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3
ABSTRACT

HERPES SIMPLEX RIBONUCLEOTIDE REDUCTASE
Rolf Ingemarson, Dept. Medical Biochemistry and Biophysics.
University of Umeå, S-901 87 Umeå, Sweden
In all bacterial, plant and animal cells, as well as in many
viruses, genetic information resides in DNA (deoxyribonucleic
acid). Replication of DNA is essential for proliferation, and
DNA-containing viruses (such as herpesviruses) must carry out
this process within the mammalian cells they infect.^
The enzyme ribonucleotide reductase catalyzes the first unique
step leading to the production of the four deoxy-ribonucleotides
used to make DNA. Each deoxyribonucleotide is produced by
reduction of the corresponding ribonucleotide.
After infection of a mammalian cell with herpes simplex virus
(HSV) a new ribonucleotide reductase activity appears, which is
distinct from the mammalian enzyme activity. This is due to
induction of a separate, virally-encoded Ribonucleotide reduc
tase.
Two monoclonal antibodies were raised against HSV (type 1)
ribonucleotide reductase, and were found to bind but not
neutralize its enzyme activity. One antibody recognized a larger
(140 kD) protein and the other a smaller (40 kD) protein,
suggesting the HSV 1 ribonucleotide reductase had a heterodimeric
composition similar to that found in many other organisms. The
140 kD protein was sequentially degraded to 110 kD, 93 kD and 81
kD proteins by a host (Vero) cell-specific serine protease. Of
these different proteolytic products, at least the 93 kD residue
was enzymatically active, suggesting that part of the 140 kD
protein may have functions unrelated to ribonucleotide reduction.
The 140 and 40 kD proteins bound tightly to each other in a
complex of the a2ß2 type, as shown by analytical glycerol
gradient centrifugation.
An assay system for functional small and large subunits of HSV
1 ribonucleotide reductase was developed, using two temperaturesensitive mutant viruses, defective in either the large (tsl207)
or small (tsl222) subunits. Active holoenzyme was reconstituted
both in vitro, by mixing extracts from cells infected with either
mutant, and in vivo by coinfection of cells with both mutants.
The gene encoding the small subunit of HSV 1 ribonucleotide
reductase was cloned into an expression plasmid under control of
a tac promoter. The recombinant protein was purified to homo
geneity from extracts of transfected E. coli, and was active when
combined with large subunit, as provided by extracts of tsl222infected hamster (BHK) cells. The protein contained a novel
tyrosyl free radical that spectroscopically resembled, but was
distinguishable from, the active-site free radical found in
either the E. coli or mammalian small subunits of ribonucleotide
reductase.
The gene encoding the large subunit of HSV 1 ribonucleotide
reductase was also expressed in E. coli, using similar techni
ques. The recombinant large subunit was immunoprecipitated from
extracts of transfected bacteria, and showed weak activity when
combined with small subunit, provided by extracts of tsl207infected hamster (BHK) cells.
Key words: Ribonucleotide reductase, herpes simplex virus
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INTRODUCTION

In every living cell, deoxyribonucleic acid

(DNA)

carries

the genetic information which determines the structure of each
protein

synthesized.

DNA

is

a

linear

molecule,

comprising

sequences of nucleotides which bear any of four bases: adenine,
cytosine, guanine, or thymine. Viruses can use either deoxyribo
nucleic acid (DNA) or closely related ribonucleic acid (RNA) for
storage

of

genetic

probability

of

information.

only

one

error

DNA
in

can

every

be

copied

with

1,000,000,000

a

bases

replicated. If the genetic information is stored as RNA the error
frequency increases to one in every 30,000 bases. Therefore DNA
is the preferred storage form for viruses with a replicative unit
larger

than

10,000

bases

(10

kb).

It

is

synthesized

by

DNA

polymerase, a specific enzyme which uses all four bases, in the
form of deoxyribonucleoside triphosphates

(dNTPs)

to copy

an

original, template DNA molecule.
The

only

pathway

for

synthesis

of

new

deoxynucleotides

starts with the reduction of corresponding ribonucleotides (105) .
Enzymatic conversion of cytidine nucleotides to deoxycytidine
nucleotides was first demonstrated in the bacterium Escherichia
coli

(82), and was later shown to occur at the nucleoside di

phosphate

level(83).

The

enzyme

catalyzing

this

reaction

is

called ribonucleotide reductase (EC 1.17.4.1.). It can use each
of

the

four

different

ribonucleoside

diphosphates

(NDPs)

as

substrates (10). Ribonucleotide reductase activity has also been
demonstrated in many higher, including mammalian, cells (64). The
ribonucleotide reductase activity in mammalian and E. coli cells
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is

allosterically

regulated

in order

to

maintain

a balanced

supply of the four deoxynucleotides for DNA synthesis. Both the
overall activity and substrate specificity are controlled by this
allosteric regulation

(9,32). If this balance is disturbed the

frequency of mutations during DNA synthesis increases (84) . This
allosteric regulation is a fine tuning mechanism; the activity
of the mammalian ribonucleotide reductase is mainly determined
by de novo synthesis and breakdown of the smaller of the two
subunits of the enzyme

(34). Enzyme activity fluctuates during

the cell cycle. High activity is found in dividing cells in the
DNA synthesis phase
activity

(S phase)

in G1 phase,

dividing cells,

of the cell cycle and very low

in which no DNA synthesis occurs.

in G0 phase,

also contain very little,

Non

if any,

ribonucleotide reductase activity (33).
An additional reductase activity appears in mammalian cells
which have become infected with certain DNA-containing viruses.
This has been shown for vaccinia virus and for the herpesviruses;
Epstein-Barr virus

(EBV)

(48), pseudorabies virus

(55), equine

herpesviruses types 1 and 3 (18), and herpes simplex virus (HSV)
type 1 (16) and type 2 (17). The main difference between these
viral ribonucleotide reductases and the host enzyme is that the
former have altered or absent allosteric regulation.

In this

thesis I will mainly discuss the properties and characteristics
of the HSV 1-induced ribonucleotide reductase.

Herpesvirus infections
Herpesviruses

are a heterogenous group of around

80 DNA

viruses including the human pathogenic viruses: herpes simplex

7
virus

(HSV) types 1 and 2, varicella zoster virus

megalovirus

(CMV), Epstein-Barr virus

(VZV), cyto

(EBV), and

the

newly-

discovered human herpesvirus 6 (HHV6)•
Herpes

simplex virus

type

1 usually causes

gingivostomatitis and tonsillitis upon primary

pharyngitis,

infection,

but

this may be completely subclinical. After the primary infection
the virus

stays latent in the trigeminal

and cervical

spinal

ganglia. The virus can then be reactivated at a later stage by
various stimuli such as ultraviolet light, fever or menstruation.
The reactivated infection occurs as the familiar lip infection,
herpes labialis, which was first described and named by Hippokrates around 400 BC

(herpes is the greek word for creeping) .

Rarely, a devastating form of encephalitis can occur, which if
untreated has a mortality of 70 %. Both primary and reactivated
infections can affect the eye, causing keratoconjunctivitis. HSV
infections

are

the

most

common

cause

of

blindness

in

the

industrialized countries. At least 50 % of the adult population
carries a latent HSV-1 infection (58,70,73).
HSV

2

(58,70,73),
herpes

causes
VZV

zoster

herpes

produces
at

genitalis
varicella

reactivation

and
at

(11),

neonatal

primary
EBV

infections

infection

causes

and

infectious

mononucleosis (44) and has implicated in the origin of Burkitt's
lymphoma

(31)

and

nasopharyngeal

carcinoma

commonest malignancies in East Asia.

(53),

one

of

the

CMV causes opportunistic

infections in immunosuppressed patients, often with mononucleosis-like symptoms

(113). HHV 6 has been isolated from patients

with lymphoproliterative diseases (88) and infants with roseola
infantum (115).
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Herpes simplex virus infection cycle
The 150-200 nm diameter herpesvirus virion,

including its

DNA, is covered with an icosahedral capsid made of 162 capsomers
under a layer of amorphous material called the tegument.
lies under the envelope,

This

a lipid bilayer covered with glyco

protein spikes (58,97).

Figure 1. Herpes simplex virus

Upon

infection

of

a

cell

the virus

binds

to

a heparan

sulfate receptor (114). The viral envelope fuses with the plasma
membrane, liberating the nucleocapsid into the cytoplasm of the
host cell. The viral DNA is released into the nucleus and the
nucleocapsid is degraded.

One of the degraded products blocks

host cell protein synthesis. The viral genome is transcribed by
the

cellular

RNA

polymerase

II

and viral

proteins

are

syn

thesized. These proteins may be classified into three coordinately regulated groups. The first group to be produced are regul
atory

proteins

of

the

”immediate-early”

class,

followed

by

”early” proteins which peak 5-7 hours post infection. This group
contains viral enzymes such as DNA polymerase, thymidine kinase
and

ribonucleotide

reductase.

"Late”

proteins,

which

are

synthesized in increasing rates up to 15-18 hours post infection,
comprise

structural proteins

assembled,

packaged

with

DNA

for the capsid.
and

released

The capsids

from

the

cell

are
by
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budding,

acquiring an envelope from the inner nuclear membrane

as they pass (58,97).
The herpes simplex virus type 1 genome is double stranded
DNA, 152,260 base pairs in total length, with a molecular weight
of lOOxlO6, and a guanine + cytosine content of 68 mol % (68) .
The DNA consists of two components; one long (L) region with 82
% of the DNA and one short (S) region containing 18 % of the DNA.
The L and S regions are unique and both are flanked by inverted
repeats.

Both the short and the long component can be oriented

in either the same or opposite directions,

producing the four

possible isomeric forms that can be prepared from herpes virions
(47,97).
The complete sequence of Herpes simplex type 1 DNA has been
published.

It

encodes

70

proteins,

30

of

which

have

known

functions (60). Among those proteins are several involved in DNA
precursor metabolism and DNA replication. The virus infected cell
shows

new

functions/activities

for

thymidine

kinase

(24),

ribonucleotide reductase (2) , alkaline exonuclease (65), dUTPase
(77), uracil DNA glycosylase

(13), single stranded DNA binding

protein (6,109), DNA polymerase (46), 65 kD DNA binding protein
(59) , origin binding protein

(28), primase

(49),

and helicase

(pers.comm.in ref.72). In an in vitro system measuring replic
ation of an oris-containing plasmid seven different HSV 1 genes
have been shown to be necessary for HSV 1 genome replication
(60) . These

genes

include

the

earlier

single stranded DNA binding protein,

known

DNA polymerase,

65 kd DNA binding protein

and origin binding protein (71). The function of the other three
is not known.
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Ribonucleotide reductases in different species
Three different classes of ribonucleotide reductases are
described in the literature. They all contain different metallic
ions

which

participate

in

the

enzyme

reaction

(56,84,105

rewiews).
Class 1.

This

group

of

ribonucleotide

reductases

needs

ferric iron for enzyme activity. The enzyme from E.coli is the
best characterized example of a class 1 ribonucleotide reductase.
It is composed of two subunits,

one large dimer 2x86 kD and a

small iron-containing dimer of around 2x43 kD, and is thus of
a2ß2 form

(103). The mammalian

(106,108),

yeast

(30), phage T4

(8,116), vaccinia virus (94,95,102) and the herpesviruse enzymes
also belong to this class. The herpes simplex viruses type 1 and
2 induce a class 1 enzyme which differs markedly in size from
that of the other species in this group; their large subunit is
about 2x140 kD (78).
Class 2.

Deoxyadenosyl cobalamin is necessary as a coenzyme

for the activity of these enzymes. The protein from Lactobacillus
leichmannii is the best described example from this group; it is
monomeric, with a molecular weight of 76 kD (74,105).
Class 3.

This class of ribonucleotide reductases contains

manganese instead of iron, and is the most recently discovered
group.

Only

the

Brevibacterium

ammoniaqenes

enzyme

has

been

purified to homogeneity; it consists of two subunits, one 80 kD
in size,

the other a dimer of 2x50 kD,

and they appear to be

analogous to the large and small subunits of the class 1 enzymes
(110,111). The following discussion relates entirely to class 1
ribonucleotide reductases.
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The large subunit of ribonucleotide reductase
Inter-species comparisons, structure and function
The

gene

encoding

the

reductase has been sequenced

large

subunit

of

ribonucleotide

from the following 8 species to

date: E. coli (15), mouse cDNA (14), bacteriophage T4, vaccinia
virus (102) , varicella zoster virus (21) , HSV 1 (68) , HSV 2 (101)
and Epstein Barr virus
completely

conserved

(40) . About 50 of the amino acids are

and

there

are

several

highly-conserved

domains. The amino acid homology between HSV 1 and HSV 2 is only
38 % within the amino-terminal domain unique to the herpesvirus
enzyme;

in the remainder of the large subunit HSV 1 and HSV 2

show 93 % homology (68).
The large subunit of the E. coli enzyme

(protein Bl)

is a

dimer of 2x86 kD. It contains binding sites for the nucleoside
diphosphate substrates (112) and nucleotide allosteric effectors
(9). The active site is formed by both the large and the small
subunit of the enzyme, however the redox-active sulfhydryl groups
that reduce the substrate are located on the large subunit (104).

Allosteric regulation.
Each large subunit monomer contains two types of effector
sites for allosteric regulation. Overall activity is regulated
at

an

"activity”

site

by

the

binding

of

ATP

as

a

positive

effector or dATP as a negative effector. Substrate specificity
is regulated at a "specificity" site, which can bind either ATP,
dTTP, dGTP or dATP, as shown in table 1 (35,105,106).
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Table 1
Regulation of substrate specificity
Effector

Stimulates

Inhibits

reduction of

reduction of

ATP

CDP, UDP

dTTP

GDP,

CDP, UDP

dGTP

ADP

CDP, UDP, GDP
CDP, UDP, GDP, ADP

dATP

The viral ribonucleotide reductases are completely different
in

this

respect.

regulation

Bacteriophage

T4

lacks

negative

feedback

(8) and the herpesviruses show no allosteric regu

lation of any kind (2,3,55).

2 x 1 4 0 kD

R2
2 x 3 8 kD

2-

Figure 2. Model o f the herpes simplex virus ribonucleotide reductase.
The tyrosyl free radical and the ferric iron center are marked.
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The small subunit of ribonucleotide reductase
Inter-species comparisons, structure and function
The

DNA sequence of the small

subunit of ribonucleotide

reductase has so far been determined in 11 species: E. coli (15) ,
mouse cDNA
virus

(107),

(95),

bacteriophage T4

varicella

(92), yeast

zoster virus

(21),

HSV

(30), vaccinia
1

(23) , HSV

2

(38,62), Epstein Barr virus, surf clam and parts of sea urchin
(96). About 18 amino acids are completely conserved between all
species.

The homology between HSV 1 and HSV 2 is 89 % at the

amino acid level (38).
The small subunit of ribonucleotide reductase in E. coli,
(protein B2) , is a dimer of 2x43 kD. The carboxy-terminal region
of the small subunit is involved in binding to the large subunit.
This was first shown for the herpesvirus reductase,
nonapeptide

corresponding to the carboxy-terminal

in which a
end of the

small subunit prevented binding of the two subunits (19,26,75).
It has been confirmed by different techniques in E.coli, where
a truncated form of the B2 subunit, lacking the normal carboxyterminal amino acids, could not bind to the B1 subunit (93).

The active site tvrosvl free radical
The small subunit of class 1 and 3 ribonucleotide reductases
contains a stable tyrosyl free radical. This can be detected by
biophysical techniques,
light

absorption

doublet

electron

temperatures

either as a sharp peak at 410 nm in a

spectrum,

or

paramagnetic

as

a

characteristic

resonance

(EPR)

hyperfine

signal

at

low

(27,43,81). The radical is stabilized by a binuc

leate ferric iron center, in which the two ferric atoms from each
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subunit

are

antiferromagnetically

coupled

by

a

/x-oxo bridge

(1,76,81) . Both the radical and the iron center are necessary for
enzymatic activity.
EPR

is

a

spectroscopic

method

used

to

study

atomic

or

molecular systems containing unpaired electrons. The EPR spectrum
describes the adsorption of energy in the sample as a function
of an external magnetic
reflects

the

unpaired

electron

subunit

of

field;

arrangement

of

(43,81).

ribonucleotide

the pattern of spectral

magnetic
The

EPR

reductase

nuclei

surrounding

spectrum
was

lines

from

first

the

the

small

described

in

purified protein B2 from E. coli

(27) , but later very similar

spectra

bacteriophage

were

obtained

from

mammalian mouse M2 protein
enzyme

the
(42)

T4

(87),

the

and from pseudorabies induced

(55). All these spectra could be distinguished from one

another by small but significant differences in the hyperfine
structure. It was suggested that these differences occur because
of a twist of the bond between the aromatic ring and the ß methylene group of the tyrosyl
virus

enzyme,

residue.

For the pseudorabies

EPR spectroscopy was used to prove that

a new

virally-encoded enzyme was present in infected cells, as opposed
to an enhancement of mammalian ribonucleotide reductase activity
(55). Ribonucleotide reductases from different species can also
be separated by differences in their EPR relaxation properties.
These reflect the strength of the magnetic interaction between
the

radical

microwave

and the

iron center,

and can be determined

saturation characteristics.

The

iron/radical

from

inter

action is much stronger in mammalian reductases than in the E.
coli enzyme (42).
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In E. coll cells the tyrosyl radical was localized to tyrosine
122 by using site-directed in vitro mutagenesis experiments in
which,

when the tyrosine was changed to a phenylalanine,

radical was not formed

(57) . The tyrosyl

the

free radical can be

scavenged by one-electron reductants, such as hydroxyurea, which
inactivate the enzyme. For the mammalian enzyme, activity can be
restored

by

incubating

dithiothreitol,

the

enzyme

with

the

reducing

agent

in the presence of oxygen (42,108) whereas the

E. coli B2 requires ferrous iron and oxygen for reactivation. It
has been proposed that in the reactivating reaction the ferrous
iron is incorporated into the protein and then oxidized to the
binucleate

ferric

iron

center,

in

a

reaction

synchronously

coupled to the formation of the tyrosyl free radical (1,76). If
iron

is

oxygen,

not
and

present,
at

least

E.

coli

three

B2

other

requires

NADPH, magnesium,

components

found

bacterial extracts in order to restore activity.

in

crude

Two of these

components have been identified as superoxide dismutase (29) , and
a flavin oxidoreductase (36) .
A tyrosyl free radical, similar to that described here for
ribonucleotide reductase, has been found to participate in the
light-induced

splitting

of water

in photosystem

cells. This radical is stabilized by manganese

II

of

plant

(22). Mammalian

prostaglandin H synthetase was recently shown to also produce an
EPR

signal

nucleotide

nearly

identical

reductase.

to that of the radical

in ribo

In this case the presumed tyrosyl

free

radical is a transient intermediate in the second, peroxidase,
reaction step (52).
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Mechanism of the reaction
When

ribonucleotides

are reduced to deoxyribonucleotides

the hydroxyl group in position 2 1 of the ribose ring is reduced
to a hydrogen.
function

in

A proposed model
ribonucleotide

(43,90,98,100).

for the tyrosyl

reductase

is

free radical

shown

Isotope-labelling experiments have

in

Fig.l

shown that

the tyrosyl radical mediates hydrogen atom uptake from the 3 1
position of the nucleotide, generating a 3 1 nucleotide radical
(98,99).

The subsequent events have been proposed to occur on

the basis of model chemistry. In the next step the hydroxyl group
leaves the 2 1 position after combination with a proton to form
water and a cation radical.

This intermediate then is further

reduced by two electrons from the redox-active dithiols on the
large

subunit,

forming

a 3 1 deoxyribonucleotide

radical.

The

tyrosyl radical is regenerated by the return of the hydrogen from
the

tyrosyl

residue

to

the

3'

position,

giving

the

product

deoxyribonucleotide.
The redox-active dithiols in ribonucleotide reductase must
be

reduced by

a dithiol hydrogen donor;

for

in vitro

assays

dithiothreitol is used. Two protein-based reducing systems have
been described in vivo to date, one using thioredoxin, the other
using glutaredoxin to donate hydrogens ultimately derived from
NADPH (50). It is still not clear which system is the dominant
one in v i v o . Indications that other hydrogen transport systems
could be involved are given by the fact that a bacterial double
mutant, lacking both the thioredoxin and glutaredoxin genes, is
still

able

to

grow

(86) . Bacteriophage

T4

produces

its

own

thioredoxin upon infection of E. coli cells (7) . No evidence for
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Figure 3. Proposed model for the enzymatic conversion of ribonucleoside diphosphate
to deoxyriboside diphosphate catalyzed by ribonucleotide reductase.

a herpes

simplex virus-induced thioredoxin exists, and

it is

proposed that the cellular hydrogen donor systems are used (2 0 ) .

Heroes virus ribonucleotide reductase
Pseudorabies virus, a herpes virus which infects pigs, was
the

first herpes virus

shown to

induce

a new virus-specific

enzyme, distinct from the cellular reductase, upon infection of
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baby hamster kidney cells (BHK). The virus-induced enzyme showed
no requirement for ATP as a positive effector, and no feedback
inhibition was observed by dTTP or dATP

(55). Similar results

were also shown for extracts from HSV-1 infected BHK cells.

In

partially purified extracts from HSV-1 infected cells, the K,,,values for reduction of the substrates CDP and GDP were very low,
0.65 pit and

1.2

pM, respectively (2), compared with 30 p M and 43

respectively,

pK,

for

the

calf

thymus

enzyme

conditions giving optimal allosteric stimulation

assayed

under

(32). The Km -

values for the viral enzyme with UDP and ADP as substrates were
80 pM. and 12 pH, respectively, which was similar to the mammalian
values (100 pK and 28 pM, respectively) . The viral enzyme did not
show any requirement for magnesium, in contrast to the mammalian
enzyme (2 ).
The

first

real

proof

for

a

virus-encoded

ribonucleotide

reductase, rather than a modified form of the host enzyme after
virus infection, came from experiments with a HSV 1 temperaturesensitive

(ts)

mutant.

This

mutant

(ts

1207)

lacked

ribo

nucleotide reductase activity when grown at the non-permissive
temperature (25,78). The lesion was mapped to sequences in the
viral DNA encoding a 140 kD protein. The corresponding 5 kb RNA
message
protein,

was

colinear

with

an

1.2

kb mRNA

encoding

a

38

kD

therefore this 38 kD protein was proposed to be the

small subunit of ribonucleotide reductase.

Sequence comparison

between this DNA sequence and the small subunit from E. coli and
clam

showed

monoclonal

striking

antibodies

similarities

(91).

Several

different

and antisera have been described which

coprecipitate the 140 kD and the 38 kD proteins (4,5,37). These
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results also indicated that the 38 kD protein was associated with
ribonucleotide reductase.
The two mRNA species encoding HSV 1 ribonucleotide reductase
large and small subunits are 5 kB and 1.2 kB, respectively. They
are colinear, sharing the same 3* end, although the coding region
of the large subunit stops 238 basepairs before the start codon
of the small subunit (63) . The translated regions are 3411 bp and
1020 bp

in length,

respectively.

The TATA box

for the

small

subunit gene is including within the translated region of the
gene for the large subunit.
Herpes simplex virus ribonucleotide reductase is essential
for viral growth in non-dividing cells. This has been shown using
a

large

subunit

deletion

mutant

(41),

as

well

different viral temperature sensitive mutants,
1222,

which

subunits,

have

lesions

respectively

mapped

(78,79).

to
HSV

the

1

with

two

ts 1207 and ts

large

and

ribonucleotide

activity was also shown to be essential
neural virulence in mice

as

the

small

reductase

for establishment of

(12). These data demonstrate that HSV

ribonucleotide reductase may be used as a target for developing

antiviral compounds.
Speculative reasons can be offered as to why herpes simplex
viruses synthesize their own ribonucleotide reductase. The lack
of

allosteric

regulation makes

it possible

for the virus

to

consti tut ively produce large amounts of the enzyme, independently
of the fluctuations in host activity during the cell cycle. It
may

also

have

a

function

connected

to

the

establishment

reactivation of the latent state in non-dividing nerve cells.

or
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Herpes simplex virus inhibitors
Several nucleoside analogues inhibit herpes virus growth.
The only drug licensed for use against herpes virus infection
in

Sweden

is

acycloguanosine

(Acyclovir,

Zovirax). It

is

a

guanosine analogue which can selectively be phosphorylated in
HSV infected cells because of the broad substrate specificity
of the viral thymidine kinase. Acyclovir monophosphate is then
further

phosphorylated

nucleoside kinases.
deoxyguanosine

to

di-

and

triphosphates

by

cellular

Acyclovir triphosphate then competes with

triphosphate

for

the

viral

DNA

polymerase

deoxynucleoside triphosphate substrate binding site. Acyclovir
nucleotides incorporated into viral DNA cause chain termination
because acyclovir does not offer the 3 f hydroxyl group required
for further elongation
also

depend

(85). Other nucleoside analogues, which

on the broad

substrate

thymidine kinase and DNA polymerase,
herpes

therapy.

Such

examples

are

specificity

of the viral

have been used

for anti

trifluorothymidine

(46) ,

idoxuridine (80), and adenosine arabinoside (69).
Phosphonoformic acid

(Foscarnet)

blocks the pyrophosphate

binding site of herpesvirus DNA polymerase.

Because Foscarnet

acts at a binding site different to that at which the nucleoside
analogues act, it can be used to potentiate their effects (70).
A new approach for design of anti-herpesvirus drugs is the
inhibition of the viral ribonucleotide reductase.

In 1986, two

different groups discovered that the nonapeptide tyr-ala-glyala-val-val-asn-asp-leu

inhibited

ribonucleotide

reductase

activity. This peptide represents the carboxy-terminal sequence
of the small subunit of ribonucleotide reductase from both herpes
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simplex type 1 and 2 (19,26). It does not inhibit the mammalian
enzyme.

The proposed mechanism,

which was

later confirmed by

covalent binding experiments, is the prevention of the associa
tion of the two subunits (75). The smallest peptide shown to have
any inhibitory effect on enzyme activity is val-val-asn-asp-leu
(39) . Non-peptide analogues of this structure, designed to resist
degradation by paptidases, could be used as potent inhibitors of
viral growth. It may also be possible to use this mechanism to
design

selective

terminal

sequence

antibacterial
of

the

E.

drugs,
coli

B2

because

the

carboxy-

differs

from

that

of

mammalian M2. Elucidation of the three-dimensional structure of
the enzyme subunits, using x-ray crystallography, would facili
tate design of compounds with the correct steric
block

the

binding

sites

between

the

two

features to

subunits,

or

the

substrate binding site. For this purpose large quantities of pure
enzyme

are

subunits

in

required;

expression

recombinant

solution to this problem.

form

in

of
E.

the
coli

herpesvirus
offers

a

enzyme

potential
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The present investigation

The objective of the experiments described in this thesis
was to study the herpes virus ribonucleotide reductase both at
the enzymatic and at the DNA level, in order to find specific
distinctions between the herpes induced and the mammalian enzyme.
This would

lead to better understanding

of the

function

and

mechanism of both the mammalian and the herpes enzymes, giving
opportunities

to

exploit

these

differences

in

the

design

of

specific anti herpes drugs.
A major problem in studying ribonucleotide reductase from
herpes virus is the low amount of enzyme present in extracts of
virus-infected tissue cultured cells. Therefore it was essential
to isolate the two genes coding for the two subunits of herpes
virus ribonucleotide reductase and to express them in a con
venient host, such as E. coli. On production of large amounts of
enzyme it would be possible to study the enzyme in depth, using
the techniques that have already been used to study the mammalian
enzyme, and to attempt the elucidation of the three-dimensional
structure using X-ray crystallography. An expression system could
also be readily adapted to produce site-directed mutant proteins
for

testing

probes,
reagents

structure-function

relationships.

Immunological

such as monoclonal antibodies, would also be essential
for detection,

characterization

native and recombinant enzyme.

and

purification

of
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The strategy for the present investigation was as follows:

(1)

To

isolate monoclonal

antibodies directed against herpes

simplex virus induced ribonucleotide reductase and use these
antibodies for the characterization of the enzyme from HSV1 infected cells,

(2)

To

(paper I ) .

investigate the

reconstitution of enzyme

activity by

using combinations of ts mutants defective in each subunit
of HSV 1 ribonucleotide reductase,

(3)

(paper I I).

To express the gene coding for the small subunit of herpes
ribonucleotide reductase in E. coli using a tac-expression
plasmid,

and to purify and characterize

the

recombinant

protein (paper III).

(4)

To

express

the

gene

coding

for

the

large

subunit

of

ribonucleotide reductase in E. coli and characterize this
recombinant protein (paper IV).

Paper I
In this paper the herpes simplex ribonucleotide reductase
was characterized.

The enzyme was prepared from monolayers of

Vero cells and BALB/c 3T3 cells

infected with herpes

type 1 virus. The cells were harvested 9 and
vely, post infection.
confluence

6

simplex

hours, respecti

Before infection the cells were grown to

in order to minimize the mammalian

ribonucleotide

reductase activity. The viral enzyme activity was enriched 2-3
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fold by precipitation in 45% ammonium sulphate.
The partially purified extract from HSV infected BALB/c 3T3
cells was used to immunize mice from the same, BALB/c,

strain.

When neutralizing antibodies were found in the serum from one
mouse,

its spleen cells were fused with mouse myeloma sp

2/0

cells according to the standard method of Köhler and Milstein
(54) .
The

resulting

64 hybridomas were tested

for capacity to

bind ribonucleotide reductase using a Staphylococcal protein A
immunosorbent
hybridomas

assay,

could be

in

which

the

supernatants

identified by their

ability

of

positive

to

bind

and

remove ribonucleotide reductase activity from an enzyme prep
aration. Two positive clones were subcloned twice, named 535 and
932, and found to have different specificities.
of extracts
reacted

In immunoblots

from HSV 1 infected 3T3 cells one antibody

with

a

140

kD

protein

and

the

other

antibody

(932)
(535)

reacted with a 40 kD protein. No protein was detected in extracts
from uninfected cells or in extracts infected with the closely
related pseudorabies virus. Neither antibody inhibited mammalian
ribonucleotide reductase activity in an immunosorbent assay.
These

experiments

ribonucleotide
proteins,

showed

reductase

was

that

the

composed

herpes
of

140

simplex
kD

and

virus
40

kD

in accordance with data from other groups.

In extracts from African Green Monkey Kidney (Vero) cells
infected with HSV-1 no 140 kD protein could be detected; instead
protein bands migrating at 110 kD, 93 kD and 81 kD were recog
nized by antibody 535. Extracts from Vero cells exhibited full
enzymatic activity, despite the absence of the 140 kD protein.
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These lower molecular weight proteins seemed to be generated from
the 140 kD protein by proteolytic degradation,
inhibited

by

the

combined

trypsin

inhibitor tosyl-l-lysine chloromethyl

and

which could be

sulfhydryl

ketone

protease

(TLCK). Somewhat

surprisingly, the proteolytic degradation could also be inhibited
by

addition

of

extract

from

uninfected

3T3

cells.

different proteolytic products of the 140 kD protein,

Of

the

at least

the 93 kD derivative seemed to be active. Because it is the same
size as the large subunit of other ribonucleotide reductases it
is possible that the additional "nonessential" amino-terminal 47
kD portion of the HSV

140 kD protein has

some other unknown

function.
The two subunits bound strongly to each other. After binding
of

HSV-1

ribonucleotide

reductase

enzyme

to

Sepharose-1inked

antibodies, the two subunits could not be separated in 1 M KC1.
Upon glycerol gradient centrifugation of HSV infected Vero
cells the enzyme activity sedimented at a point corresponding to
a molecular mass of 370 kD. This indicated that the holoenzyme
consisted of a complex between the 140 kD and 40 kD proteins with
subunit composition a2ß2, like other class

1

enzymes.

Paper II
This paper describes an assay to detect the presence of a
functional

large

and

small

subunit

of

HSV-1

ribonucleotide

reductase in infected cell extracts. Two different temperaturesensitive (ts) mutants, ts 1207 and ts 1222, were used.
The mutant virus ts 1207 has a lesion in the gene coding for
the large subunit of ribonucleotide reductase (78). This lesion
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causes a single amino acid change in the protein, which renders
it unable to bind to the small subunit. An extract was prepared
from infected cells grown at the nonpermissive temp 39.5°C. The
ts mutant
small

1222

has a single basepair deletion in the gene for the

subunit of HSV

1 ribonucleotide reductase,

producing a

frame shift deletion of the 15 carboxy-terminal amino acids. This
mutant does not induce any detectable ribonucleotide reductase
activity at either 31°C or 39.5°C, but growth of the mutant was
restricted at the higher temperature. These results show that HSV
ribonucleotide reductase is not essential for viral replication
in actively-growing tissue cultured cells at 31 °C, but that at
39 °C a functional ribonucleotide reductase is required (79).
In this paper it was shown that the small subunit is absent
in

extracts

antibodies

from

cells

directed

infected

against

with

different

ts

1222

by

using

epitopes

of

the

two

38

kD

protein. Both antibodies failed to precipitate the protein from
ts

1222

infected cells but they did precipitate the protein from

wild type virus infected cells. When Baby Hamster Kidney
cells

were

coinfected

with

both

ts

1222

viruses at the non-permissive temperature

and

ts

(39.5

12 07

(BHK)
mutant

°C) the ribo

nucleotide reductase activity was restored. This enzyme activity
therefore

arises

from a holoenzyme which

is reconstituted

in

v i v o , the two mutants complementing each other by contributing
one functional subunit each.
Extracts from cells infected with ts 1207 were also mixed
with extracts from cells separately infected with ts

1222

assayed

extracts

for

ribonucleotide

reductase

activity.

Both

and

were prepared from cells grown at the non-permissive temperature.
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Again ribonucleotide reductase activity was restored, this time
demonstrated in vitro.
These data are in conflict with previous experiments which
indicated

that

dissociation

of

the

inactivated ribonucleotide reductase

holoenzyme

irreversibly

(5). However,

they agree

with results obtained using the inhibitory, subunit-dissociating
nonapeptide, discussed above. Removal of the peptide by dialysis
restored enzyme activity, showing that dissociated subunits can
recombine extracellulary (19).
Huang
expression

et

al.

system

ribonucleotide

have
to

used

an

produce

reductase.

adenovirus-based

the

When

large

subunit

combined with

eukaryotic
of

HSV

extracts

II

from a

transfected mammalian cell line, which constitutively produced
the small subunit of HSV ribonucleotide reductase,

some enzyme

activity was reconstituted (51).

Paper III
The gene for the small (38 kD) subunit of HSV 1 ribonucleo
tide reductase sequential restriction enzyme cleavages of the
EcoRl A fragment of the HSV 1 genome. After ligation into the tac
expression

vector

pDR

540,

two

plasmid

constructions,

which

differed slightly in spacing between the ribosome-binding site
(Shine-Dalgarno sequence)

and the ATG start codon, were trans

fected into E. coli. Extracts from plasmid-containing bacteria,
induced with isopropylthiogalactoside to express the recombinant
protein, were incubated with monoclonal antibody 535, directed
against the HSV small subunit. Immunoprecipitated proteins were
separated by SDS-polyacrylamide gel electrophoresis and quant-
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itated using laser densitometry. The plasmid pRI9 had the optimal
distance of seven basepair between the Shine-Dalgarno sequence
and the start codon ATG and expressed the recombinant protein in
highest yield. Extracts of E. coli transfected with plasmid pRl
9 yielded 30 /xg protein from one liter culture harvested at an
3.0.

^590

Extracts from cells infected with ts 1222, which produces
only the

large

subunit of HSV ribonucleotide reductase,

were

mixed with small subunit immunoprecipitated from pRI9-transformed
E. coli. Although the small subunit was immobilized on antibodySepharose during this assay, enzymatically active holoenzyme was
formed.
The recombinant 38 kD protein was purified to homogeneity.
Bacterial lysates containing the expressed protein were passed
through an immunoaff inity column made using polyclonal antibodies
raised

against

a

nonapeptide

corresponding

to

the

carboxy-

terminus of the 38 kD protein. The bound protein was eluted with
1 mM nonapeptide and was more than 90% pure according to SDSpolyacrylamide gel analysis. When assayed in combination with an
extract from BHK cells infected with ts 1222, which only produce
the large subunit of HSV ribonucleotide reductase, the purified
38 KD protein showed a specific activity of 15 U/mg, compared to
a specific activity of 55 U/mg for the purified mammalian enzyme.
The recombinant protein was also shown to spontaneously generate
a tyrosyl free radical.

Its EPR spectrum was identical to that

seen in herpesvirus-infected Vero cells, but was clearly distinct
from the spectrum produced by either the mammalian or E. coli
enzymes.
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Paper IV
This paper describes the expression of the large
subunit of herpes simplex virus type

(140 kD)

ribonucleotide reductase

1

in E. coli. A 3,4 kb Bal I to Hind III DNA fragment of the HSV
1

genome was

region

of

isolated,

the

large

which contained the entire translated

subunit

gene

nucleotides. The missing bases,
were

supplied

by

a

except

for

the

first

four

including the start codon ATG,

synthetic

oligonucleotide

which

also

generated a new EcoRl restriction site. After ligation of this
oligonucleotide to the Bal I site, the resulting EcoRl-Hindlll
fragment was ligated into the tac expression plasmid pkM-tacl.
After transfection of E. coli with the new expression plasmid,
induction and extraction, a 140 kD protein was detected in the
bacterial extract which reacted with the monoclonal antibody 932,
directed

against

reductase.

The

the

large

expression

subunit
level

of

was

HSV

1

ribonucleotide

quantified

by

immuno

précipitation using the same antibody. About 20 /xg of recombinant
140 kD protein was present in 1 liter bacteria harvested at an
OD 590 of 3.0.
For activity measurements the 140 kD protein was partially
purified

by

washing,

the

immobilization
small

subunit

on
of

antibody

932-Sepharose.

ribonucleotide

After

reductase

was

supplied in extracts of cells infected with the HSV 1 ts 1207
mutant, which produces inactive large subunit. The combination
of immobilized recombinant large subunit and ts 1207-supplied
small

subunit

gave

low-level

activity

in

the

standard

CDP

reductase assay. This activity increased with increasing amount
of recombinant large subunit present.
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