

81

The stoichiometry between the immunoprecipitated subunits can be
determined by normalizing the radioactivity for each of the bands in the gel
in Figure 3.3b for the number of radioactive residues present in each protein
(R1: 20 methionines and 13 cysteines, R2: 16 methionines and 5 cysteines).
Immunoprecipitates generated in 1 mM ATP or dATP had an Rl/R2 molar
ratio of about 0.4 to about 0.7. However, more recent experiments have
shown that addition of dATP to 1 mM immediately following lysis of freshly
labeled cells appeared to increase the R1 /R2 ratio to about 0.9. Furthermore, if
residual nucleotides were removed from a crude T4 lysate by use of a spin
column prior to addition of dATP, this value dropped about 50% (data not
shown). These differences in R1 /R2 ratios may reflect a decreased ability of
the subunits to form an R1R2 complex after they have dissociated. The
stoichiometry of R1 /R2 is an unresolved question. A non-stoichiometric
RNR complex has been previously suggested for the E. coli enzyme (Stubbe,
1990) and is supported by NMR (Allard et al., 1992) and crosslinking data
(Mathews et al., 1987). Contrary to this our most recent results indicate that T4
RNR can form a 1:1 complex in vitro when effector is added to a fresh lysate
immediately after cell lysis.
A concentration dependence was found when the R1 /R2 molar ratio
was plotted against the dATP concentration used in each
immunoprecipitation (Figure 3.4). Maximum stimulation of R1R2 complex
formation was seen at around 200 uM dATP. However, about 90% of the total
stimulation was achieved at 100 [NI dATP, and significant stimulation was
seen at 20 uM dATP. The total intracellular concentrations of dATP and ATP
are about 300 p.M and 3 mM, respectively (Mathews, 1972), well above the
concentrations required for effector-stimulated subunit interactions.
It should be mentioned that destruction of the tyrosyl radical on R2 by
the radical scavenger hydroxyurea does not influence R1/R2 interactions.
Incubation of a T4 lysate in 10 mM hydroxyurea at 220C for 10 minutes prior
to immunoprecipitation in 1 mM dATP showed no difference in subunit
interactions when compared to a lysate treated the same way but without
addition of hydroxyurea (Figure 3.5).
Other Nucleotides Stimulate Subunit InteractionsSince the various
dNTPs and ATP compete for binding at the specificity site and ATP competes
with dATP at the activity site on the E. coli R1 (3), it is likely that one of these
sites is the locus for stimulatory effects of these nucleotides on T4 RNR
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Figure 3.4. Concentration dependence of RNR subunit interactions on dATP.
Immunoprecipitations were done as described in "Materials and Methods" in
varying concentrations of dATP, followed by analysis on a 12% SDSpolyacrylamide gel. Radioactivity for the R1 and R2 bands in the fixed and
dried gel was determined by use of an imaging scanner.
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Figure 3.5. Effect of hydroxyurea on R1/R2 interactions. Autoradiogram
showing the effect of hydroxyurea on RNR subunit interactions. [35S]- labeled
T4 proteins were incubated in buffer contaning 200 I.LM dATP and 1 mM CDP
without (-HU) or with (+HU) 10 mM hydroxyurea for 15-minutes at 22°C
prior to R2 immunoprecipitation at 4°C in buffer containing nucleotides.
Immunoprecipitated R1 and R2 were resolved on a 12% SDS-PAGE gel with
subsequent exposure to X-ray film.
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subunit associations. Therefore, we tested the remaining dNTPs that are
known to allosterically regulate RNR via binding to the specificity site,
namely, dGTP, dTTP, and dCTP. The autoradiogram in Figure 3.6a shows that
dGTP and dTTP both stimulated interactions, while dCTP had a much lower
activity. dTTP appeared to have a smaller effect at 20 gM than did dGTP. At 1
mM both the dGTP and dTTP bands showed similar stimulatory effects. The
low activity of dCTP on subunit interactions may reflect the in vivo
environment of a T4-infected cell, which contains 5-hydroxymethyl-dCTP
substituted for dCTP. Alternatively, it may reflect the relatively low activity of
dCTP as an allosteric effector. ATP lanes were added as a control to ensure
that there was no significant decrease in the ability of ATP to promote the
formation of the R1R2 complex after extracts had been stored at 800C in 50%
glycerol. There was little or no loss in ATP-stimulated subunit interactions
when extracts were stored for up to one month under these conditions.
The substrate ADP was also assayed for stimulation. Unlike the
effectors, ADP had no apparent effect at 20 1.tM or 1 mM concentrations. The
nucleotides known to allosterically control T4 RNR (ATP, dATP, dGTP and
dTTP) all promote R1R2 complex formation. Since the specificity site, in
contrast to the activity site, binds all these effectors, it seems likely that it is
here that the effectors bind and promote formation of an R1R2 complex.
Except for ATP, none of the rNTPs are allosteric regulators of RNR.
Therefore, we expected that CTP, GTP, and UTP would not stimulate R1R2
complex formation if the specificity site is the target for subunit formation by
the known effectors of RNR. In fact none of these rNTPs had any effect on
association either at 20 1.1M or 1 mM (Figure 3.6b). The stimulation of R1R2

complex formation is mediated by the same nucleotides that influence the
enzyme's Km and Vmax These results suggest that the allosteric regulation of
the T4 RNR is mediated through interactions of the subunits.
Nucleotide-stimulated R1R2 Complex is StableHow stable is the effectorstimulated R1R2 complex? This question may be addressed by using anti-R2
polyclonal serum. We presume that this serum contains two types of anti-R2
antibodies. First are those that do not disrupt subunit interactions subsequent
to the effector-stimulated formation of the R1R2 complex. Therefore, these
antibodies can immunoprecipitate the R1R2 complex. The second type of
anti-R2 antibodies are those that can inhibit R1R2 formation by binding to
epitopes in regions that are involved in interacting with R1. Such
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Fig 3.6. Effects of ADP, dGTP, dTTP, dCTP, and rNTPs on T4 RNR subunit

interactions. A, autoradiogram of immunoprecipitations done in either 20
1.1M or 1.0 mM of each indicated nucleotide. The dCTP immunoprecipitation
was done using the same extract but at a different time. Molecular weight
markers are indicated in the left lane. B, autoradiogram of
immunoprecipitations done in the presence of a single ribonucleoside
triphosphate (ATP, CTP, GTP, or UTP) at 20 1.1M and 1.0 mM concentrations.

Immunoprecipitations were performed as described in "Materials and
Methods".
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an epitope would likely be near the carboxyl terminus, which is known to be
involved in subunit interactions of the E. coli (Sjoberg et al., 1987; Climent
and Sjoberg, 1992; Climent and Sjoberg, 1991) and herpes simplex virus
(Filatov et al., 1992; Ingemarson and Lankinen, 1987) RNRs. Alternatively,
binding may induce a conformational change in R2 that interferes with
interactions with R1. Regardless of the nature of the inhibition, upon
dissociation of the R1R2 complex free R2 would be available for binding by
antibodies that would inhibit the reformation of the R1R2 complex.
However, if the R1R2 complex is stable there should be little or no decrease in
the R1 band. The duality of the R2 antiserum was demonstrated by preincubation of [35%-methionine/cysteine-labeled T4 proteins with 5 p.1 R2
antiserum prior to addition of dATP to 1 mM. When this was done the R1
band decreased due to inhibition of formation of the R1R2 complex (Figure
3.7). Stability of the R1R2 complex was seen when the lysate was incubated in
1 mM dATP for 30 minutes at 4°C followed by addition of R2 antiserum with
continued incubation for various times before immunopreciptating. In this
case there was only a marginal decrease in the co-immunoprecipitated R1
band (Figure 3.7b). These data suggest that the R1R2 complex is stable in the
presence of 1 mM dATP. R1 was released from the antibody-bound R1R2
complex when no dATP was present during washing of the immune
complexes. This demonstrates the reversibility of subunit association when
the R1R2 complex is antibody-bound.
Effects of Substrate on R1R2 InteractionsIt has been shown that
substrate binding to the E. coli RNR changes the binding of an effector
(Eriksson, 1983). Therefore, we tested for any effect substrate may have on the
effector-stimulated R1R2 complex. When immunoprecipitations were carried
out in 200 pM dATP, 1 mM CDP, and 10 mM DTT, there was no difference in
the amount of R1 that co-immunoprecipitated as compared to the same
experiment in which no CDP was present (Figure 3.8). A similar result was
seen when dGDP or dUDP were substituted for CDP (data not shown). This
indicates that binding of substrate or product to reduced RNR has little effect
on subunit interactions when dATP is present. Similarly, Berglund (1972b)
saw no influence of substrates on the Km of the effectors. Since the R1 subunit
contains redox-active cysteines involved in substrate reduction (Thelander,
1974; Mao et al., 1992c), we performed the same experiment in the absence of
DTT. In this case there was about a two-fold decrease in the amount of
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Figure 3.7. Analysis of the stability of the R1R2 complex. A, autoradiogram of
immunoprecipitations of [35S]- labeled T4 proteins with anti-R2 antiserum.
Lysates were preincubated for 30 minutes at 40C in 500 ml buffer containing
1.0 mM dATP (to allow the R1R2 complex to form) prior to the addition of 5
ml of anti-R2 antiserum and Protein A-agarose. Immune complexes were
then collected at various times and each was washed three times in 1.0 ml
buffer containing 1.0 mM dATP (except for the far right lane in which no
dATP was present during washing). One sample of lysate was treated with 5
ml anti-R2 antiserum followed by a 30 minute incubation prior to the
addition of dATP to 1.0 mM. This demonstrates the ability of the anti-R2
antiserum to inhibit the formation of the R1R2 complex when antibodies
bind to free R2. B, the radioactivity of the R1 and R2 bands from the gel
represented in A was determined by image scanning. The R1/R2 ratios of
radioactivity are shown for the various times of incubation of [35S]- labeled T4
proteins with anti-R2 antiserum in the presence of 1.0 mM dATP.
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Figure 3.8. Substrate effect on reduced and oxidized R1R2. A, Autoradiogram
of a 12% non-reducing SDS-polyacrylamide gel. [35S]- labeled T4 proteins were
incubated at 4°C for 15 minutes in 500 ml buffer A with 200 1.th4 dATP and 1.0
mM CDP where indicated. Two samples also had 10 mM DTT. All four
samples were incubated at 25°C for 30 minutes with anti-R2 antiserum.
Protein A-agarose was then added and the immune complexes were pelleted
after 30 minutes of gentle spinning. After three 1.0-m1 washes in the same
buffer the final pellet was brought up in 20 1.1.1 of SDS loading buffer with no
DTI', boiled, and loaded on a 12% SDS-polyacrlamide gel. B, The R1 /R2 ratio
of the radioactivity of the bands in the gel represented in A determined by
image scanning.
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co-immunoprecipitating R1 when CDP was present. Abscence of DTT results
in the air oxidation of RNR, thereby changing the mobility of R1 on a nonreducing SDS-polyacrylamide gel (Figure 3.8a). When the same
immunoprecipitated proteins are resolved under reducing conditions on an
SDS-polyacrylamide gel all R1 bands migrate at the expected 86 kDa (data not
shown). Figure 3.8b shows the Rl/R2 molar ratio determined from the gel
represented in Figure 3.8a. It is not possible to determine from this
experiment which oxidized residues are responsible for subunit dissociation
in the presence of CDP. Nonetheless, this experiment suggests that substrate
bound to oxidized R1R2 generates a less stable complex than when bound to
reduced R1R2.

DISCUSSION

Early studies on phage T4 RNR (Berglund, 1972a; Berglund, 1975;
Berglund and Eckstein, 1972) revealed that the R1 and R2 subunits bind

together tightly. Denaturing conditions were required to elute the R2 subunit
from R1 bound to a dATP-Sepharose column. We wondered about the
conditions required for formation of the R1R2 complex, since in our hands
some of the overexpressed R1/R2 failed to co-migrate through an anion
exchange column. Using co-immunoprecipitation as a probe for R1 /R2
interactions we show here that the T4 RNR proteins do not by themselves
have the ability to form a tight R1R2 complex. Rather, it appears that R1
requires the binding of an effector to render it competent to bind R2.
Those effectors capable of inducing formation of the R1R2 complex are
the same as those acting as allosteric effectors on enzyme activity. The rNTPs,
aside from ATP, do not influence binding of the two subunits. Taken together
these results suggest that the allosteric mechanism controlling T4 RNR takes
place at the level of protein-protein interactions between the two subunits.
There may be subtle differences among the various effector-stimulated R1R2
complexes, which in turn may account for the changes in the Km and Vmax
for the different rNDP substrates.
Despite the importance of allosteric regulation of RNR, and despite the
conventional wisdom that allosteric control involves subunit interactions,
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the literature on RNR control vis a vis subunit interactions is rather sparse.
R1/R2 interactions have been demonstrated for the E. coli enzyme by using
centrifugal sucrose density gradients (Thelander, 1973; Brown and Reichard,
1969a) and glycerol gradients (Sjoberg et al., 1987). However, in contrast to our
results with the T4 enzyme, Brown and Reichard (1969a) saw no change in
interacting E. coli RNR subunits when effectors were presentwith one
exception. At dATP concentrations greater than 1 mM, inactive R1R2
multimers were seen. On the other hand, Sjoberg et al. (1987) saw some
oligomerization when dTTP was added to E. coli R1 and R2. The presence of
allosteric modifiers showed negligible effects upon interactions in the E. coli
enzyme as discerned by protein crosslinking (Mathews et al., 1987).
The remarkable stability of the T4 R1R2 complex is demonstrated by
the inability of anti-R2 antibodies to block reformation of the holoenzyme
should any dissociation occur. Dissociation would result in free R2, which
would in turn be available to bind anti-R2 antibodies which have been shown
to inhibit complex formation. This would give a reduction in the R1 band in
immunoprecipitations. We observed only about a 10% decrease in the
radioactivity of the Rl/R2 ratios over an 18-hour period. Once the R1R2
complex is formed under the influence of 1 mM dATP, it appears to be very
stable. This suggests that when the enzyme is in equilibrium with 1 mM
dATP there is very little dissociation. However, if dATP is removed the
complex completely dissociates. This raises the question of whether subunit
dissociation occurs when RNR exchanges effectors. Our results suggest that
there is no dissociation when the T4 RNR is in equilibrium with an effector.
In our experiments we saw maximum stimulation of R1R2 complex
formation at about 500 1.1.M dATP. Since the total intracellular concentration
of the four dNTPs is about 800 [tM (Mathews, 1972) our results suggest that in
vivo the T4 RNR exists solely as an R1R2 complex. However, caution in this
interpretation must be taken, since our experiments looked only at RNR that
was not catalytically active due to the absence of substrates. The interactions
within a holoenzyme that is catalytically active may be different from those in
an enzyme that is static. That there are different conformational states in the
E. coli R1R2 complex has been demonstrated. E. coli R2 becomes more
susceptible to the radical scavenger hydroxyurea in the presence of R1 and
substrates and/or effectors (Karlsson et al., 1992). This difference in RNR
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inactivation by hydroxyurea was attributed to a change in the R1R2 complex
induced by the binding of effector or substrate and effector.
CDP does not appear to affect subunit interactions when RNR is in its
reduced state. However, our results indicate that the R1R2 complex, when air
oxidized, is destabilized when CDP is bound. Why this occurs is not clear.
Perhaps this reflects a change in the interactions between subunits during
catalysis, when the enzyme cydes between its reduced and oxidized states.
CDP may influence the structure of oxidized (but not reduced) R1 or R1R2.
This idea seems plausible, since E. coli R1 contains multiple cysteines
involved in substrate reduction (Thelander, 1974; Mao et al., 1992c; Lin et al.,
1987), which could drastically alter the R1 conformation depending on
whether they are reduced or oxidized. It is not known what changes occur
between the interacting subunits when RNR is catalytically active. Further
investigations are required to understand the dynamic interactions between
the subunits in terms of effectors, substrates, and the oxidation state of the
enzyme.
Why does the T4 RNR form a tight effector-mediated R1R2 complex?
One reason may be the extreme metabolic instability of the T4 large subunit.
No R1 could be found to bind to dATP-Sepharose in a phage carrying an
amber mutation in the nrdB gene rendering an R2 truncated at the Cterminus (Cook and Greenberg, 1983) the putative region for interacting with
Rl. Likewise, we found significant degradation of overexpressed R1, but not
R2, in a partially purified R1R2 preparation stored at -200C with no effector
present. Also, we were not able to co- immunoprecipitate R1 upon the
addition of 1 mM dATP to a T4 labeled protein extract that was dialyzed
overnight. We interpret this as degradation of R1 to polypeptides that are not
able to interact with R2. This degradation is the result of the loss of effectorstimulated R1R2 complex during dialysis. Clearly, it would be advantageous
to the virus to protect the R1 polypeptide from degradation. Evolution of an
RNR with a tight Rl/R2 interaction may provide this protection.
Tight binding of the RNR subunits could provide a mechanism that
prevents any cross-hybridization between viral and host-cell subunits. The
carboxy terminus of R2 is important for interactions with R1 in both the E.
coli (Sjoberg et al., 1987; Climent and Sjoberg, 1992; Sjoberg et al., 1987) and
herpes (Filatov et al., 1992; Ingemarson and Lankinen, 1987) RNRs. No RNR
activity could be found when the T4 and E. coli subunits were interchanged in
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either combination (9). Nonetheless, there could be hybrid protein-protein
interactions which would lead to an unproductive interaction. This seems
possible since T4 and E. coli show 60% homology in the 30 carboxy-terminal
R2 residues (Sjoberg, et al., 1986). Also, calf thymus and hamster RNR
activities are inhibited by peptides corresponding to the carboxy-terminus of
human and mouse small subunits, respectively (Yang et al., 1990; Cosentino
et al., 1991). Following the synthesis of the T4 R1 and R2 proteins in an
infected cell it is likely that a tight R1R2 complex rapidly forms. This complex
would be inaccessible for associations with the host RNR, thereby preventing
unproductive hybrid formation. In this regard it is interesting that the herpes
virus also forms a tight co-immunoprecipiting R1R2 complex (Filatov et al.,
1992; Ingemarson and Lankinen,1987).
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Chapter 4
Continuing Studies on Protein-Protein Interactions of the
Bacteriophage T4 Ribonucleotide Reductase
SUMMARY

In all living cells the deoxyribonucleoside triphosphate (dNTP) pools
must be properly maintained to support DNA synthesis. To this end,
ribonucleotide reductase is the major regulatory point in dNTP synthesis. The
class I aerobic ribonucleotide reductase (RNR) is composed of R1 and R2
subunits, each of which is a homodimer. Subunit association is absolutely
required for enzyme activity. RNR ensures the synthesis of balanced dNTP
pools through an exquisite regulatory pattern involving allosteric effectors.
These effectors, the dNTPs and ATP (see Chapter 1), alter the Km and Vmax for
the four ribonucleoside diphosphate substrates. Moreover, the allosteric
effectors are required for the association of the R1 and R2 subunits of the
bacteriophage T4-encoded aerobic RNR. Both Berglund's data (Berglund,
1972) and ours (Hanson and Mathews, 1994) indicate that the T4 R1R2
complex is quite stable when an effector is present (dNTP or ATP). However,
the R1R2-effector complex readily dissociates upon removal of the nucleotide.
Moreover, the effector-mediated R1R2 complex appears to be destabilized
when substrate is bound in the absence of the external reductant
dithiothreitol, as determined by an immunoassay which detects the
interacting RI and R2 subunits. These findings suggest that the quaternary
structure of the active T4 RNR may not be static with respect to subunit
interactions. It is possible that dissociation of the T4 RNR subunits occurs
transiently at some defined point during the catalytic cycle(s). Furthermore,
the state of RNR subunit associations may be important for overall
interactions with other T4-encoded enzymes involved in DNA metabolism.
This chapter presents preliminary data testing (1) if dissociation of the T4
R1R2 complex can be detected in vitro under different physiologically
relevant conditions and (2) if the effector dATP influences T4 RNR

interactions with other T4-encoded proteins.
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INTRODUCTION

The association of the R1 and R2 subunits of ribonucleotide reductase
is absolutely required for the enzymatic reduction of the ribonudeoside
diphosphates (NDPs) to the deoxyribonucleoside diphosphates (dNDPs). The
large R1 subunit (86 kDa) of the class I ribonucleotide reductase contains the
substrate binding sites as well as two different classes of allosteric regulatory
sites, the specificity and regulatory sites (see Chapter 1 for review). The small
R2 subunit (43 kDa) contains the essential tyrosyl radical (Sjoberg, 1978).
Current understanding of R1 /R2 subunit interactions comes primarily from
in vitro studies on the Escherichia coli- and herpes simplex virus-encoded
RNRs. These studies have focused on the interaction of the carboxylterminus of the small R2 subunit with the large R1 subunit (Filatov et al.,
1992; Climent et al., 1991, 1992). A site on R1 that interacts with R2 has been
proposed (Uhlin, 1994). The R2 carboxyl terminus is essential for the
formation of a catalytically competent enzyme. However, the carboxyl
terminus may not be sufficient for maximum R1R2 complex formation. In
vivo, protein-protein interactions between R1 and R2 are probably influenced
by other factors. This is particularly evident in the case of the bacteriophage
T4-encoded aerobic RNR, which appears to require the binding of an allosteric
nucleotide (ATP or dNTP) to the R1 specificity site which in turn forms a
tight R1R2 complex (Hanson and Mathews, 1994). A similar situation exists
for the E. coli RNR where R2 was found to bind to antibody-immobilized R1
only in the presence of the effector dATP (Anderson et al., 1985). Increased
association constants for the mouse R1 /R2 have also been detected when an
effector is present (R. Ingemarson, personal communication).
The catalytic mechanism of the E. coli RNR is under intense
investigation and a proposed mechanism has been put forth (Stubbe, 1990).
However, little is known about subunit interactions in an active enzyme.
Aside from studies on the interaction of the carboxy-terminus of R2 with R1,
relatively little attention has focused on identifying other factors that may
influence subunit interactions, for instance those that the enzyme is
confronted with in vivo, such as multiple effectors and substrates.
Conformational changes in R1, or more likely the R1R2 complex, must
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accompany the catalytically active enzyme in vivo since changes in substrate
reduction are directed by the binding of nucleotide effectors to a separate site.
Experiments designed to probe for structural changes between
interacting R1 and R2 subunits have been reported. Karlsson et al. (1992) have
used hydroxyurea (HU) inactivation of E. coli R2 to monitor changes in
subunit interaction. HU will destroy the tyrosyl radical on R2 resulting in an
inactive enzyme. It was found that the E. coli RNR was more sensitive to HU
when CDP and stimulatory concentrations of dATP were present. This
indicated that binding of both substrate and effector changed the R1R2
conformation, resulting in a tyrosyl radical that was more susceptible to
destruction by HU. A similar situation holds for the T4-encoded RNR, which
is more prone to HU inhibition when the enzyme is catalytically active
compared to the catalytically inactive state (Sahlin et al., 1982). Therefore, in
addition to the nucleotide effectors, it is likely that substrate-binding
influences RNR subunit interactions, probably in a coordinated effort with
the effectors.
Three lines of evidence indicate that the specificity site and substrate
binding site functionally interact. First, [32P]- labeling of the E. coli R1 subunit
by UV- crosslinking with [a32P] -dTTP was more efficient in the presence of
GDP (Erilcsson, 1983). Second, it has been proposed, based on the recently
determined E. coil R1 crystal structure, that nucleotides bound at the
specificity and substrate binding may interact with each other (Ul lin, 1994).
Third, the presence of CDP destabilizes the dATP-stimulated T4 R1R2
complex in the absence of dithiothreitol (DTI') as determined by a coimmunoprecipitation assay (Chapter 3). This last finding suggests that the
protein-protein interactions between the R1 and R2 subunits may be
influenced by a combination of factors including effector, substrate, and the
redox state of Ri.
To what degree do R1 /R2 interactions change during sequential rounds
of substrate turnover? This question is difficult to approach since there are
several stages the enzyme passes through during the reduction of a single
NDP substrate. Some of the main features of the catalytic cycle of RNR are
depicted in Figure 4.1. (1) Following substrate reduction the dNDP product is
released and the effector (ATP or dNTP) dissociates. (2) Reduction of the
substrate-oxidized thiols on R1 is then performed by thioredoxin or
glutaredoxin in vivo or DTT in vitro. (3) The next effector binds which
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Figure 4.1. Catalytic cycle of RNR. The R1 (light shade) and R2 subunits (dark
shade) are shown. R1 contains the redox-active cysteines, specificity (or h) site
(shown with effector dNTP bound) and substrate binding site (shown with
NDP bound). Not shown is the regulatory site. The small subunit contains
the diferric iron centers and tyrosyl radical. Depicted is one cycle of substrate
reduction. (1) Reduction of substrate followed by product and effector
dissociation. (2) Reduction of the substrate-oxidized thiols on R1 by
thioredoxin or glutaredoxin (or DTT in vitro). (3) Binding of the next
substrate and effector. The dNTP synthetase complex is also shown.
Hypothetical R1R2 dissociation is indicated following substrate reduction;
however, R1 /R2 dissociation may occur at any point.

Figure 4.1

3

NDP
dNTP

C
<:

1

NTP/ATP

dNDP
(product)

(effector)

OR

dNTP

synthetase
complex

102

specifies the binding of the next substrate to begin a subsequent round of
reduction.
Since the T4 R1R2 complex forms a tight complex in the presence of an
effector, it should be possible to apply the previously developed coimmunoprecipitation assay (Chapter 3) to probe for any dissociation of the
R1R2 complex under defined conditions that are physiologically relevant.
Furthermore, similar experimental approaches may be applied to gain a better
understanding of how the T4 RNR is associated with the T4 proteins, namely
those of the dNTP synthetase complex (reviewed in Chapter 1 and by
Mathews, 1993b). These experiments should deepen our understanding of a
potentially dynamic quaternary structure of T4 RNR.
The co-immunoprecipitation assay for detecting R1/R2 interactions is
applied here in an effort to begin to understand the influence of effectors,
substrates, products, and redox state of the T4 RNR upon subunit interactions.
Furthermore, this assay is used to probe for RNR interactions with other T4
proteins. The following questions are addressed: (1) What are the combined
effects of substrate/effector and product/effector on R1R2 interactions? (2)
What effect do multiple effectors have on R1R2 interactions? (3) Can subunit
dissociation be detected in crude T4 lysates when assayed under catalytically
active conditions? (4) Can a conformational change be detected in the R1
protein when dATP is bound? (5) Does the effector dATP influence the
overall interactions of T4 RNR with other T4 proteins as determined by
crosslinking?

MATERIALS AND METHODS

R1R2 interaction assayThe immunoassay described previously
(Chapter 3) was used to probe for R1R2 interactions. Briefly, 5 gl of anti-R2 is
added to 500 µl buffer A (25 mM HEPES, pH=7.8, 100 mM NaC1, 5 mM MgC12,
and 2 mM DTT, unless otherwise indicated) which contains the nucleotides
as indicated for each experiment. After 30 minutes gentle spinning at either
22°C or 4°C, 50 Ill of 50% Protein-A Sepharose (Sigma) is added. After an
additional 30 minutes the immunoprecipitates are collected by centrifugation
in a microfuge at 10,000 rpm and washed three times in 1 ml buffer A
(including nucleotide). After addition of 20 p.1 loading buffer the
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immunoprecipitated proteins bound to Protein A beads were boiled and
loaded on an SDS-PAGE gel. The gel was prepared for fluorography, dried and
exposed to X-ray film. Radioactivity of the bands in a gel was quantitated by
using a Phospho Imager (Molecular Dynamics).
Purification of R1 and R2The appendix describes R1 and R2 protein
purification from the overexpression of the pnrdAB expression vector
containing the cloned genes.
Labeling and preparation of T4-induced RNRLabeling of T4 proteins
was done as previously described (Chapter 3)
Competition of labeled R1 as an approach to monitor dissociation
Purified R1 (7 p.g) was added to 500 pi buffer A (without effector) containing
labeled T4 proteins. After 30 minutes incubation dATP was added to 200 RM
to promote R1R2 interactions. Following a further 30 minutes of incubation,
5 ill anti-R2 antiserum was added and immunoprecipitations were carried
out as described above. For catalytic conditions CDP was added to 1 mM and
the tubes were allowed to sit at 22°C prior to addition of antiserum.
Single turnover conditions[35S]Met/Cys-labeled T4 early proteins
were incubated in buffer A containing 2 mM freshly prepared DTI" and 500
1.1M dATP. After 10 minutes at 22°C the DTT was removed by desalting on a
BioSpin column (BioRad) that had been equilibrated with deoxygenated
buffer A containing 500 jiM dATP. All subsequent steps were done in buffer A
with 500 jiM dATP that has been deoxygenated with bubbling argon for at
least 2 hours. The desalted protein was added to 500 pa buffer and CDP was
added to start the reaction. The reaction was allowed to proceed for 30
minutes at 22°C. RNR inactivation was performed by adding HU to 10 mM
and incubating for 10 minutes at 22°C prior to desalting. Anti-R2 antiserum is
then added and R2 is immunoprecipitated as described above except in
deoxygenated buffer A. If a non-reducing gel was run, non-specific thiol
oxidation was prevented by addition of 100 mM iodoacetate to the

immunoprepitated proteins, which were allowed to sit 30 minutes in the
dark at 22°C prior to electrophoresis
Circular dichroismCD spectrum were collected by using a Jasco J-720
spectrophotometer. Pure R1 was removed from -80°C 50% glycerol stocks and
the buffer was changed to 10 mM Na-phosphate (pH=7.8), 2 mM MgC12, and
0.5 mM DTT using a BioSpin column (BioRad). Spectra were obtained with 3
tiM (25 jig) pure R1 in 10 mM Na-Phosphate, 2 mM MgC12, 0.5 mM DTT with
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or without 10 liM dATP. Buffer alone and buffer with 10 p.M dATP did not
display a CD spectrum (data not shown). The CD values presented are
averages of six readings each using a 95.5 p, cell.
Cross linkingThe crosslinker DTSSB (3,3'Dithiobis(sulfosuccinimidypropionate)) was used (Pierce) as suggested by manufacturer and by Staros
(1982). [35S]- Met /Cys- labeled T4 early proteins were added to 500 pl buffer A

(no DTT) with or without 1 mM dATP. DTT was omitted to prevent thiol
cleavage of DTSSB. After a 10-minute incubation at room temperature DTSSB
was added from a freshly prepared 10 mM stock to 0.1 or 1.0 mM final
concentration. Crosslinking was allowed to proceed for 30 minutes at room
temperature. The crosslinking reaction was stopped by addition of 1 M Tris
(pH=8.0) to 500 mM with a further 15 minutes incubation at room
temperature. Following R2 immunoprecipitation in buffer A (no DTT) the
crosslinker was cleaved by addition of DTT to 50 mM and incubated at 50°C
for 5 minutes. The immunoprecipitated proteins were then boiled in loading
buffer and loaded on a 12% SDS-PAGE gel and visualized by autoradiography.

RESULTS OF WORK IN PROGRESS

Substrate and product do not destabilize the effector-stimulated R1R2
complexUsing the previously described immunoassay (see "MATERIALS
AND METHODS" and Chapter 3) one can probe for interacting R1 and R2
proteins under defined conditions. The products dGDP and dUDP were tested
for their effects on subunit interactions both with and without dATP present
at 22°C. Figure 4.2a shows that these products had virtually no stimulatory
effect when assayed alone. Likewise, these products had no effect on subunit
interactions when assayed in the presence of 1 mM dATP as compared to
dATP alone.
Since dATP is the prime effector for UDP (and CDP) reduction and
inhibits GDP reduction (Berglund, 1972b), it was of interest to compare the
effects of GDP and UDP when assayed in the presence of dATP (Figure 4.2).
No changes in subunit interactions were found for these substrates when
compared to each other or with dATP alone. This indicates that the inhibitory
effect of dATP on GDP reduction cannot be due to the inability of RNR to
form an R1R2 complex.
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Figure 4.2. Effects of substrate and product on R1R2 interactions with and
without dATP. [35S]- Met /Cys- labeled early T4 proteins were incubated in
buffer A with or without 1 mM of each of the indicated nucleotide(s) at 22°C
for 20 minutes prior to addition of 5 ill of anti-R2 antiserum. After 20 minutes
of gentle mixing at 4°C the proteins were immunoprecipitated and washed in
buffer A containing the indicated nucleotides (see "MATERIALS AND
METHODS"). Markers (M) are in kDa. The lane marked "N" had no
nucleotide.
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Effect on subunit interactions when different effectors are exchanged
The ability of RNR to maintain a balanced supply of the dNTPs rests in its
ability to rapidly change substrate specificity. This is achieved by the binding
of the nucleotide effectors to the specificity site on the R1 protein, which
determines which substrate will be reduced next. The T4 R1R2 complex is
stable only when an effector is present. However, it is not known what the
effect is on Rl/R2 interactions when one type of effector exchanges for
another, analogous to what presumably is occurring in vivo. Therefore,
conversion from a dATP-stimulated R1R2 complex to a ATP, dGTP, or dTTP
effector-stimulated complex was tested. One of two possible events may take
place when one effector is exchanged for another:
(1)

E1 -R1R2

R1 + R2 + E2 + El

E2-R1R2

(2)

El-R1R2

E1-R1R2 + E2

E2-R1R2

where El and E2 are two different effectors, R1 and R2 are free subunits, and
E-R1R2 is the effector-stimulated R1R2 complex. Polyclonal antiserum,
generated to overexpressed and purified R2, was shown to block subunit
associations if added prior to addition of an effector at 4°C (described in
Chapter 3). Furthermore, R1 was released from the antibody-R2R1-effector
complex upon removal of the effector. If complete dissociation takes place
during effector exchange, anti-R2 antibodies should be able to bind to the
unmasked epitope on the dissociated R2 and block the re-association of the
R1R2 complex.
Addition of a second effector (ATP, dGTP, or d HP), at 1 mM final
concentration, to a preformed 20 11M dATP-stimulated R1R2-antibody
complex at 4°C, should result in the binding of the second effector for dATP.
Visual inspection of the autoradiogram in Figure 4.3 demonstrates no
apparent decrease in the immunoprecipitating R1 band in all cases tested. The
dissociation constants for the effectors at this temperature range from about
0.1 to 0.5 gIvI (Ormo and Sjoberg, 1990). Therefore, the 50-fold increase in
concentration of the second effector should induce the exchange of dATP for
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Figure 4.3. Effects of effector exchange on R1R2 interactions. [35S]- Met /Cyslabeled early T4 proteins were incubated at 4°C in buffer A containing 20 1.1M

.

dATP for 30 minutes before addition of 5 ill anti-R2 antiserum. The antibodyR2R1-effector complex was allowed to form for 30-minutes followed by
addition of either no effector (lane 2), ATP (lane 3), dATP (lane 4), dGTP (lane
5) or dTTP (lane 6) to 1 mM. The immunoprecipitates were washed in the
buffer that contained 1 mM of the second effector. All steps were at 4°C.
Markers (M) are indicated in kDa.
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ATP, dGTP or dTTP on a majority of the R1 molecules. Based upon this assay,
it appears that interactions between R1 and R2 are intact when the enzyme
converts from an E1-R1R2 complex to an E2-R1R2 complex. Since R1 is
composed of two a chains, each with an effector binding site, it is possible that
binding at one site is sufficient for the maintenance of interactions. Under the
assay conditions used the results indicate that RNR remains in its active
R1R2 state when exchanging one effector for another.
A similar experiment is shown in Figure 4.4. Here, two effectors at
equimolar concentrations were tested for their effects on subunit interactions.
All possible combinations of ATP, dATP, dGTP, and dTTP were tested. The
autoradiogram in Figure 4.4a shows the resulting immunoprecipitations
when performed in the presence of the indicated effectors. No differences in
the relative band intensities of R1 /R2 can be readily discerned from this
autoradiogram, aside from the immunoprecipitation where no nucleotide
was present. However, when the bands in the gel are quantitated using a
Phospho Imager, a difference in co-immunoprecipitating R1 was seen. There
is an apparent stabilization effect when immunoprecipitations are performed
in the presence of two effectors, each at 250 1.1M, as compared to one effector at
500 gM at 4°C (Figure 4.4 b). This may indicate communication between the
two ligand binding sites which may decrease the effective Kd for effector
binding and in turn promote stronger R1 /R2 interactions. Repeating this
experiment at suboptimal effector concentrations for R1/R2 interactions may
provide support for this idea. A second interpretation is that two different
effectors bound to R1, one each at the two specificity sites, increases the ability
of R1 to bind R2. Whatever the case, these results indicate that the presence of
multiple effectors enhances subunit interactions.
Immunoprecipitations were also done to test the effects of all four
effectors and/or all four substrates (250 i_tM each final concentration) on
subunit interactions. Effectors and/or substrates were added to a preformed
antibody-bound R1R2-dATP complex and allowed to incubate at 4°C or 22°C
for 30 minutes before immunoprecipitating. Figure 4.5 show that there is no
change in the R1 band as determined by visual inspection of the
autoradiogram under the conditions assayed. However, a clear temperature
effect can be seen when the experiment was performed at 22°C (Figure 4.5b).
There is no binding at 20 1.1.M dATP. This may reflect a decrease in effector
binding, and hence subunit dissociation. The Kd's for effector binding
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Figure 4.4. Effect of two effectors on RIJR2 interactions. A, Autoradiogram
representing immunoprecipitations done with either no effector or 500 p.M of
ATP, dATP, dGTP, or dTTP as indicated. All possible combinations of
equimolar concentrations (250 pM each) are also indicated.
Immunoprecipitations in which two effectors are used were done in
duplicate. The R1R2 complex was allowed to form for 1 hour before addition

of anti-R2 antiserum. After further incubation for 1 hour the immune
complexes were immunoprecipitated and run on a 12% SDS-PAGE gel which
was exposed to X-ray film. All steps were done at 4°C. Note the band at 43 kDa
that migrates just above the R2 band indicated by arrow. Markers (M) are
indicated in kDa. B, the bands in A were quantitated by using a Phospho
Imager. Shown are the relative values of R1/R2. No effector is clear, one
effector is light shade, and two effectors is dark shade.
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Figure 4.5. Effect of multiple substrates and/or effectors on subunit
interactions. A and B are identical except that A was done with all steps at 4°C
and B at 22°C. [35S]- labeled T4 proteins were incubated in 20 11M dATP for 30

minutes (except lane 1 which had nothing added) before the addition of antiR2 antiserum. After a further 30-minute incubation at the indicated
temperature either noting (lane 2), the effectors (ATP, dATP, dGTP, dTTP,
lane 3), substrates (ADP, CDP, GDP, UDP, lane 4), or both (lane 5) were added
at equimolar concentrations for a final 1 mM. Immunoprecipitates were
collected after 30 minutes. Markers (M) are indicated in kDa.
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decrease at 4°C as compared to 25°C (Brown and Reichard, 1969b; Ormo and
Sjoberg, 1990). Alternatively, a direct temperature-dependent decrease in
subunit association may be taking place.
Attempt at probing the R1R2 complex under catalytic conditions Does
RNR dissociation follow substrate reduction? A slight decrease in co-

immunoprecipitating R1 was found to occur when immunoassays were
performed in buffer lacking DTT with ATP as present as an effector (Chapter
3). However, co-immunoprecipitating R1 was decreased by -50% when the
same buffer was used except CDP was added to 1 mM. Concomitant with CDP
reduction is the oxidation of the redox-active thiols on Ri. These results may
indicate that R1 /R2 interactions are destabilized following a catalytic cycle
(CDP reduction) in which the enzyme would transiently be oxidized and in
equilibrium with substrate or product. To test this idea two different
approaches were attempted to probe the quaternary structure of R1R2
following CDP reduction.
The first approach was a competition experiment in which purified
unlabeled R1, obtained from the cloned gene (see Appendix 1), would
compete with radiolabeled T4-induced R1 for binding to radiolabeled T4induced R2. By using the co-immunoprecipitation assay, dissociation of R1R2
would be monitored by immunoprecipitation following incubations under
catalytic conditions in the presence of excess cold Ri. A decrease in the coimmunoprecipitating [35S]- Met /Cys R1, as determined by autoradiography,
would indicate that dissociation had occurred. However, unexpected results
were found in the control experiments. The purified cold R1 could not
compete away the endogenous labeled R1 band. Figure 4.6a shows the results
when 7 j.tg of pure R1 was added directly to radiolabeled early T4 proteins and
incubated at 22°C prior to dATP and dATP/CDP addition. There are several
explanations for the apparent lack of cross-hybridization of purified R1 to T4induced R2. (i) No subunit dissociation of the labeled R1R2 complex occurred
prior to addition of dATP. This seems doubtful, though, since it was shown
previously that the addition of anti-R2 antiserum prior to addition of effector
blocked subunit association, indicating that R1 and R2 are not complexed
prior to the addition of an effector (Chapter 3). (ii) R1 is denatured and thus
not able to bind R2. Although possible, it seems unlikely that all R1
molecules would have lost the ability to bind to R2. Moreover, a vast excess of
cold R1 was present. (iii) The T4-induced R1 is modified in some way within
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Figure 4.6. Competition experiment with purified Rl. A, 7 lig of purified R1
was incubated with a labeled T4 lysate in 500 ill buffer A for 30 minutes at 4°C
before the addition of 200 11.M dATP. Following a 30-minute incubation antiR2 antiserum was added and immunoprecipitations were carried out. Lane 1,

no dATP; lane 2, 200 jiM dATP; lane 3, addition of R1 then 200 [.t.M dATP.
This control experiment shows that competition is not occurring, since the R1
band is not decreased. Incubation at 22°C with (lane 4) or without (lane 5) 1
mM CDP prior to immunoprecipitation had no effect. B, Autoradiogram of
anti-R2 immunoprecipitations with [35S]-Met/Cys-labeled Rl/R2 from the
overexpressed clone (lane 1, see Appendix) and T4-induced proteins (lane 2).
Lane 3 is total proteins from cells overexpressing R1 /R2 and lane 4 is total
early T4 proteins. Markers (M) are indicated in kDa.
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an infected cell and the overexpressed R1 from the cloned gene lacks this
modification. To test the last possibility the pnrdAB expression vector (Tseng
et al., 1992) was induced to overexpress R1 and R2 and total proteins were
labeled with [35S]-Met/Cys. Immunoprecipitations with this extract using
anti-R2 antiserum in the presence of dATP were done. The results in Figure
4.6b show a decrease in the R1 band when using overexpressed protein as
compared to a labeled T4 lysate done in parallel. These results are interesting
since overexpressed R1R2 from the same expression plasmid were shown to
both elute from a dATP column (Tseng et al., 1992). Whether there is truly a
difference between the endogenous and overexpressed R1 proteins requires
further examination.
Probing the R1R2 complex after single turnover conditionsA second
approach was attempted to probe for R1R2 dissociation following catalysis.
This approach was based on single turnover conditions. If no external
reductant is present, single turnover conditions exist when effector and
substrate are added. Following substrate reduction, the redox-active thiols on
R1 will remain oxidized. Single turnover conditions have been used in the
identification of the redox-active cysteines of the E. coli R1 (Lin et al., 1987). It
should be possible to probe for the state of R2 following single turnover
conditions using the immunoassay approach. Figure 4.7a illustrates this
approach.
Radio labeled T4 early proteins were incubated in argon-deoxygenated
buffer (see "MATERIALS AND METHODS") containing 2 mM DTT and
500 µM dATP for 15 minutes at 4°C. This incubation was sufficient for
formation of the dATP-R1R2 complex. Removal of DTT was done using a
BioSpin desalting column. CDP was then added to 1 mM and the reaction was
allowed to proceed for 20 minutes at room temperature. Two controls were
run in parallel: (i) no CDP and (ii) hydroxyurea-inactivated RNR prior to CDP
addition. The reactions were stopped by placing tubes at 4°C and anti-R2
antiserum was added. After 45 minutes the immunoprecipitations were
carried out with all steps at 4°C in buffer containing 500 1.1M dATP. In this
particular experiment the samples were resolved in a 10% reducing SDSPAGE. The results shown in the autoradiogram in Figure 4.7b show no
obvious differences when comparing the lanes. At this point it is not clear
why there are no changes in the co- immunoprecipitating R1, since previous
experiments indicated that oxidized RNR was less stable than reduced RNR
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Figure 4.7. Single turnover experiment. A, Diagram of single turnover
experiment. DTT is removed from the pre-reduced dATP-R1R2 complex,
formed at 4°C, by desalting into argon-deoxygenated buffer containing 1 mM
dATP. Substrate CDP is added and the reaction is allowed to proceed at 22°C.
Anti-R2 antiserum is then added and immunoprecipitations are carried out
at 4°C in buffer containing 1 mM dATP. Any irreversible dissociation of R1R2
is monitored by a decrease in the R1 band on an autoradiogram. B,
autoradiogram of results. Lane 1, no CDP; lane 2, CDP; and lane 3,
hydroxyurea inactivated prior to CDP addition. Arrow indicates a strong band
migrating just above R2.
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(Chapter 3). Nonetheless, an interesting observation was noted from the
autoradiogram in Fig. 4.7b. There is a definite band which represents a T4
protein that migrates just above R2. This band, which is in all three lanes, has
not been detected to any significant extent in previous immunoprecipitation
experiments and it is not immediately obvious why it is seen here.
Cross linking experiments described below also indicate a protein of similar
molecular weight that interacts with R2.
Circular dichroism of purified R1What is the effect of effector
binding to T4 R1? Information on structurally-induced changes in R1 by
nucleotide binding is lacking. The binding of effector appears to significantly
enhance the ability of T4 R1 to bind R2. The same is true, though to a lesser
extent, for the E. coli RNR (Anderson et al., 1985; Brown and Reichard, 1969b).
Circular dichroism (CD) was used in an attempt to detect structural changes in
R1 when binding the effector dATP. Nucleotides have been shown to have
CD spectra (Sprecher and Johnson, 1977); therefore we needed to establish that
dATP, under the buffer conditions used, did not have a CD spectrum. Figure
4.8a demonstrates that the buffer (10 mM Na-phosphate, pH=8.0, 2 mM
MgC12, 0.5 mM DTT) with and without 10 p.M dATP did not have a CD
spectrum. Figure 4.8 shows the CD spectrum obtained with 3 p,M R1 with and
without 10 I.LM dATP. The spectra are nearly identical, indicating no gross
changes in the secondary structure when dATP is present. The percent
secondary structures were determined by the method of Manavalan and
Johnson (1987) and found to be 30% alpha helix, 22% antiparallel beta sheet,
9% parallel beta sheet, 19% turns, and 30% other structures.
Cross linking reveals a 43-kDa protein that interacts with the T4 R2
protein Since the T4 RNR is part of a multienzyme complex (Allen et al.,
1980; Greenberg and Chiu, 1978) involved in dNTP synthesis, and since the
effectors influence R1/R2 interactions, it was of interest to determine the
effects of an effector on RNR intermolecular protein interactions.
Cross linking has been previously used to study the E. coli R1 /R2 interactions
using the purified proteins (Mathews et al., 1987). However, application of
crosslinking to identify RNR interactions with other proteins has not been
reported. Therefore, crosslinking in conjugation with R2
immunoprecipitation was used to determine any potential effects of dATP on
R2 associations with other proteins. The thiol cleavable crosslinker DTSSB
(see "MATERIALS AND METHODS") was used. DTSSB is capable of
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covalently linking two proteins together via primary amines up to a distance
of 12 A (Fig. 4.9a). Cross linking with DTSSB was performed in 500 IA buffer A

with and without 1 mM dATP present. Following use of a spin column to
remove any remaining nucleotides, labeled T4 proteins were incubated for 10
minutes at ambient temperature before addition of DTSSB to 0.1 and 1.0 mM
concentrations. The reactions were quenched after 30 minutes at ambient
temperature. R2 was immunoprecipitated and the crosslinked proteins were
cleaved with DTI' prior to resolution on an SDS-PAGE. Figure 4.9 shows the
structure of DTSSB and the results. Some crosslinking can be seen at 0.1 mM
DTSSB concentration, regardless of the presence or absence of dATP.
However, at 1 mM DTSSB concentrations, there is a strong band slightly
above R2 at approximately 43 kDa. That this protein represents a crosslink to
R2 and not some sort of artifact is indicated by loss of both bands when
antiserum is preincubated with 10 pg pure R2. Curiously, only a small
amount of R1 is immunoprecipitated. This is probably due to unfavorable
positioning of primary amines.
Densitometry was done and reveals a ratio of radioactivity of the 43kDa protein to R2 at approximately 0.3. Based on this and the low level of
background obtained under these conditions, it seems likely that the 43-kDa
protein is specifically binding to R2 and not simply nonspecifically
crosslinking. Furthermore, previous immunoprecipitations, without
crosslinking, have revealed a consistent band running at the same molecular
weight as the 43-kDa protein (see Figure 4.4 and 4.7b). Based on the molecular
weight and the fact the 43-kDa protein is expressed early in infection there are
only a few candidates for this protein. There are no T4 proteins involved in
dNTP metabolism that have this molecular weight, aside from R2 itself.
Therefore, likely candidates must be proteins from other metabolic or
structural pathways. The most likely candidates based on molecular weight
(MW) include gp63 (MW=43.5) ,which is an RNA ligase; a-glucosyltransferase
(MW=42.5), which glycosylates the hydroxymethylated cytosines of T4 DNA;
and UvsX (MW=44.0), the T4 RecA-like protein involved in DNA replication,
repair, and recombination. The UvsX protein is of keen interest since its main
biological function is in T4 DNA replication. Experiments to positively
identify the 43-kDa protein are in progress.
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Figure 4.9. Cross linking of R2 with DTSSB. Experiment was performed as
described in "MATERIALS AND METHODS". A, structure of the thiolcleavable crosslinker DTSSB. B, autoradiogram of crosslinking results.
Crosslinking was done without 1 mM dATP (odd numbered lanes) or with 1
mM dATP (even numbered lanes) present. Lanes 1 and 2, no DTSSB; lanes 3
and 4, 0.1 mM DTSSB; lanes 5 and 6, 1.0 mM DTSSB; and lane 7 is the same as
6 except pure, unlabeled R2 was used as a competitor in the
immunoprecipitation. C, Image generated on a Phospho Imager that shows
lanes 4 to 7. R2 and the 43-kDa protein are indicated. M, molecular weight
markers in kDa.
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RNR synthesis and subunit interactions are maintained throughout
the course of infectionT4 DNA synthesis continues until phage progeny
lyse the cell. Likewise, both R1 and R2 protein synthesis continues through
21-minutes post-infection at 37°C (Figure 4.10). This probably reflects the
requirement of T4 DNA synthesis for high levels of dNTPs not only during
initial origin-dependent DNA replication but also late recombinationdependent replication (which requires the UvsX protein) as well (reviewed by
Kreuzer and Morrical, 1994). The amount of R1 and R2 synthesized 12-21
post-infection is approximately the same as that synthesized from 3-10
minutes post-infection, with no decreased ability for subunit interactions.
Also, cells infected at 25°C show substantial amounts of interacting R1/R2
proteins (Figure 4.10, lane 3).

DISCUSSION

There is a paucity of data on how the regulatory and substrate
nucleotides affect RNR subunit interactions. Direct observation of interacting
Rl/R2 proteins has proven difficult (A. Graslund, unpublished results in
Lycksell et al., 1994), although NMR has recently been used to detect
interacting mouse R1 and R2 subunits without effectors present (Lycksell et
al., 1994). In this case, however, the concentrations of the purified subunits
were much higher than those found in vivo. It appears that the effectors
influence not only the T4 Rl /R2 interactions but also those of E. coli
enzyme(Anderson et al. 1985; Brown and Reichard, 1969b) and mouse (R.
Ingemarson, personal communication) subunit interactions as well.
Experiments on subunit interactions using the T4-encoded RNR are
appealing for two reasons. First, the subunits interact very tightly in the
presence of an effector. As described in this thesis this has allowed for the
development of a direct detection method for interacting subunits using coimmunoprecipitation techniques. Second, since the T4 RNR is part of the T4
dNTP synthetase complex (Allen et al., 1980; Greenberg and Chiu et al., 1978),
and since the R1R2 complex is influenced by effectors, it is possible to
investigate how the quaternary state of RNR may influence overall proteinprotein interactions.
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This chapter has investigated two different, but related questions,
concerning the T4 RNR. First, what are the effects of different combinations
of effectors and substrates on R1/R2 interactions? Second, what effects do the
nucleotides have of RNR interactions with other T4-encoded proteins. Each
will be discussed in turn?
In vitro experiments were done in an effort to probe the quaternary
structure of RNR under physiologically relevant conditions. These conditions
included various combinations of effectors and substrates that were tested for
their effects on R1 /R2 interactions as determined by an immunoassay. The
substrates GDP and UDP and the products dGDP and dUDP did not appear to
change the amount of co-immunoprecipitating R1 as compared to dATP
alone. Similarly, the presence of all four effectors and all four substrates had
no apparent effect when assayed alone or together. Although no gross
changes were observed by visual inspection of autoradiograms, there were
subtle differences found when the bands were quantitated using a Phospho
Imager. There appears to be an approximately 2-fold increase in the stability of
the R1R2 complex when assayed in the presence of 2 different effectors as
compared to one effector at the same final concentration of 500 0.4. This
increase in the R1/R2 ratio was true for all possible combinations of two
effectors when compared to each of the single effectors. One interpretation is
that an R1R2 complex is somehow stabilized when 2 different effectors are
bound, one each at the specificity sites on the a protomers. This stabilization
may be the indirect result of increased a chain associations due to the binding
of two different nucleotides versus the binding of one effector. Another
possibility may be cooperative binding between two different effectors. A
decrease in the Kd for the binding of a second effector may in turn promote
stronger R1R2 complex formation. ATP was found to bind cooperativily at
2°C (Brown and Reichard, 1969b) but not at 25°C (Orme) and Sjoberg, 1990).

Whether effector binding at one specificity site influences the binding of a
different type of second effector at the other site is not known. This problem is
approachable using purified T4 R1 and a fast and simple ultrafiltration assay
(Ormo and Sjoberg, 1990).

Probing interactions under conditions of catalysisExperiments were
designed to extend the previous finding that the T4 RNR complex is
destabilized when substrate is present in the absence of DU (Chapter 3). This
suggested that an oxidized, substrate-bound R1 molecule has a decreased
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ability to bind R2. The first approach was based on in vitro competition
between pure R1 and labeled T4-induced R1 for binding to T4 induced R2. As
discussed above, control experiments revealed that the pure R1 could not
compete for binding. At present the best explanation is that there is some
difference between the cloned and overexpressed R1 and the T4-induced Rl.
Howver, this question remains to be resolved.
The second approach was based on attempting to "freeze" pre-reduced
R1 in its substrate-oxidized state by providing CDP with no external reductant.
So far this experiment has not revealed any changes between R1/R2
interactions when probed following turnover conditions. This contrasts
Cross linking of a 43-kDa protein to R2 Perhaps the most significant
finding of this work relates to the crosslinked 43-kDa protein. Although a
variety of techniques have been applied to detect protein-protein interactions
among T4 enzymes of dNTP synthesis (Mathews, 1993a), there has only been
limited use of crosslinking agents. The initial inquiry of whether the effector
dATP influences RNR interactions with other T4 proteins remains an open
question until crosslinking conditions are optimized. However, an initial
crosslinking experiment has revealed a crosslinked protein migrating slightly
above R2 in SDS-PAGE. The effector dATP had no effect on the crosslinking
of this 43-kDa protein to R2, indicating that R1 does not influence the
interaction between these two proteins. Several observations indicate that the
interactions between R2 and the 43-kDa protein are specific. (1) Previous
immunoprecipitations have shown a 43-kDa protein that coimmunoprecipitates with R2, albeit to a more limited extent. (2) The 43-kDa
protein is quantitatively crosslinked to R2 with a ratio of radioactivity of 43
kDa to R2 of at least 30%. (3) The background is low with no other significant
bands seen in the autoradiogram. (4) The 43-kDa band is competed away with
unlabeled pure R2, demonstrating that the band is not some sort of artifact
but rather represents a truly crosslinked protein to R2.
Several candidates for the 43-kDa protein were mentioned above.
Based on mobility in SDS-PAGE gels the T4-encoded RecA homologue UvsX
seems the most likely possibility (Formosa and Alberts, 1986). The notion of
the 43-kDa protein being UvsX is appealing since it is involved in
recombination-dependent DNA replication in T4-infected cells (reviewed by
Kowalczykowski and Eggleston, 1994). This mode of replication is important
in the T4 infectious cycle since mutations in UvsX cause a 3-fold decrease in
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late DNA synthesis (Berstein and Wallace, 1983). If the 43-kDa protein is
indeed UvsX, these interacting proteins provide important physical data
linking T4 dNTP synthesis with DNA replication. UvsX plays an active role
in providing a primer for the initiation of DNA synthesis and is also present
during subsequent elongation (Formosa and Alberts, 1986b). This would
mean that interactions between these two proteins could result in RNR
continuously being present in the microenvironment of DNA synthesis.

AcknowledgmentI am grateful to Araz Toumadje for his expert assistance
in determining the CD spectrum of Rl.
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Appendix 1

Purification of T4 Ribonucleotide Reductase
R1 and R2 Subunits
This appendix describes the purification of T4 ribonucleotide reductase.
The a and 13 chains of RNR were overexpressed from the tandemly cloned
genes using the pnrdAB vector constructed by Tseng et al. (1992). Purification
of R2 using a QMA Memprep anion exchange cartridge (Millipore) was
described in Chapter 3. Here, the purification of R1, R2, and R1R2, all from
the same starting crude lysate, is described. Each subunit, either individually
or together, was greater than -90% pure as determined by Coomassie bluestained gels. Purification of the T4 ribonucleotide reductase R1R2
holoenzyme can be efficiently done using a dATP-Sepharose column in
which the dATP ligand is immobilzed via the v-phosphate. Since the R1
subunit binds tightly to R2 in the presence of dATP, R2 will co-elute with R1
from the column when dATP is added to the buffer (Tseng et al., 1992).
Attempts to purify overexpressed R1R2 using ATP-agarose (Sigma) linked to
the N-6 of the base, and biotinylated-dATP linked via a 14 atom spacer to
strepavidin agarose (USB) both failed. The nucleotide binding sites on R1
probably recognize the nucleotide effectors in a highly specific manner.
Therefore binding is sensitive to the linkage of the nucleotide.
An advantage the purification scheme in Figure A.1 has over dATPSepharose affinity purification is the ability to purify all three species of RNR
(R1, R2, and R1R2) from the same starting material. Separation of R2 from
immobilized R1 requires harsh conditions (Berglund, 1972) and subsequent
reactivation of the radical on R2. Most importantly, however, this
purification demonstrates that the overexpressed T4 R1 and R2 subunits can
be separated from each other under mild conditions. This provided the first
evidence that the T4 RNR may not have tightly associating subunits as
previously thought.
Method-One liter cultures of LB containing 100 pg /ml ampicillin and
1% glycerol were grown from a fresh overnight culture to 0.D.595-0.7 at
which time the cells were induced with 400 p.M isopropyl-thiogalactoside.
Addition of ferrous ammonium sulfate (1 mM in 200 mM nitroloacetate) was
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added to 1011M at time of induction to ensure an adequate amount of ferrous
iron for the overexpression of R2. Induction was allowed to proceed for 4 to 6
hours at 300C. Cells were harvested by centrifugation at 8000 X g. Figure A.2
shows a Coomassie blue-stained gel of total soluble protein from cells
harvested at the indicated times post-induction. Cell pellets were brought up
in 30 ml buffer A (50 mM Tris (pH=9.0). 20 mM NaC1, 5 mM MgC12, and 10%

glycerol) containing 1 mM phenylmethanesulfonyl fluoride (PMFS), 1 mM
dithiolthreitol, and 1 mM ferrous ammonium sulfate in 2 mM ascorbic acid
(all added immediately before sonication) and lysed by sonication while in an
ice bath. Cell debris was pelleted at 10,000 X g and the pelleted protein was
resuspended in 10 ml buffer A. Nucleic acids were removed by precipitation
with 1.0% streptomycin sulfate (added from a 10% solution). A 40%
ammonium sulfate precipitation (added as solid salt) pelleted most of
overexpressed R1 and R2. Following addition of salt the precipitations were
allowed to proceed for 20 minutes in an ice bath with gentle stirring. Pellets
were collected by centrifugation for 20 minutes at 10,000 X g. The 40%
ammonium sulfate pellet was brought up in 3.0 ml buffer A and desalted into
4.0 ml of the same buffer using a BioRad 10 DG desalting column. Anion
exchange chromatography was performed using an FPLC with a MonoQ
column (Pharmacia). A 20-400 mM NaCl gradient was run in buffer A (Figure
A.3). Two main peaks can be seen in the chromatogram in Figure A.3a. The
first peak at about 200 mM NaC1 contains R2 which is about >90% pure. The
second, larger peak, at about 315 mM NaC1, contains R1 in the first fraction(s)
and R1R2 in the remaining fractions. More than 50% of the protein eluted as
R1R2. Fractions containing R1 as the predominant band on a Coomassie bluestained gel were pooled (Figure A.3b), desalted into buffer A, and rechromatographed on a MonoQ column as before. This two step anion
exchange chromatographic procedure separated R1 from R2 and yielded R1 at
least 90% pure as estimated from a Coomassie-blue stained gel. In some cases
a small amount of contaminating R2 was detected. Yields of partially purified
proteins (Figure A.3c) were about 1.0 mg R1, 2.5 mg R2, and 4.3 mg R1R2 from
a 1 liter culture. All purified protein preparations were store at -800C in 50%
glycerol.
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0.8% Streptomycin Precipitation/
40% Ammonium Sulfate Precipitaion

)
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Figure A.1. Purification scheme for the separation of R1, R2, and R1R2.
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Figure A.2. Overexpression of R1 and R2. Cells were grown in LB media
containing 100 µg /ml ampicillin and 1% glycerol. Cells were removed at
various times post-induction with 100 p.M IPTG. Lane 1, 0 min; lane 2, 45
min.; lane 3, 1.5 hrs.; lane 4, 3.0 hrs; lane 5, 4.5 hrs; lane 6, 6 hrs.; and lane 7, 6
hrs. no IPTG. Total soluble protein was run on a 12% SDS-PAGE gel followed
by staining with Coomassie blue.
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Figure A.3. Anion exchange chromatography on overexpressed R1R2. A,
Chromatogram of separation of R1, R2 and R1R2 on a MonoQ anion
exchange column. A 20-400 mM NaC1 gradient in buffer A was run. R1 elutes
in the beginning fractions of the peak as indicated. B, 12% Coomassie bluestained gel of the various fractions: Lane M (markers), AS (40% ammonium
sulfate fraction before loaded on column), and the remaining lanes are
fractions from chromatogram in (A). C, 12% Coomassie blue-stained of
partially purified proteins after one MonoQ chromatographic run, except R1
that was pooled and re-chromatographed. R1 and R2 are indicated.

145

Figure A.3

A

15

20

Fraction

25

30

3S

40

Figure A.3

B

M AS
97

68
43
31

21

14

C

4--R1
R2

