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. T ABSTRACT

-
-

Ribonucleotide ‘reductase catalyzes the first unique step
in DNA_synﬁhesis by reduction of all four ribonucieotides to the
correséénding deoxyribonucleotides. Herpes simplex virus (HSY),
which codes for at least three enzymes of DNA metabolism (thymidine
kinase, DNA polymerase aﬁd DNAase) wag found to induce a novel ribo-
nucleotide reductase activify upon infection of mamﬁa1ian cells.
Thé HSV-2 induced reductase was‘ﬁurified essentially free of the
endogenous cellular enzyme and found to differ from the cellular
reductase in several of its bigochemical probérties, moét notably
in its resistance.to allosteric inhibition by dTTP and d#P (Huszar
and Bacchetti, 1981). In addition, a.rabbit antiserum was prepared
(R1 serum) which was capable of specif{ca11y 1mmun0p;ec%pitating
the HSV-2 induced réﬁuckase, thus demonstrating that the induced
and cellylar eniymes"cou1d also be imm9n01ogica1]y distinguished
(Huszar ~& z.., 1983). Further experiments established that Ri
'serum cross-reacted with two monocional antibodies, both specific
for HSV-2 po]ypeptides of approximately 144,000 and 38,000 daltons,
which were capable of either immunoprecipitating the HSV-2 induced
reductase (H11 antibodies) or directly neutralizing it in solution
( Bg7 antibodies) (Huszar ez 4i., 1983).
- 'Thgse data demonstrate that either one or both of the

=~ -- HSV-Z 144,000-and 38,G00 dalton pé]ypeptides are associated with

-



viral ribonucleotide reductase activity. Based on the mapping of
thesé’polypeptides (Anderson ez <., 1981; Docherty ez <i., 1981;
hGaIwaay et.cl., 1982a), thesé data also locate the coding sequencek
. for at 1éast 2 component of the enzyme betwegn .56 - .60 map units
_on the viral genome within DNA sequences associated with cell trans-
_fermétioh. The identification of viral DNA sequences coding for,
and'of virai polypeptides éssociated with, the HSV-2 ribonucleotide
reductasé-wi]] fac%litate sfudies on the reievance of tHe enzyme to
vfral replication, 1aten$y and cell transformation.
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1. INTRODUCTION
.

This study is directed at characterizing the ribonucleotide
reductase induced in.-mammalian cells infected with herpes simplex virus
-type 2 with the aim of determining whether the enzyme is virally coded.
Both the biology of herpesviruses and the enthq}ogy of ribé%ucleotide
reductase are equally relevant to this research and are accordingly
reviewed in sections 1.1 and 1.2 of the Introduction, .respectively. The
information available on the reductase induced by herpesviruses, at the
‘time this study was initiated, is described in section 1.3. In addition,
a brief descriptioﬁ of deoxycytidine deaminase and- deoxycytidylate
deaminase, two enzymes included in our initial studies of herpes simplex
vi}us infected cells, is given in section 1.4. Lastly, the relevance
of studying virally induced eﬁzymes; in relation to the biology of herpes

-

simpiex viruses, is discussed in section 1.5.

) 1.1. Herpes Simplex Viruses

1.1.1. General characteristics

The two serotypes of herpes simplex virus, herpes simplex virus
type 1 (HSV-1) and herpes simplex virus type 2 (HSV-2), are members of the
herpesviruses, a large and diverse group of viruses which have been

jsolated from a wide variety of eucaryotic hosts. Herpesviruses replicate

in the nuclei of infected cells where they can be morphoTogica]1y’identified

by electron microscopy as icosahedral nuclieocapsids aporoximately 100 nm

in diameter. The capsids characteristically acquire & lipoprotein envelope
A,

. ., - . .
by budding through thé nuclear membrane. The genetic material of these

1



viruses is DNA, 1in fhe form of a 1inea£ double stranded molecule which
rangés in size, among different members of the group, from approximately
80x'[06 tc'150x106 daltons (for a general regiew, see Roizman and Furiong,
1974}. t least five distinct herpesviruses replicate in man as their
primary natural host: HSV-1 and HSV-2, Epstein-Barr viéﬁs, varicella-
-zoster virus, and cytomegalovirus. Except for HSV-1 and HSV-2, which are
quite similar in their molecular and bio]ogicél properties, the human
herpesviruses vary considerably in their host range and ciinical
manifestations. They do, however, share one key paphogenetic property,
and that is the abilitxfto establish Tatency following a primary infeﬁtion
and to subsequently undergo reactivation (Hirsch, 1979).

Although the two herpes simplex virus serotypeé are cloée1y
related, and for the purposes of much of the discussion which follows it
is not necessary to distinguish them, i% should be bofﬁé in mind that
significant genetic divergence nas occurred between the two viruses.
Their'genoées appear to be colinear with respect to gene order {Rapp, 1980)
however the DNA's share only 47-30% homology (Kieff 22 zi., 1972), and
differ in G+C content (67 and 69% G+C moles for type 1 and 2 respectively;

Goodheart ¢ zI., 1968; Kieff ez <i., 1971) and réstriction endonuciease
cleavage sites (Morse ¢z =7., 1977; Cortini ana Wilkie, 1978). This latter
feature has been useful both as a means of differentiating the two
serotypes, as well as in the genetic mapping of HSV polypeptides by
analysis of intertypic recombinants. In addition, although corresponding
polypeptides of the two.serotypes are functionally similar, they can often
be differentiated on the basis of their molecular weight and/or antigenic

properties.
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1.1.2. Clinical aspects of HSV infection and association with human cancer

HSV has an extremely.broad host range in experfﬁenta] animals ‘
and cells grown in tissue culture, however man appears to be the only
natural reservoir for the virus (Hirsch, 1979). Human infection with .
HSV is characterized by entry and replication of the virus at a2 muco-
cutaneous site {i.e. primary infection, which can be either asymptomatic
or associated with virus induced cutaneous lesions), colonization of
corresponding sensory gangiia and establishment of latency in the sensory
neurons®(Klein, 1982). The onset of latency, operationally defined by
the inability to isolate free infectious virus from ganglion celis, signals
the end of the acute bhase of infection. It is not yet clear what
mechanisms‘gnfluence the transitige-from the acute to the Tatenp st;ge,
however St has been suggested that immune factors play a major role
(Openshaw ez aZ.,‘TQB]):‘ Latent virus is mainiained in sensory neurons
in a sfétic state, with 1ittle or no expression of viral genetic
information (Puga et «l., 1978; Galloway et ai., 1982¢). Latent HSY can
persist for the lifetime of the individual and is subject to periodic
reactivation by as yet ill-defined stimuli. Reactivation is associated
with the reappearancé of infectious virus which is shed either asymptom-
atically or with the reappea%&ﬁée of cutaneous lesions (Klein, 1982).

The pathogenetic mechanism just described underiies the most’
arevalent of the clinical syndromes associated with HSV infection, i.e.
primary and recurrent oral, genital and ocular infections. In rare,
instances the viral infection can spread, apparently via neural routes,

to the brain, giving rise %o encephalitis (Hirsch, 1¢79). In addition

N



HSV can also give rise to life threafening infections of neonates and

the immunologically compromised (Nahmias and Roizman, 1973; Rawls, ,1973).
Furthermore, a vast amount of seroepidemiological data has established a
correlation between éervfcal eencer and genital infectﬁon with HSv-2 - .
(reviewed by Rawls et ai., 1977)}. 1In general, women with a past histonyz
of HSV-2 infection'have a higher incidence of cervical cancer, and cancer
patients have higher titers of HSV-2 antibodies, ‘than do matched controls.
While this data is.cireuﬁstantia1, it {s worth ngting that of the DRA
viruses,‘on]y members of tﬁe herpesvirus group have been shown to cause
malignant disease {n their natural hosts. For example Marek's disease
virus and herpesvirus sylvilagus give rise to 1ymphoma£ in chickens and
wild cottontail rabbits, respectiveiy (Churchill and Biggs, 1967;

Hinze, 1971), and Lucke frog virus to kidney adenocarcinomas in American
leopard. frogs (Lucke, 1952). In addition, Epstein-Bare virus has been
associated with both Burkitt's lymphoma and nasopharyngeaf'carcinoma

in man (reviewed by zur Haueen, 1981}.

While HSV does not appear to induce tumors in experimental
animals (Nahmias ez cl., 197G), a role for the virus in human Talignancy
1$ supported by the observation t@at HSV can transform cells <n vitro.
DNA sequences capable of effecting either morphological or oncogenic
transformation, or both, have been mapped to several locations in the
viral genome, at .416-.580 (Jariwalla ez gi., 1980, 1982) and .583-.596
map units (Galloway ez <., 1982b), and also possibly at .3]-142 map
units (Reyes ez zI., 1980). The mechanism of HSV mediated transformation

appears to differ from that of the other DNA tumor viruses in two

importaht respects: 1) the efficiency of HSV transformation is generally



much lower than that observed with other DNA viruses, including herpesviruses
(Hampar, 1981}, and 2) whereas with the latter viruses maintenance
of the transformed state seems dependent on the retention and expreésion
of .specific viral DNA sequences, such is hot the case with HSV'transfo%maﬁts.
Indeed a progréssive, and often complete, loss of viral information has |
been observed in HSV transformed cells over time in culture; retention of
viral DNA'sequences, when it occurs, appears to be at random and not to
necessar?ly-involve the putativg transforming sequences (Frenkel ez ai.,
- 1976; Minson et‘EZ{: 1976; GaI]owa; et al., 1980; Ga]1ow$y and McDoﬁgall,
1983) . ’ |

These observations have led to the hypothesis that HSV transforms
~ via 2 "hit ana run" mechanism in which viral genetic information is required
for initiation, but not maintenance, of the transfor%ed state (Skinner, 1976;
Hampar, 1981). Such a mechanism could,. for example, be mediated by the
induction of mutations {including point mutations, deletions and trans-
locations) in the host ONA. While it has not yet been satisféctori]y
determined whether HSV is mutagenic, it has been cobserved that the virus,
1ike some chemical mutagens, can activate the expression of endogenous
éroviruses in mouse celis (Duff and Rapp, 1975; Hampar et @i., 1977). In
additioh, HSV has been shown to induce chremosomal breaks and rearrange-
ments (Hampar anq Elison, 1961; Stich ez &E., 1964), phgnomena which have
been found to be associated with some human malignancies (Erikson et cl.,

1983; Marcu ez ., 1983). Lastly, the obseryed iack of retention of

o’

viral information in HSV transformants is also compatible with mutagenesis

by insertion of viral promoter sequences (too small to be detected by any



4 .
of the techniques used to date) near a potential cellular oncogene (Neel

et al., 1981). , o .

1.1.3. Virion morphology, genomic organization, and DNA replication

The'HSV virion contains an electron dense core within which is
packaged approximately ]00x106 daltons of DNA. This core is enclosed
within a cap;id, consisting of 162 capsomers, which is approximately
100 nm in diameter. The capsid is surrounded by an amorphous electron
dense material, called the tegument, which is in turn enclosed within
an envelope consisting of a 1ipid bilayer and associated.viral proteins.

The sequence organization of the HSV genome is somewhat unusual
and bears a brief description. Like several other herpesviruses, but
uniike any other DNA virus, the HSV genome consists of two covalently
joined segments of DNA, the L and S segments, comprising 82% and 18%
of the genome respectively. Botp segments consist of unique seqﬁences
bracketed at either end by inverted terminal repeats (Sheldrick and
Berthelot, 1974). "As shown in Fig. 1, for the long uniﬁue segmeht (UL)
these terminal sequences are designated <b, and for the short unique
Segment (US) ce. The a sequences are thus present in the same orientation
at the ends'of the genome, and in an inverted orientation at the L-S
junction. Al1 four < sequences have, up until recently, been considered
identical, however there is now data demonstrating that siight differences
do exist between the terminal ag and & sequences {Mocarski and Roizman,
1982). Because the termini of the HSV genome are inverted internally,
Sheldrick and Berthelot (1974) suggested that recombination might oécur

between the ends of the moiecule and the inverted repeats, giving rise to
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Figure 1 ' &

-
-

Schematiq diagram of the sequence arrangement of the HSV genome.
Total genomic size is % 10® daltons or = 150 kb. The genome is
made up of two covalently Jjoined segments (of DNA, designated L
and S, each of which consists of unique sequences (U; and Us,
respectively) bracketed by inverted repeats. The repeats at the
termini of Uy (ab and b‘a'; the primed letters represent inverted
sequences) each comprise 6% of the total DNA, those bracketing

Ug (a'c' and ca) each make up 4.3% of the total DNA.
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1nvers1on of the L and S segments relative to each other. That such
inversion 1ndeed ocCurs was demonstrated by Hayward et al., (1975) and
Delius and C]ements (1976) who found that HSV DNA preparations consist of
four équimolar ﬁopu]ations differing onty in their genomé‘ségment
orientation. Because of this, one particular arrangement of the genoﬁé
has béen chosen, by convention, as the prototypical configuration, however
it appears that all four isomers are equally infectious.and can‘each

singly give rise to alt four segment orientations (Hoggan et al., 1960;

' Ro1zman 1979). >

There is at present no known’ funct1ona1 role for HSV segment

inversion, however it does seem 1ikely that the process occurs during

- DNA rép]ication. The current model of replication invokes circularization

of viral DNA, perhaps by blunt end ligation of terminal g sequences
(Mocarski and Roizman, 1382), to create a roliling circle structure which
generates head to tail concatemers of the genome (Roizman, 1979). .
Concatemers are apparently procéssed to linear unit 1eng£h molecules by
cleavage within adjacent cdpies of the o sequence (Mocaﬁski—&ad Roizman,

1982), and are subsequently or simultaneously packaged inte capsids.

_ Many of the details of the replication and processing of HSV DNA remain

; yet to be elucidated, and thus many features of the presént models afe

hypothetical.

1.1.4. RNA and protein synthesis

Approximately 50 virus specified polypeptides have been ldentified
in HSV infected cells, ranging in size from 20,000 to >250,000 daltons

(Honess and Roizman, 1973; Powell and Courtney, 1875). This value does
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not include the numerous processing intermediates which have been
, detected for several of the polypeptides. The criteria for
identification of viral proteins include 1) demonstration of
increasing r?tes of synthesis of a polypeptide after infection, whicﬁ‘
is aided by the fact that HSV infection rapidTy‘inhibits host protein
synthesis (Sydiskis and Roizman, 1966, 1968; Ben-Porat et aZ-,A19711,
2) variation in the eIectrophorétic mebility of a given polypeptide 15
. HSV-~1 vs HSV-2 infected cells, and 3) Jimmunoprecipitation of the
polypeptide by HSV specific antisera. Definitive proof of the viral
origin of a pd1ypeptide requires its mapping to the viral genome by
techniques such as <n vitrc transiation of selected viral messages or
identification.of viral mutations which directly affect the polype;fide.
The expression of HSV genetic information occurs in at least
three stages during the infectious cycle. Each sﬁcces;ivé stage is o
charaéterized_by an increased compTexit} of RNA transcripts appearing'
in the cytoplasm (Jones and Roizmaq, 1879) whjch corresbdnds roughiy
to the synthesis of three coordinately regulated classes of HSV
«polypeptides (Honess and Ro'izman., 1974). The %mediate early, or «,
‘class of transcripts comprises a limited set of mRNA's tragscribed
pfedominant1y from DNA sequénces within or near the Fermina] repeats
bracketing UL and-US kC]ements ez al., 1977; Jones and Roizman, 1979).
These ﬁRNA's are synthesized in the absence of de rove pfctein synthesis
indiéating{that they are transcribed by.an unmodified hosg RNA polymerase.
.Recent experiments, however, have demonstrated that o gene expressjon is

enhanced by non-¢ gene products‘which may be structural combonenis of the

virion (Post ez ci., 1981}, indicating that the virus may carry into the



cell elements which-regu1ate the expression of at least qne « gene. .
The polypeptwdes specified by c genes reach maximal rates of synthes1s

T oat 2 to 4 hours post-1nfect1on and deciine thereafter At least one of
these polypeptides, ICP4, plays a regulatory role in the modulation of
viral transcription since viral mutanfs carrying a temperature-seﬁsitive
Tesion in this func%ion overproduce immediate éar1y po1ypeptfdes and
synthesize reduced-or undetectable amounts of early and late gene
producfs at the non-permissive‘temperature'(Preston, 1979; Dixon and
Schaffer, 1980; Watson and Clements, 1980).

Following the expression of functional o polypeptides, an&
prior to viral DNA synthesié, a relatively Targe'numbér of early, 6r 8
mRNA‘s are synthesiéEEZ These mRNA's map throughout the HSV qenbme in
" non-contiguous segments (Stringer ez cI., 1978; Jones and Roi%man, 1979)'
and encode mostly non-structural po]ypep;ides; which are synthesized maxi-
mally at 5-7 hours post-infection after which their rate of synthesis
decreases. 8 polypeptides appear to be invoived in switching off the
synthesis of the « polypeptides (Honess and Roizman, 1974, 1975) and
in the initiation and maintenance of viral ONA replication; several
members of this group are enzymes'invo1ved in various facéts of DNA
metabolism. -

Concomitant with the onset of viral DNA replication another Tafge
class of RNA transcripts is synthesized: the late, or v, mRNA's. Late
genes, like ear]y'géﬁes, are interspersed throughout tﬁg viral genome
(Sw;nstrom and Wagner, 1974; Clements &% cf., 1977; Jones and Roizman,
1979). They code almost exclusively “for viral structural proteins, large

guantities df which accumulate in the cell from 12-17 hours *post-infection.

3.
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The synfhesis of v polypeptides also coincides with a rapid decline in
8 polypeptide synthesis {Honess and Roizman, 1974, 13975), suggesting
that one or more‘polypeptides from the former group inhibit the synthesis

" of the latter group of proteins.

1.1.5. Viral enzymes of DNA metabolism

As already mentioned, the early, or 8, class of polypeptides is
synthésiéed maximally prior to viral DNA synthesis and inciudes severa1'
functions igvo]ved in DNA replication. At least three virally coded
enzymes which'particip;te‘in DNA, metabolism belong to th¥s group: 'E;;midine
kinase, DNA polymerase, and alkaline DNAase, all threé of which diff;;\\\\_
biochemically and immunologically from their cellular counterparts.

Thymidine kinase (TK), an enzyme of the salvage pathway of
fthymidy1ate synthesis, phosphorylates thymidine to the monophosphate form
(see Fig. 2). The viral enzyme has- a broader substrate specificity than
the celiular TK, and can phosphofy]ate deoxycyiidine (Jamieson ez al.,
1974) as well as several nucleoside analogues (Prusoff, 1981). In
" addition the viral TK is more resistant than the cellular enzyme to
feedback inhibition by dTTP {Klemperer et ai., 1967). Under most
conditions of cell culture TK is a non-essential viral function, i.e.

TK™ viral mutants are viab]e, howevef in serum-starved cells the enzyme
becomes essential for viral growth (Jamieson et =I., 1974). In addition
TK appears to play a role in the establishment of viral 1atency,-of

whiéh hore wiTI be discussed later. Lastly, the availability df 2 powerful

selection system for both the %" (HAT medium (Littlefield, 1964))and TK~
{(BrdU (Dubbs and Kit, 1964)) phenotype, as well as the availability of T~
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Figure 2

Schematic outline of nucleotide metabolism. The diagram indicates
those pathways and enzymes of nucleotide metabolism which are
relevant to this study. Abbreviations: RNR, ribonucleotide
reductase; dCMPD, deoxycytidylate deam1nase dch, deoxycyt1d1ne
deam1nase, TK, thymidine kinase.



v\\- () 14
spathalase

ATMP+—"—3TdR
A

GDP

dGDP

dGTP



A P et e

15

cell Tines, has rendered this gene a very useful vector, and the enzyme
an equally useful genetic marker, in a variety of studies on eucaryotic
gene expression.

The HSV coded DNA polymerase can be read11y d1fferent1ated from
the cellular a po]ymerase by its stimulation at salt concentrations which
inhibit the host isozyme (Keir 2¢ <Z., 1966), and its sensitivity_to
inhibition by phosphonoacetic acid (PAA) and zinc ions (Honess and
Watson, 1977; Purifoy and Powell, 1977; Knopf, 1979). 1In addition,
qn1ike\a, B or f eucaryotic DNA polymerases, but similar to the
procaryotic enzymes and to the mammalian ﬁo]ymerase § (Kornberg, 1980),
purified preparations of the HSV enzyme are tightly associated with a
3' to 5' exonuclease activity (Weissbach ex gZ., 1973; Knopf, 1979).

"It has not yet been determined whether this nuclease provides a proof
reading funct1on as in the procaryot1c systems. The Km values of
deoxyribonucieotide tr1phosphates for the viral polymerase are approx-
imately one log lower than that of the human enzyme (Ostrander and Cheng,
1980), indicating that the viral enzyme appears to have an advantage
over the cellular one in securing ONA precursors. The HSV polymerase

is an essential function {Aron et gi., 1975; Purifoy and Benyesh-Melnick,
1975) whose coding sequences have been located in the viral genome by
correlating viral temperature sensitive mutants with Zrn v<iirc thermol-
ability of the purified enzyme (Purifoy ez ai., 1977). Interestingly,
although the enzyme is active <n viiro as a monomé}, temperature
sensitive, mutants in two distinct comp]ementation groups of HSV-1 have
been found to specify 2 thermolabile polymerase (Purifoy and Powell,

1981). Thne implications of this data for the in vivo structure and
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function of the énzyme have not yet been elucidated.
The HSV aIkaTinethAase, less well characterized than the
other two viral énzymes, has a pH optimum of about 8.2 and exhibits
hoth endonuclease and exonuclease activity (Mbrrison and Keir, 1968;
Hoffmann and Cheng, 1978). A temperature sensitive viral mutant
specifying a thermolabile DNAase activity has been identified and used
to map the eﬁzyme in the viral genome (Francke ez al., 1978; Moss et al.,
]979).- The DNAase appears to be a non-essential viral function (Moss
2% al., 1979} whose role in virail replication remains speculative. It
has been suggested, by analogy with phages such as T7, that the nuclease
may serve to degrade host DNA to prov1de an additional source of
nucleotides for viral DNA synthes1s, in add1u1on, or alternatively, the
enzyme could play a role in the process1ng of viral DNA during replication.
In addition to those described above, severail other enzymes of
ONA metabolism have been reported to be induced following HSV infection.
Included in this group are ribonucleotide reductase, deoxycytidine
deaminase, and deoxycytidylate de;minase. The reactions catalyzed %ﬁ
these enzymes are illustrated in Fig. 2, and discussed in greater detail
in section 1.2. and 1.4. of the Introductién. At the time this project
was initiated, little morerwas known about these enzymes than that their
activities increased following infection and that they differed in somé
respects from the corresponding uninfected, cell enzymes. As described k
in the ﬁesuTts, following an initial screening of infected cells we were
able to detect only the induction of ribonucleotide reductase. We thus
focussed our attention exc]usively on this enzyme, to which a detailed

introduction is provided in the following section.
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1.2. Ribonuc?eotide Reductase

1.2.1. General characteristics

p—

DNA synthesis requires a continuous and bajanced supply of the
four deoxyribonucleotide triphosphate {dNTP's} which originate from the
reduction of ribonucIeotidés. Ribonucleotide reductase, found in all
procaryotic and eucaryotic cells synthesizing DNA, is the sole enzyme-
responsible for the conversion. For the well characterized procaryotic
enzymes it has been demonsirated that all four ribonucleotides are .
}educed at the same catalytic site of the‘enzyme. The specificity of
this site for each substrate is modu]atéd by the binding o; the end
products of the reaction (dNTP's) to allosteric sites on the enzyme.
In mammalian cells the substrates for the reacticn are ribonucleoside
diphosphétes. As shown in Fig. 2, following their conversion to
deoxyribonucleotides only a singie kinase step is required to convert
thém into dNTP's, with the exception of dTTP which arises from reduction
of either CDP or UDP and introduction of 2 methyl group at the mono-
phosphate level. The reduction itself occurs by replacement of the 2°
OH group in the riboselﬁoietyof the ribonucleotide by hydrogen. The
ultimate hydrogen donor for the reaction is NACPH, and two small molecules
have been identified which can independently act as the hydrogen carriers: .
thioredoxin and glutaredoxin. These molecuies are regenerated to their
reduced forms, foliowing oxidation. by thioredoxin reductas$ and by
glutathione and glutathione reductase, respectively. For enzymatic
assays, the physi61ogica1 hydrogen transport systems are usually sub-
stituted by dithio]s,qsuch as dithiothreitol, which act as direct hydrogen

donors for the ribonucleotide reductase (Thelander and Reichard. 1979;
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Holmgren, 1981).

A tight éorrelation exists between ribonucleotide reduction and - -
DNA replication in many systems, suggesting a rate-limiting role for the
enzyme in the regulation of DNA synthesis (Larsson, 1969; Elford, 1972;
| Miliand, 1972; Noronha et ¢l., 1972; Peterson and Moore, 1976; Lewis
et al., 1981; Takeda and Weber, 1981). The activity of rﬁbonuc1eotide
reductase fluctuates in a cell cycle dependent manner, being virtually
undetectable in resting cells and increasing dramattcally just prior to
S phase (Peterson and Moore, 1976; Lewis et zi., 1981). Concomitantly,
dNTP's, the intracellular concentrations of which limit the capacity of
the cell to undergo DNA replication (Holmgren, 1981), are extremely low
in resting cells but increase significantly before each round of DNA
synthesis and are continuously synthesized during S phase (Nordenskjold
et at., 19705 Skoog and Nordenskjold, 1971; Skoog ez zi., 1973). Recent
evidence from both procaryotic and eucaryotic systems indicgte that
ribonucleotide reductase may function as bart of a mu1tienzﬁme complex
in functional as well_as physical association with several other enzymes
of nucleotide metabolism (Allen ez zi., 1979; Prem Veer Reddy and Pardee,
1980) . The data suggest that the complex might serve ﬁo channel dNTP's
to replication forks in the DNA, thus creating high localized concentrations
of DNA precursors at their sites of utilization. |

Two distinct classes of ribonucledtide reductase have been
identified. One class is represented py the enzyﬁe from Zaeitobaeillus

Letermanrii, 2 monomer of molecular weight 76,000 which reguires

-

adenosylcobalamin (coenzyme B12) as a cofactor, and uses ribonucleoside

triphosphatés as substrates (Blakely, 1965; Panagou 2% zi., 1972

S

\

e

“
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Chen et-az.; 1974). Members of this cldss are common among the
procaryotes but are rare in eucafyotgs, having only.been observed in

the Zuglenophyta and the.fungus Phitoryces chartarwm (Thelander and
Reichard, 1979). The other class of enzymes, represeﬁted by the reductase
- from Escherichia coli, is found in all organisms ﬁot containing the B12
depehdent enzyﬁe, i.e. some procaryotes, most eucaryoteshand all manmalian
cells examined to date. The Z. coli enzyme is a 240,000 daiton dimer_;

of two non-identical subunits, both of which are required for actiyity
(Brown et ai., 1967; Brown et ai., 196%a; Thelander, 1973). Since the
mammalian reductase is closely related to the E. coli enzyme, and,since
the HSV induced reductase has been shown to be sensitive to hydroxyurea
(Langelier and Buttint 1981), a phenomenon typical of the Z. coli type

of enzymes (Thelander and Reichard, 1979), further discussion on thg
structure and properties of the reductase will be restricted to this

class of enzymes.

1.2.2. E. coii ribonucleotide reductase

The two subunits of the Z. coli enzyme, referred to as Bl
(1.W. 160,000) and B2 (M.W. 78,000) each consist of two apparently
jdentical polypeptide chains (Thelander, 1973; seef?ig. 3a). The
subunits are coded for by two closely linked genes {Fuchs ez zi.,
1973; Bachman ét eil., 1976), and are weakly bound together by M92+
in a 1:1 stoichiometry (Brown and Reichard, 1969a). Both subunits
have been purified to.homdgeneity and extensiveiy characterized.
Subunit 81 contains binding sffes for the substrates (ribonucleoside

diphosphates) as well as for the allosteric effectors (nucleoside
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Figure 3 .

(a) Schematic model of the structure of the Z. coi< ribonucleotide
reductase. The enzyme consists of two subunits (B1 and B2)
held together by Mg2¥ and each consisting of two apparently
identical polypeptide chains. Bl contains three classes of
nucleotide binding sites. One class binds the nucleotide di-
phosphate substrates; there are two substrate binding sites
per B1 subunit, each of which binds all four substrates. The
other two classes of binding sites, designated h and 1 sites,
bind the allosteric effectors and each consist of two sites.
The h sites bind ATP, dATP, dTTP and dGTP which modulate the
substrate specificity of the enzyme; binding of ATP or dATP to
the 1 sites, on the other hand, regulates the overall level
of enzyme activity. The B2 subunit contains 2 atoms of iron,
in a binuclear compiex, which apparently act to ‘generate and
stabilize a tyrosine free radical which is localized over the
aromatic ring of the amino acid, and which forms part of the
active site of the enzyme.

(b) Scheme of the proposed physiclogical regulation of ribonucledtide
reduction in mammaiian cells. The broken arrows represent
positive effects, the open bars negative effects.

Both diagrams.taken from Thelander and Reichard {1979).

P
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triphosphates) (Brown and Reichard, 1968b: van Dobeln and Reichard,
1976). These latter sites can be differentiated into two classes on

the basis of their affinity for dATP (Brown and Reichard, 1969a, 1969b).
The high affinity (h) sites bind the allosteric effectors ATP, dTIP,
dGTP, and dATP which modulate the substrate specificity of the enzyme
apparently by inducing conforﬁafionaT changes at the cata]ytfc site which
in turn results in the preferential bindind of one substrate. The Tow
affinity (1) sites bind only the effectors ATP and dATP which determine
the overall acti&ity of the enzyme in a manner somewhat analogous to an
"on/off" switch (i.e. binding of ATP turns on enzyme activity whereads

dATP is inhib%tory). 'Aithough the diagram in Fig. 3a depicts a

symmetrical distribution of effector binding sites, their actual location

on the B1 subdnit has not been determined. The B1 subunit also contains
oxidation-reduction active sulfhydryls in the catalytic site (see Figure
3a) which can reduce stoichiometric amounts of substrate in the absence

of an external hydrogen donor (Thelander, 1974). They are then oxidized

..+0 a disulfide which can be reversibly reduced by thioredoxin, glutaredoxin

9
or an artificial hydrogen donor.

~ Subunit B2 contains two atoms of baund iron as well as a tyrosyl
free radical (Brown e ci., 1969b; Ehrenberg and Reichard, 19%2; Sjoberg
et al., 1977). 1t is apparently the function of the iroﬁ to generate
and stabilize this free radical which 1is Iécaiized over the aromatic ring
of the amino acid (as.ﬁhbwn in Fig. 3a) and is. involved in enzyme activity
(Brown et gl., 1969b; Ehrenberg and Reichard; 1972). Ribonuclectide |

reductase inhibitors such,as hydroxyurea, guanazole and hydroxylamine act

e
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by selectively destroying the B2 free radical (Krakoff et aZ., 1968;
Brown et al., 1969b).

1.2.3. T4 r1bonuc1eot1de reductase

Infection &f Z. coli with the bacter1ophages T2, T4, T5 and
T6 results in the synthesis of a virally coded ribonucleotide reductase
(Biswas et ai., 1965;_Bef91und et ai., 1969; Eriksson and Berglund, 1974).
The bést characterized of these enzymes is specified by T4, and is very
similar to the . coii enzyme. T4 reductase is a 225,000 molecular weight
dimer of non-identical. subunits each composed of two polypeptide chainsg
the larger subunit contains binding sites for allosteric effectors and
ribonucleoside diphosphate substrates, the smaller one contains iron and
a free radical (BergTund 1972a' Berglund, 1975) The allosteric
regulation of T4 reductase activity by poswtwve effectors is very similar ~
to that of the Z. coli enzyme. The most significant difference is that
the activity of the T4 enzyme is not switched off by dATP (Berglund,
1972b). This difference has been interpreted as indicating that the
requlatory subunit of the phage enzyme lacks activ?Ey, or 1, sites .
(see Fig. 3). Presumably this modification is gearéﬂ towards the
requirements of phage replication, where a single large burst of DNA
replication {approximately 10 fold the host level (Kornberg, 1980)) is

required for synthesis of progeny phage genomes. The other significant

‘difference between the host and phage enzymes is that the T4 reductase

does not require Mg2+ jons for activity (Berglund, 1972a}, reflecting
a tighter binding of 'its two subunits than in the Z. coi< enzyme.

The polypeptidgs constituting the subunits of the phage enzyme
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aré coded for by two closely 1ﬁﬁked-genes on the-Tﬁkchromesome nrd A

and nrd B; mutation of these genes by hydroxy]amine has demonstrated

_ that the reductase is not an essent1a1 phage function (Yeh et al., 1969).

There is also a third, unlinked gene associated with phage reductase
activity, nrd-C, which encodes a thioredoxin (Yeh and Tessman, 1972}.

The T4 reductase shows specificity for this thioredox{n and is unable to

~ use the bacterial ana1ogue as a hydrogen donor (Berg1und and Sjoberg, 1970).

4

Lastly 1t is worth noting that T4 also codeé for a number of other
enzymes of DNA metabo1ism (including thymidine kinase, deoxycytidylate
deaminase, DNA po1ymere§e, and several DNAases)‘indicating that the phage

is fairly seif sufficient in this process. Indeed, as far &s nucleotide

"metabolism is concerned, T4 is almost completely independent of host

functions in synthesizing DNA predureors.. On1y~twe bacterial enzymes are
required: the nucleoside dipnosphate kinase and deoxyadenylate kinase

( Kornberg.1980 ).

1.2.4. Mammalian ribonucleotide reductase

The mammalian reductase has not been a§ well characterized as the
procaryetic enzyme, but it resemb1es the Z. coli reductase in both its.
strueturef and regulatory features. Holecular weight estimates of.the
mqmma?ﬁén enzyme vary between approximately EO0,000 and 300,000 daltons,
and the mp]ecule consists of two“SUbunits, usualiy.cailed Ml and M2,
nefther‘of which is att]ve'aloee'(MQore, ]97?; Cory ez qi.. 1978; Chang

and Cheng. 19791 Thelander ct «i., 1980; Youdale ¢t al., 1982). The KI

- “subunit. which has been purified to homogeneity, contains binding sites

:
>

for allosteric effectors and the ribonucleoside diphosphate substrates



(Thelandéi-et al., 1980; Eriksson et al., 1981; Eriksson et ;z., 1982) ,
and appears to consist of a dﬁmef of pblypeptides of abgroximaté]y
96,000 da]tons-(Hoore 1977: fhe]ander'et al., 1980). The M2 component
‘has not yet been obta1ned in a pure form, but it too is a dimer, and
contains iron as we11 as a tyros1ne free rad1ca1 (Graslund et aZ 1982)

‘ Although character1zat10n of the calf thymus ribonucleotide
reduétase has demonstrated that highly purified enzyme preparations aré
capable of reducing all feur substrates (Engstrom et ai., 1979;
Eriksson et ai., 1979), Youdale es «i., (1982) have recently purified
 from rat liver cells.a 45,000'da1ton polypeptide, dnaioéous to the Mi
subunit, which reduce§ only CDP when combined with the M2 subunit. On
the basis of their d;ta, Yéudale et zl., (1982) postulate that mammalian
cells may contain 4 different polypeptides of 45,000 daltons each specific
for reduct1on of a single substrate and that the M1 subunit may thus |
COnSTSt of var1egs combinations of these 4 components. Further character-
ization of the rat liver reductase is required to substantiate this hypothesis,
however it should be noted that some data ffom_earlier studies in other
systems have also indicated that there may be multiple forms of.thg
mammalian enzyme (rev1ewed by Wright, 1983).

Nucleotide binding stud1es with the pur1f1ed calf thymus M1

subunit (Eriksson et ci., 1979; Thelander ez ai., 1980), and character-
ization of mutant mouse M1 proteins (Eriksson ez «i., 1981), has
' demonsérated that as in thé 2. coii enzyme there are t&o classes'of
effector binding sites: one claés binding ATP and dATP to regulate -overall
enzyme activity, the other binding ATP, dATP, dTTP and dGTP to moduiate

substrate specificity. In.addition, kinetic studies of the purified calf



thymus‘gnzyme have indicated that the general pa;tern'of allosteric
reguiation is similar to that of the Z. coii feductase, but is more
refinéd.in that the effectors tend to show a more spec}fic effgct in
the mammalian sysfem (Eriksson et qi., 1979; Thelander et ai., 1980)._
For é%ample, in Z. coli ¢TTP'stimuIates the reduction'of GDP and ADP,
and binding of dATP to high affinity.siteé stimulates CD? and UDP
reduction (Thelander and Reichard, 1979), whereas for the mamma. ¥an
reductase dTTP stimulates reduction o% only GDP,wand dATP is oni& a
negative effectbr. “In both systems the multiplicity of effectors and
the pfeseﬁce of two éffector binding sites allows the enzymes to assume ' -
a large number of conformétidns with differing activitids. The
conformational states of the marmalian enzymé have beeﬁ integréted into
the scheme shown in-ng, Sb, whi;h assuhes a sequential reduction of the
four ribonucleotides .in vive (Thelander and Reichard, 1979).. The ATP
activated enzyme reduces CDP and UDP uﬁti'l ’the accumuiation of d4TTP
inhibits reduction of the first two substrates and éhift§che enzyme ¢
towards reduction of GOP. I;\turn dGTP inhibits the reduc;ioﬁ of GDP,
UDP and CDP and .the dGTP activated enz&mé reduces ADP. High concentrations
of dATP completely inhibit ggzxggiacgiyjty;_but this inhibition is ‘
reversible by binding of AT#. B

Although the-scheme depicfed in Fig.‘3b‘is based upon data
derived from <m vizro enzyme sfudies; it does appear to be c&nsistgnt,with
in vive obser?ations. For example, cell lines containing an_aite}eﬁ .
reductase Wfith decreased sensitivity to inhibition by dATP are more

resistant to high concentrations of deoxyadenosine and contain larger
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than normal dNTP pools (Meuth.et al., 1976). In addition, treatment
of cells with excess thymidine (i.e. "thymidine blockage" of DNA

synthesis) results in an increase in dGTP and dATP pools but in a

e

specific depletion of dCTP pools (Bjursell and Reichard, 1973).

1,2.51 Association of a mutator function with marmmalian ribonucleotide
reductase - N

Even though ONA synthesis requires an approximately equal
supp]y-of all four precursors, there are Tlarge differences in the sizes
of the four dNTP pools in S phase cells (Skoog ez ai., 1973). The
concentration of the TErgest pool, usually dCTP, can exceed that of the
smallest pool, dGTP, By as much as 100 fold. While the significance of
these differences is not yet understood, the maintenanée of these ratios
is clearly important in preserving the fidel{ty of DNA replication.
Perturbations in the relative sizes of the pools, induced either by
e;perihehtél manipulation of the pools or by the presence of a mutant
ribonuc?egtide reductase altered in-its requlatory control, leads to an
increase in the spontaneous ﬁutation rate at several loci (Meuth 2z al.,
18795 Chan ez éz., 1981; Weéinberg et ci., 1981). Ir Both cases, the‘ ’
mutator phenotype can be eiiminated by experimeﬁta11y normalizing the
pool ratios (Weinberg et «l., 1981). The exact mechanism of mutagenesis
is not yet known, however by analogy with mofe detailed data on fhe effect
of nucleotide pool imbalances on the fidelity of procaryotic DNA
replicatiod {(Weymouth and Loeb, 1978; Fersht, 1979; Hibner and Alberts,

1980), it likely involves an increased frequencj of base misincorporation

and/or induction of .an error prone repair system. In addition, in
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jmamha]ian cells dCTP has been fmp1icated as a positive effector of DNA

synthesis (Bjurseil and Reichard, 1973), and it has been suggested that
high concentrations of the nucleotide may accelerate ONA polymerization

at the expense of accurate base incorporation (weinbgrg et ., 1981).

1.3. Herpesvirus Induced Ribonucieotide Reductase

At the time this project was initiated only a few reports were

available in the literature on the induction of ribonucieotide reductase,//

'by herpesviruses. Both Epstein-Barr virus (EBV) and equine herpesvirus

types 1 and 3 (EHV-T and EMV-3) had been shown capable of‘rep]icating\$a

4 N
the presence of hydroxyurea, a potent inhibitor of mammalian ribonucleotide
reductase (Mele ez al., 1974; Allen ez ci., 1978). EBV and EHV-1 were

-

_gubsequently sﬁown to induce a ribonucleotide reductase activity which
was re;isfant to hydroxyurea <rn vizro (Coﬁen et «i., 1977; Henry et zi.,
1978) . HSV rep1ic€tion, on the other hand, is sensitive to hydroxyurea
(and more éecent expe%iments have demonstéated that the virally induced
reductase 1§ sensitive to the drug iz victro (Langelier and Buttin, 1981))
however the virus was found to induce a f?ductaip whose act{>1ty, in
crude extracts, was’refractory-to allosteric inhibi;ion by qny

(Cohen, 1972). Ponce de Leon ez al., (1977) partially purified the

reductase from uninfected, HSV-1 infected, and HSV-2 infected Ké;ce11s by

K fractionation of cell extracts with ammonium sulfate. The enzymes from

all three sources copurified but were found to differ in two significant
respects: 1)} the virally induced enzymes were inhibited by only
approximately 20% at concentrations of dTTP which inhibited the KB enzyme

by 60-75%, and 2} the HSV induced enzymes retained 50-60% of their activity
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in the absence of exogenous MgZ+, whereas the cellular enzyme was
completely inhibited‘in the absence of the ion. Interestingly, the
properties of the HSV induced reductase thus appear to be similar

tq those of the T4 coded enzyme which is also altered in its

allosteric properties and does not require exogenous Mg2+ for

activity (see section 1.2.3.). Shortly after work on this project

had begun, another report appéared in ;he ?iteraturé confirming the X
induction of a dTTP resistant reductase in HSV infected hamster cells

and demonstrating that fhe enzyme activity present in crude extracts of
infected cells is also resistant to inhibition by dATP (Langelier et ai.,

" 1978). \

1.4. Herpes Simplex Virus Induced Deaminase Activity

As described in the Results, in our early.studies we screened
HSV infected cells also for the induction of deoxyCytidine deaminase
(4CD) and deoxycytidylate deaminase {dCMPD) activity, since both enzymes
had been reported to be induced following infection. dCD, an enzyme of
the salvage pathway qf nucleotide synthesis, deaminates deoxycytidine to
deoxyuridine, which can then be metabolized to dTTP (see Fig. 2). dCMPD
'performs an analogous deaminatioﬁ at the monophosphate level, converting
dCMP to dUMP, and is part of the de nove pathway of thymidylate synthesis
{see Fig. 2).

Chan (1977)_reported the induction of a dCD activity in several
different HSV-1 infected cell lines, including a dCD deficient mouse line.
The induced engyme was more thermolabile than the enzyme from a mouse Tine

expressing dCD and appeared to differ from the enzyme from Hep-2 celTs
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in its electrophoretic mobility. A more recent publication has also
described an apparent increase in dCD activity following HSV-1
infection of mammalian cells tNorth and Matthews, 1981).

Rolton and Keir (1974b) described a two-fold enhancement of
dCMPD activity in-HSV-1 infected BHK-21 c1.13 cells; the induced enzyme
differed on1§ slightly from the uninfected cell enzyme, most notably in
its heat stability and in i%s susceptibility to inhibition by HSY specific

antiserum. To date this is the only report of dCMPD induction by HSV.

1.5. Rationale for the Study.

This study has been focussed on HSV-induced enzymes of nucieotide
metabolism. The primary motivation for studying these enzymes is to gain
a better understanding of HSV rep1ication and consequently of the various
biological properties of the virus which are dependent upon it.

As descriQFd earlier, replication of DNA, whether oF cells or
viruses, is intimately connected to the supply of dNTP precursors and is
thus dependent on the activity of several enzymes of nucieotide metabolism.
In the case of a virus such as HSV, which, as mentioned earlier, rapid]y
shuts off host protein synthesis, at least some of these enzymatic activities
are likely to be viraliy coded, as is indeed the case for thymidine kinase.
The requirement for viral enzymes may not be absolute when viral replication
takes place in dividing cells, which may still contain significant levels of
endogenous enzyme activity and dNTP's, but the ability of HSV to repiicate in
quiescent, non-dividing cells (Jamieson ez <., 1974), impiies the synthesis
of at least a few key viral enzymatic activities. In other words, a
comprehensive~understanding of HSV replication necessitates the identification

and characterization of viral enzymes which play a roie in this process.
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Apart from the jnformation to be derived, from such studies,
on the basic biology of HSV replication, chéracterization of viral enzymes -
might also provide relevant data for the treatment of viral infections.

In fact all of the available éntivira1 compounds which show specificity
for HSQ (e.g., thé nuc1eosi@e analogues acycloguanosine, adenosine
arabinoside; thymidine arabinoside and bromovinyldeoxyuridine) expleit
differences in substrate specificity and/or sensitivity between viral
and cellular enzymes to selectively inhibit .HSV replication (North and
'Cohen, 1979; Schnipper and Crumpacher, 1980; E]ipn et al., 1981). The
identification of additional enzymes involved in viral DNA metabolism,
and an elucidation of their properties, may allow the development of
more effective strategies of antiviral chemotherapy, perhaps through
combinations of drugs aimed at more than one viral enzyme.

As a result of their involvement in viral replication, enzymes of
nucleotide metabolism are also 1ikely to play a role in the process of HSV
latency and reactivation. Indeed several studies, carried out in mice
and guinea pigs, indicate tﬁat TK™ viral mutants are unable to replicate
in neurons and that no induction of latent TK™ virus is observed in explants
of ganglia cells from:animals‘infected with the mutant virus (Tenser and
Dunstan, 1979; Klein et al., 1981; Price and Khan, 1981). These data
have been interpreted as indicating that TK is essential for viral
replication in neurons and that replication, in turn, is essentiai either
for the establishment of latency (Tenser aﬁE‘Uunstan, 1979) or for'the
reactivation of latent virus (Price and Khan; 1981). The requirément

for TK activity likely derives from the fact that the neurons of adult

| o

~
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animals are non-dividing cells which contain very low levels of DNA
precursoré and no detectable TK activity (Yamogami ez <Z., 1972;
Price and Khan, 1981), and, as discussed earlier, TK is essential for
viral rep]icatioﬁ in similarly quiescent serum-starved cells. These
-oE;ervations suggest that HSV may require other enzymatic activities,
particulariy an enzyme Tike ribonucleotide reductase, to provide the
necessary DNA precursors for replication in neurons. ‘

‘ With regard to the HSV induced ribonucieotide reductaégt\éhe
information available on the enzyme suggested that it is altered, relative
to the cellular enzyme, in its regulatory control {see §ection 1.3. of
the Introduction). As described iq section 1.2.5. these alterations
might render the virally induced enzyme a mutator function. The pﬁssjbi]ity
that this property is relevant to HSV mediated cell transformation, with
regard to a hit and run mechanism, is an appealing hypothesis which is
discussed further in the Discussion.

Lastly, our decision to screen HSV infected cells for the inductien
of ribonucieotide reductase, dCD and dCMPD was based also on the possibility
of devising a selection system for each enzyme which might allow transform-
ation of cells and thus facilitate genomic mapping and genetic studies of
the enzymes. For selection of dCD it was anticipated that cytidine
arabinoside might be a useful selective agent, since the nucleoside analog
is deaminated by the enzyme to a non-toxic form (Steuart and Burke, 1971;
Meyers et ci., 1973). Transformation of cells lacking endogencus dCD
aétivity, such as BHK21 ¢1.13 cells (Cullen and Bich, 1978}, with viral
ONA sequences encoding the enzyme should thus enhance the survival of

these cells in the presence of ara-c. Selection for dCMPD was to be
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carried out on the laI hamster cell Tine 1ackihg both dCMPD and dCD
activity (Langelier et cZ., 1978) in the presence -of HAM medium
(contaiﬁing hypoxanthine, aminopterin and-S—methy)deoxycytidine
(Chan et ci., 1975). Aminopterin inhibits thyé}dylate synthetase -

(see Fig. 2), phus‘blocking the de novo pathway of thymidylate synthesis,

‘and the scavenger pathway, via TK, can not provide sufficient dTTP to

sustain cell g?owth,(Chan et al., 1975). Only cells which have acquired
a dCMPD can bypass the amiﬁopterin block by direct deamination of S5-methy]l
dCMP {derived from S-methyl dC by deoxycytfdine kinase mediated
phosphorylation, see Fig. 2) to dTMP.

Iﬁ the case‘of ribonucleotide reéuctase,'it was expected that the
differences™in regulatory control between the vifal]y induced and cellular
enzymes couid be exploited to prevent expression of the latter without
affecting the former activity. In the presence of excess deéxyadenosine,
or thymidine, or both, only cells containing the virally induced reductase
should be capable of replicating since the endogenous enzyme would be
inhibited by the phosphorylated derivatives of the nucleosides. This
selection system has the {nherent advantage that it ¢0q16 be used on

virtually any kind of recipient cell bearing a wild type reductase activity,

with no requirement for a mutated cell liné, unlike the selection system

for TK™ cells, or for the enzymes\ﬁeéggjbéd above. This raised the

possibility that the putative HSV reductase could be used as a universal

vector for gene transfer into a wide variety of cell types.

™~



2. MATERIALS AND METHODS

. R :
2.1. Cells

‘Baby hamster kidney 21 clone 13 cells (BHK21 c1; 13) and -
African green monkey Kidney ;e]]s (Vero) were obtained frdm Flow
Laboratories and grown in monolayer cuTtufes in Duibecco modified and
F-15 modified minimal esséntial media, respectivel} (Grand Island
8iological Company (GIBCO)). Human KB cells, obtained from Dr.<F. -
Graham (McMaster University), mouse L cells, obtaine& froh Dr. L.
Prevec (McMaster University), and human 143 TK™ mutant cells (Bacchetti
’ and Graham, 1977) were grown on ﬁonoiayérs in a-modifiéd minimum
essential medium (GIBCO). A1l cell lines were grown in nlastic
bottles (Corning) or plates {Lux Scientific Corp.) and subcultured
by trypsinization with trypsin-EDTA (GIBCO).

) BHK21 c1. 13 modified for suspension culture {Banerjee and
Rhodes, 1973} were obfained from Or. H. Ghosh (McMaster University)
and grown in Joklik modified minfma] essential medium (GIBCO).
Suspension cultures were diluted to a cell density of 2 x 10° cells/ml
and allowed to grow to a density of 1 x 10° cells/ml prior to sub-
culturing.

A1l media were supplemented with 5% v/v heat-inactivated
calf serum (GIBCO), 100 units/ml penicillin (GIBCO), 100 ngm/ml
streptomycin {GIBCO), 0.03% w/v 1-glutamine (GIBCO), 0.07 é W/V

L)
~
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NaHCO, and 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-.
sulfonic acid): R ’ |

2.2. Virus.

For preparation of virus stocks, HSV-2 strains 219 and 333
(Seth et af., 1974), HSV-1 c1. 101 and.the B2006 TK’_mutant derived
from it (Dubbs and Kit, 1964) and‘HSV-1 KOS (Seth et al.;1974) were
gropégated in Vero cells. The‘ce11§ were fﬁfgcted at a multiplicity
of infection (M.0.1.) of 0.2 t0.0.5 plaque forming units (PFU)/cell
and harvested by scraping with a rubber policeman at a time (usually
24 hrg)-corresponding.to maximal viral cytopathic effect. The cells. i
Qere pe]léted by centrifugation, résuspended in medium and virus was
reieaséﬁ from the cells by freezing and thawing followed by sonication
of the cell suspension. After removal of cell debris by centrifugation,
the elarified supernatant was aliquoted.and stored at -70°C. Virus
titers were determined by plaque assay on Vero cell monolayers.
Tenfold serial di]ﬁtions of the virus stocks wg:? plated on the cells,
allowed to adsorb for 1 hr, and were then overlaid with 2% égar
noble (Difco Laboratories): 2 X F11 modified minimal essential
medium (GISCO) (1:1, v/v). The medium was supplemented with 20%
v/v heat-inactivated fetal calf serum (GIBCO); 200 units/ml penicillin,
200 ugm/ml1 streptomycin, 0.06% w/v 1-glutamine, 0.]5ﬁ w/v NaHCO, ,
20 mM Hepes and 0.08% protamine sulfate (Sigma). Plagues were

allowed to develop at 37°C until visible to the naked eye {approximately

3 days) at which point the cells were fixed with Carnoy's fixative
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(methanol:glacial acetic'acid,'3:1, v/v) and stained with cryStéT

r ~
- B .

violet.
“For experimental purposes, confluent manolayers, or suspension

cultures at a density of 0.8 to 1 x 10% ce11s/m1,were infected at an

- M.0.I. of 7 to 12 PFU/cell, unless otherwise indicated. Virus was

apﬁlied to the cells %n ice cold medium cdntainjng 1% heat-inactivated
pa]f serum and allowed to-adsorb to the cells fof 1 hr-at 37°C, after
which prewarmed mediuh containin§ % serum Qas added to the infected

cultures. The time of addition of tﬁe prewarmed Medium_waS—taken

as the beginning of the infectiods cycle (i.e., O‘hrs'poétfinfectiod);

~

2.3. Screening of Cells fer Mycop]ésma Cohtamination'.

BHK21 ¢1. 13 and Vero cells were scréened for mycoplasma

contahmination by the Hoechst staining. procedure of Chen (1977).

Cells were grown on glass coverslips and fixed with Carnoy's fixative

while subconfluent. Following air drying the cells were stained
with 0.05 ngm/ml Hoechst stain No. 33258 (Sigma) in Hanks' balanced
salt solution (GIBCO) for 10 min. The coverslips were then washed
3 times with distilled water, mounted gnrmicroscope slides with
citric acid mounting medium (22.2 ml 0.1 M citric acid, 27.8 ml

0.2 M Na.HPO., pH 5.5) and read under & UV fluorescent microscope
with é UG=T Zeiss filtter. .In uncontaminated cells only the nucleus
-of the cel] was visible under fluorescent Tight; contaminated cells

were identified by the presence of spotty cytoplassic fluorescence.

Reference samples of cells contaminated with mycoplasma were provided

by Dr. S.K. Liao (McMaster University).



)

¥ e o e

37 ' -

2.4. Preparation of Crude Extracts and Pértia] Purification of Enzymes

Infected or uninfected cells were washed twice with phosphate

buffered saline (PBS, without Caz* and Mg2*, GIBCO) and usually

frozen as a dry pellet at -20°C. A1l subsequent steps were carried

out at 4°C. The cells were resuspénded in buffer A (20 mM HEPES,

pH 7.2, 1 mM dithiothteitol (DTT)), sonicated (2 x 30 sec., on ice,

at tﬂe maximum setting of a Bronwill Bjosonik sonicater) and centri- .
fuged at. 70,000 x g_fer 30 min. " The supernatant was used aQTE;EEQ\Br,/"‘ '
extract. In initial experiments the extracts were passed through a ‘
column (of volume gqﬁal fﬁ that of the extract) of the cation-

éichahge resin AGIX8 (Bio-Rad Laboratories) to remove deoxynucleotides

(Peterson and Moore, 1976); this step was omitted in later experiments

as it gave 1ittle or no increase in reductase activity. Similarly,

dialysis of crude extracts did not appreciably enhance enzyme activity.

2.4.1. Ammonium sulfate fractionation of crude extracts

Prior to ammonium sulfate fractionation, nucleic acids were
removed from crude extracts.by addition of a 5% sq}qtion of strepto-
mycin sulfate (dropwise and under continuous stirring) to a final
concentration of 0.5%. The suspension was stirred for 20 min more

and then centrifuged at 11,000 x g for 10.min. The pellet was

"discarded, and the supernatant was brought to 27% saturation by the

stow addition, under constant stirring, of 2 saturated solution of
(NHy),$0, in buffer A. After 45 min of further stirring, the

precipitate was pelleted by centrifugation and then dissolved 1in
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0.5 - 1 ml buffer A. The supernatant was then raised to 41% salt
saturation, and subsequently to 74% saturétion;_éach

time the precipitétes were coilected and dissolved-as described abové;
The resulting ammonium sulfate fractions were desalted by either 1}
filtration through a Sephadex G-25.c01umﬁ (Pharmacia Fine’gpemjcals),
in which case the e]ﬁates were conCentrated.by fiT;ratidﬁ thrqaaﬁ
Minicon B15 concentrators (Amicon Corp.), or'absorption with‘équacige
11-A (Calbiochem) or 2) extensive dialysis against buffer A. The
partially purified enzyme prgparatjons were stored at -70°C at a
protein-concentration of approiimately 7-13 mg/mi. Protein,éonceﬁtra-.

tion was determined by the method of ‘Lowry et al. (1§§}).,

2.4.2. Seéimentation on glycerol gradients

Enzymatically active salt fractions were further purified by

sedimentation through 5-25% glycerol gradients prepafed in buffer A

. containing'B mM magnesium acetate. Each gradient was loaded with

1-3 mg of protein “corresponding to 1000-2500 units of ribonucleotide

. ‘ . .
reductase actiJ}txfEnd centrifugation was carrie{ out in the Beckman
SW4A0 Ti rotor at 4°C,initially at 130,000 x g (32,000 rpm) and
subsequently at 81,000 x g }2€,OOO.npm),f0r 17_hrs. Gradient

fractions "of 700 11 were collected by pumping from the bottom of the

.centrifuge tube and were assayed for reductase activity as described

in the Results.
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2.5. Enzyme Assays . . - " 7 -

2.5.). Ribonucleotide reductase - -

Ribonuc]eotide‘reductase was assayed by monitoring the
conversioﬁ of COP to dCDP, using a'qodjfied version- of the assay )
described by Moore (1967}. » The staﬁdard reaction mixture (in a totai
volume of 400 ul for assay of crude extract§ and 160 pl for partially
ourified extracts) contained 50 mM HEPES, pH 7.2, .06 Fect,

2.7 mM magnesium acetate, 8.3 mM NaF, 6.2 mM dithicerythritol (DTE)

or djthiothreitq] (DTT), 4.4 mM ATP, 0.1 mM COP and 2.5 pCi of [3H]

COP (specific activity 21-26 Ci/mmol, New England Nuclear Corp.).

As assay conditions for partialiy'pﬂrifﬁed enzymes were optimized in

the course of the study, the éon&entrations of specific cofactors

were altered as indicated in the Results. Unless otherwise indicated,
thé assays contained 1 - 1.5 mg of crude extract prote%n or 300 -*350 ng

of ammonium sulfate purified protein. After incubation-at 37°C for

30 min, the reaction was terminated by addition of HCi0. to a final

tration of 1 M, and the nucleotides were then ponvefted to thé
monophosphake form by boiling foé 15 min. For analysis of enzyme

activity in radiolabelled enzyme samples the HC1 Q. precipitatéd

proteins were removed by centrifugation prior to boi]iqg of the

samples. Following boiling, the samples were cooled on ice and

brought to a pH between 4 and 8 w{tq KOH. The resulting precipitate

was pelleted and uniabelied CMP and dCMP were added to the super- ‘—\
natant to final concentrations of 1 mM each as carriers and markeré. \\

Aliquots of the supernatant were analysed by descending chromatogfaphy



w0 A

*on Hhatmann 3 MM paper us1ng EDTA (250 mM)' ammon i um acetate (5 M):

: _sod1um tetraborate (saturated) ethanol (1 20:80:220, by voTume)

as solvent kReicﬁard, 1958). Fo110w1ng chromatography for approxi-
' imate1y 40 hrs, the cﬁromatograms were air dried and spots corresponding
.to-dCMP'Qeré_VTSUaTizéd'bx UV fluorescence, cut out, and the radio-

activity quantitated by scint{11atibn counting.

2.5.2. Deoxycytidine and deoxycytidylafe deaminase -

' Daoxycytidine deaminase was assayed”a¢cording ta Chan 2z ¢i.
(1975). The reaction mixture contained, in 2. volume of ?OO‘”1’ 100" mM
,tms HC] pH 8.1, 0.1 mM éDTA 0.1 mM 0T, 0.25 aM dC, 1 uCi of [3H]
dC (spec1f1c activity 20 C1/mmo1 New Eng1aad Nuclear Corp.)} and
200 ug of crude extract protein. The‘feaétion'was.incubated-for
60 min at 37°C.. |

Deoxycytidylate deaminase was assayed by a modification of
the procedures of Kit et cI. (1967) and Rolton and Keir (1974a). The
reactions were carried out in a volume of 200 ul, containing 80 mM
tris HC] pH 8, 2 mM MgCl,, 0.1 mM dCTP, 5 mM 2-mércaptaethano] ,2mM
dCMP, 1 1Ci of [®HJ dCMP (specific acitivity 21 Ci/mmol, New Endiand
Nuclear Co}p.) and 200 ug of crude extract protein. Incubation was
for 30 min at 37°C.

Following incubation of eith;: assay, 100 ¢l of IN HCl1 was
" added to the-reactions which were then applied toa 2.5 ml AG 50WX3
column equilibrated with 0.1N HC1. The cation exchange resin binds
dC and\dCMP, but not their deaminated counterparts, which were(r

recovered and quantitated following elution with § ml 0.IN HCI.

..
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2.5.3. Thymidine kinase -

" Thymidine kinase activity was aéééyed essentially by the
procedure of Munyon.et al. (1972). In:a.final volume of 100 ul, the
reaction mixture conréined 100 mM tris maleate pH 6.5, 25 mM KC1,

20 mM MgCl,, 1.4 wM 2-mercaptoethanol, 10 mM ATP, 1 uCi of [3H] thymiéine
(spéc{fi; activity 20 Ci/mmoT, ﬁew Engldnd Nuclear Corp.) and .
between ]0-50 ug af crude extract, or ammonium su1fateifractionated,
protein. Following incubation. for 60 min at 37°C, the.reéctions were
'pTaéed'on jce and 501 aliquots were spotted(on 1.6 cm squares of
Whatman DEAE cellulose paper wﬁich hadlbegnlprevi6u51y. wetted with

50 L] of a 1.2-mg/m1 solution of unlabelled ;hyﬁidine,‘ahd then dried.
* DEAE cellulose is én Epionhexchanger‘which-binds the negatively
charged_phOSphoryIated product of the kinase reaction (TMP) but'notj
the substrate (fhymidiné).‘ The paper§ were washed 3 times with 1 mM
ammonium formate, twice with water, once with ethanol, anq the

amount of raéioactivity retained was quantitated by scintii]ét&on

counting. . !

2.5.4. Alkaline DNAase

N

Aikaline DNAase was -assayed-.according to Morrison and Keir
(1968). except in our experimeﬁts-Eﬁgjamount_of trichloroacetic acid _ .
(TCA) precipitabfe materiatl reﬁaining after enzymatic digestion of
DNA was measured. Reactions, of 100 ul, contained 50 mM tris HCI
pH 9, 2 @M MgCl,, 10 mM 2-mercaptoethanol, 6 ug of Vero cell DNA
(labelled with [?H] thymidine (New England Nuc]garACOrp.) to a specific

activity of *20,000 cpm/ug) and 10-100 ng of protein from enzyme
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preparations purified by ammonium sulfate fractionation. Following
jncubation.at 37°C for 45 min, the reactions were placed on ice; calf
thymds DNA (50 ug) and 4 ml of ice cold 105 TCA were added and after

15 min,'thé TCA precipiiéble material was collected on glass fibre

- fi?iers'and quantitated by scintillation counting.

~

2.5.5. DNA polymerase

HSY DNA po1ymefase7~as assayed acco}ding to Keir eé ai. {1966)
in a 200 ul reaction containing 50 mM tris HC1 pH 8, 3 mM MgCl,, 1 mM-'
2-mercaptoethanal, 10 uM each of dATP, dGTP and dTTP, 5 uM dCTP,
1 uCi [3P] dCTP (specific activity approximately 600 Ci/mmol, New
England Nuclear Corp.), 100 ug of heat-denatured calf thymus DNA,
100 mM ammenium sulfate (to §e1ective1y stimulate the activity of the
viral enzyme and -inhibit that of the cellular «DNA polymerase) and
10-100 ug of protein from_enzyme preparations Eurified by ammonium
suifate fractionation. The reactions were incubated a£.§7°c for 45
min, éhen tfansferre&;to jce and terminated by addition of 4 ml of
ice cold 10% TCA. Samp1es wére thep processed as described fo} the

DNAase assay.

&

2.6. Immunization of Rabbits

- Two adult male New Zealand rabbits were each injected
(subcutaneously and intramuscularly) with 150 ug of the HSV-2 induced
enzyme preparation, partié]Ty purified by ammonium sulfate fractionation

and glycerol gradient sedimentation, in complete Freund's adjuvant.

Each animal received. three subsequent intravenous boosts at 21 day

(
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<intervals with 70 ug-of the same antigen, and was bled one week after

each boost. Later boosts were delivered at monthly intervals using

-

126—]50 ug of the 0-27% ammonium sulfate fraction from infected cells

and the animals were .bled at approximately 6,10 and 14 days after

each injection.

2.7. indirect Immunofluorescence

Vero cells grown to confluence on glass coverslips were mock-
infected or infected with HSV-2 at a multiplicity of 0.1 PFU/cell. '
Twenty-four hrs after infection the medium was removed and the
coverslips washed with PBS, fixed with cold acetone for -10 min, washed
again, and stored dry at -20°C. i

For antibody screenfng, each covérs]ip was incubated‘with 150
u1 of serial dilutions of immune serum for 30 min at 37°C, washed
with PBS, and incubated again as above with 75 ul of fluorescein-
conjugated goat anti-rabbit IgG {Cappel Laboratories). After further
washings with PBS, the coverslips were mounted Qith tris-glycerol
pH 9.67(1:9 v/v) and scored by microscopy under UV light. Optimal -
concentrations of;reagents were 1:20 for the immune rabbit serum

and 1:60°to 1:100 for the goat anti-rabbit IgG.

2.8; Antibody Purification

Purification of IgG was carried out on columns of protein A-
sepharose CL-4B beads (Pharmacia Fine Chemicals) by the procedure of
Hudson and Hay (1980). The 'protein A-sepharose beads were swollen

in PBS for 1 hr at room temperature and then poured into a column.
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Two ml of rabbit serum ﬁere di]uted‘w{th-an equal volume of PBS and
loaded onto a 5 ml column of protein A-sepharose. The column was
washed with 10 ml of.PBS and the IgG was subsequently eluted w%th
4.5 ml of 0.1 M giycine pH 2.5. The glycine eluate was collected
as 1 ml fractions in- tubes containing 100 w1 of M tris-HC1 pH 7.5
to neutralize the solution, dialyzed against PBS and concentrated by

aquacide to a protein concentration of approximate1y'§b mg/mi.

2.9. Radiolabelling of Cells, Immunoprecipitétion and Gel Electrophofesis

In this study, immﬁnoprecipitafions were performed under both =
denaturing and non-denaturing conditions. The former reactions
assessed the specificity of antibodies for the po1ypep£ides present .
in. cell lysates, the Tatter conditions tested the ability of the
antibodies to precipitate ribonucleotide redhctase activity.

For the former experiments (shown in Figures 14,15,19,23 and
part of 22), monolayers of BHK21 c1. 13 cells growing in 150 cm®
tissue culture flasks were mock-infected or infected with 20 PFU/cell
of HSV-T1 (KOS) or HSV-2 (333). The cells were labelled between 0-7
hrs after infection with 100 :Ci of L-[?°S] methionine {specific
activity 900 to 1,100 Ci/mmol, New England Nuclear Corp.) in 5 ml
of methionine-free 199 medium (GIBCO) supplemented with 5% dialyzed
fetal calf serum. The cells were harvested by scraping, washed three
times with PBS and resuspended in RIPA buffer (50 mM tris HC1, 150
mM NaCl, O.fﬁ SDS, 1% sodium deoxycholate, 1% Triton X-100, 100 Y
of aproteinin (Sigma} per ml, O.T mM phenylmethylsulfonyl fluoride

(Sigma) and 50 pg of DNAase (Sigma) per wml)}. The suspension was
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sonicated and centrifuged at 100,000 x g for 1 hr. For immuno-

- precipitati&n, 500 ul1 of the supernatant was incubated with 30-50 -
p1 of rabbit serum or 10 u1 of ascitic fluid in fhe presence of |
approxima£e1y 19 mg of protein A-sepharose'c1-4B'beads for 2 hrs at
4°C under constant mixing.- Immunoprecipitates were then collected
by centrifugation, washed with RIPA buffer and solubilized in sambTe
buffer (Oi37 M tris HC1 pH 6.8, 10% glycerol, 5% 2-mer¢aﬁfoethanq1,

10% SDS (Laemmli, 1970))}. Electrophoresis was carried out on 9%
polyacrylamide, 0.24% Bis, 0.1% SDS gels which were run ét constant
'vo1tage. The gels were stained with Coomassie_bril]iant blue, |
destained, infused with 2,5-dipheny1oxazo]e, dried on filter péper
and-exposed to Kodak X-Omat film at -70°C.

Ag mentioned above, imminoprecipitations were also performed
under non-denaturing conditions to allow assaying of the reaction
products for enzymatic activity. These experiments were carried out .
with both [5551 methionine labelled and unlabe11ed enzyme preparations.
paétia11y purified from HSV-2 (333) infected and mock-infected BHKZ]
éT. 13 -cells. R;diolébelIing wag performed as described above, and
cell lysates were prepared and fractionated with.ammonium sulfate
as described in section 2.4. A1iquo¥s of the enzymatically active .

. salt fractions were 'mixed with either buffer A or with purified IqG
in buffer A, in the presence of approximately 6 mg of protein A-sepharose
CL-4B beads. Within gach experiment, the final volume of the reactions
wés the same, and varied from 50-150 ¢l between experiments. Following
incubation at 4°C for 1.5 - 2 hrs with constant mixing, the beads

A

were removed by centrifugation and the supernatants from each reaction
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were assayed for-residual reductase activity_under standard assay
conditions, at the optimal Mg2* and ATP concentrations for the

viral and cellular enzymes (seé Results). For enzymatic assay of
immunoprecipitates the beads were washed twice with buffer A,.incubated

.in the presence_of 0.1 M.DTT for 15.min at Qic, and then made up

to the enzyme reaction mixture, resulting in a final concentration of

67 mM DTT. Lastly, for electrophoretic analysis of the immunoprecipitates,
beads were washed twice with buffer A, the boﬁnd pplypeptjdes were

solubilized in sample buffer and electrophoresed as described above.

2.10. Neutralization of Ribonucleotide Reductase Activity

Aliquots of the omium sulfate purified enzymes were incﬁbated
with either buffer A or purified IgG in-buffer A for 30 min at room
temperature with intermittent mixing. Immediately after incubation
the reactions were assayed for reductase activ%ty in the presance
of 60 mM DTT and the optimaf Mg2* and ATP concentrations for the viral

and cellular enzymes.
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- 3. RESULTS

3.1.. Characterization.of Enzyme Induction

As mentioned in the Introduction, initial experiments were aimed
‘at assessing whether infection of mammalian cells with HSV resulted in the
synthes%s of elevated levels of ribonucieotide reductase, deoxycytidine
deaminase (dCD) or deoxycytidylate deaminase (dCMPD). To this end
monolayers of BHK21 cl. 13 cells were infected With either HSV-1 or HSV-Z,
or mock—infected,'harvested at various times from_O to 10 hours post-
infection, andlcrude extracts were prepared as described in Materials and
Methods. Enzymatic actigjties were determined using assays which had.‘
been calibrated and optimized for cellular enzymes in extracts of
‘exponentia11y growing cells. The 0-10 hour time span for cell harvesting
was chosen because the early class of vifal polypeptides, to which enzymes
such as thymidiﬁe kinase, DNA ponmerase; and bNAase belong, are synthesized
maximally at approximately 5 to 7 hours post infection, prior to the
onset of viral DNA synthesis. It tﬁus seemed reasonable to assume that
other enzymes involved in DNA metabolism would likely be synthesized at a
similar time.

Fig. 4 shows the results of dCD (panel a) and dCMPD (panel b)
assays pf HSV-2 infected cells; neither deaminase activity was increased
under conditions in which TK activity (panel c),assayed as a positive
control, was clearly induced. Similar results have been observed in

. L .
HSV-1 infected cells (not shown). In addition, others have reported a

47
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Figure 4

Deoxycytidine deaminase (panel a), deoxycytidylate deaminase (panel b),
and thymidine kinase (panel c) activity in HSV infected cells. Mono-
layers of BHK21 c1. 13 cells were either mock-infected or infected with
HSV-2 at a multiplicity of infection of 8 plaque forming units per cell
(M.0.I. of 8), and crude extracts were assayed for enzyme activity. The
activity of each enzyme was determined in triplicate, from a single
crude extract, for each of the time points indicated. ~ Symbols: (0O)
enzyme activity in infected cells; (e®) enzyme activity in mock-infected
cells. - '
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‘similar. inability to detect induction of ‘these eniyﬁés (Langelier et al.,

1978; Dutia, personal qommunicétion); and ‘the suééestion»has been made

that the reported induction of dCD (Chan, 19]7)'méy be due’to mycoplasma

contamination of the virus stocks (Charron and Langelier, 1981).

In contrast .to these results, induction of ribqnucleoti&é reductase

by both HSV serotypes was consistentlyfobservéd in these experiments.

Shown in Fig. 5a is .the time course of induction in HSV-1 infected cells;

"essentially the same pattern was obtained in HSV-2 infected cells. <€nzyme

activity was enhanced by 2-4 hours post-infection, attained maximal levels
ata6-8 hours post-infection and then gradually deé]ined‘suéh”;hat at 10

hours post infection approximately 30-60% of the maximal activity remained.

* Since larde scale production of crude extracts of infected cells was to

be carried out using EHKZT cl. 13 cells growing in suspension, thg_time '
courge'of enzyme {nduction under these conditions was also determined and
found to be abbreviated relative\to that observed in monolayer. Inductioh
of both ribonucleotide reductase (Fig. 5b) and of TK (not shown) was -
defected by T hour post-infection, 1ncfeased'rapid1y to a maximum at 3-4
hours post-infection and then graduale dec1fned. The time course of ~
reductase induction has not been determinéd in any cel] fypes other than
BHK, Howevgr it was established that an increase in reductase activity
could be de?ected‘I hqu}s after infection of human (XB and 143), monkey
(Vero), and mouse (L) cell lines with HSV-2. In all subsequent experiments,
unless otherwise indicated, BHK cells were used for infection: monolayers

were harvested at 7 hours post-infection, and suspension cultures at

4 hours post-infection.



(a}.

:_IFigure 5

[

Ribonucleotide reductase and thymidine kinase activity after

infection with the B2006 TK~ mutants of HSV-1. Monolayers.
of BHK21 c¢1. 13 cells were either mock-infected or infected

E with B2006 at ap M.0.I. of 12 and crude extracts were assayed

(b) .

for enzyme activity. Symbols: reductase activity of infected
(o) and mock-infected (@) cells; TK acfivity of infected ]
(a) and mock-infected (A ) cells. . . '

Ribonucieotide reductase activity following infection of
suspension cultures of BHK21 ¢1.13 cells with HSV-2 at an
M.0.I. of 10. Symbols: enzyme activity in infected (o) and
mock-infected (@) cells. '

Enzymes assays in both paneﬁ a and panel b were performed in
duplicate, and the points shown represent the average value of the
duplicates. - :
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_ The induction of the reductase, as well as that of TK, was found;
to be dependent on the ﬁu]tieTicity of infection (M.O. I') Ao increasef
1n the activity of both enzymes could be detected upon. 1nfect1on at an
M.O0.I. of 1 plaque fonn1ng ‘unit per cel], and the act1v1ty was” proport1ona]
~ to the input of virus up to an M.0.I. of 10, after which, the response-
bersisted at a plateau level - until at Teast.en_M.O-I.'pf 50 (Fig. 6a).
.Subsequent infections were carried out at an M.0.I. of 7—12_end routine]y
resuTtedrin a 3-6 fold induction of enzyme activity, relative to the .
activity in mock infected ce115,‘et 7 hours post-infection;’ However,_;he
actual degree ofrih&uction was probably groTve, since’in the*cuﬁ?se.o?-f
this study, and as described_1eter, it became apparent thef the coneifions
used for aesaying enzymatic activity in crude extracts were subobtiﬁé]
for assay of-the induced enzyme. _ | -
%he data shown in Fig. 5a aiso serVe to rule out the possibi1ity-
that the induceion of tﬁe reductasegresulted from nonspecific elevation of
‘fce11u1af enzymes by the high input:of virus. Conf]uent monolayers- were
infected with the B2006 Tg_7§utant of HSV-1 c1. 107 at an M.0.I. of 12
and assayed for both ribonuc]eotide-[eductase and TK activity. If high
input of virus-results in ponspecific enhancement of cellular enzymes,
both reddctase and TK should be induced by the TX™ mutant. However,
'onTy the induction of ribonuc1eotide_reductase was.obseEQed; TK ectivity
' did not increase. As expected wild-type HSV-1 cl. 101, included as a |
control,, Tnduced both enzymes (data not shown).
Fig. 6b illustrates the activity of the reductase from 1nfected

and uninfected cells as a function of protein concentration. In both -

cases, at concentrations Tower than approximately 0.75 mg protein per



(a)

.;".54_.

- Figure'ﬁ;

Kinetics of induction of ribonucleotide reductase and-
“thymidine kinase as a function of M.0.I. Crude extracts

of HSV-2 infected cells (harvested at 7 -hours post-infection)
and mock-infected cells were assayed for ribonucleotide
reductase (e )-and TK activity (®). Enzyme activity is !
expressed as the percentage of maximal activity 'for either
enzyme; the data’presented for both enzymes represents the

- average value of duplicates from two.independent expériments.'

Relationship between ribonucleéotide reductase activity and
protein concentration. Crude extracts were assayed at the
indicated protein concentrations in a volume of 0.4 mi.
Symbols: enzyme activity in . HSV-2 infected (¢ ) and
uninfected (@) cells. ' - o

-

»
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reaction the enzyme act1v1ty was not proport10nal to prote1n concentrat1on,

'whereas a linear re]at1onsh1p was observed from approx1mate1y 0.75 to at

1

-

least 3 mg protein per reaction. The non-11nearnty of the response is
1ess‘épparent_%or'fﬁe uninfected cell enzyme o?Ty ggcause of the low levels
_of enzyme activity in that sagp]e. '%his type of concentration curve has
been observed by others in severa1'd1fferent systems (Lar;son 1969;
.Hopper 1972 Engstrom et aa., 1979) and _appears to be a character1st1c

-of the enzyme wh1ch ]1ke1y reflects the kinetics of association of the

two enzyme subunits, as well as typically low enzyme concentrations in

.crude extracts. ATl assays of crude extracts were carried out using 1 to

1.5 mg of_pfoteinAper reaction.

3.2. Partial Purifitation of the HSV-2 Induced Ribonuc1eotide Reductase

To better characterize the HSV-2 induced ribonucleotide reductase,
the enzyme was partially éurified from BHK21 cl1. 13 cells infected with
HSV-2 (strain 219 or 333) as well as from uninfected expOnentia11y
growing BHK21 c1. 13 Ce1ls Generdlly 2 3 x 10% cells were used for
purification resu1t1ng in a y1e1d of approximately 200-300 mg or protein
in the crude extract (70,000 x g supernatant). Briefly, nucleic acids
were removed by precipitation with streptomyEin squate, and proteins
fractionated by precipitation with ammonium sulfate.® As shown in
Table 1, about 50% of the protein was recovered from both uninfected and
infeeted cells in the three salt fractions; however whereas approxi-

mately 70 percent of the enzyme activity could be recovered from

1 .
Contrary to previous reports (Huszar and Bacchetti, 1981) the actual
percentage salt saturation uséd in these exper1ments was found to be

% (fraction 1), 41% (fraction 2) and 74% (fraction 3), rather than
35 55 and >95%. t
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uninfected cells, onlyabout 40% was recovered from infected cells. The
~ distribution of enzyme activity amoné the ammon i um su]fate.frattions
was.a1so-marked1y d%fferent in.the two extracts. Virtually all (85-95%)
of the activity ;écovered from uninfected cells brecﬁp}tatéd at 27-41%
;alt saturétion‘(fraction 2) with the majority of the remaining activity
- precipitating above 41% saturation (fraction 3). In-contrast, up to
55% of the activity from infected cells precipitated at 0-27% salt
- . saturation (fraction 1) with the remaindér precipitating at the same
- salt concegtration as the enzyme from Qninfectéd controls. - The ﬁartié]
purffication thus seemed to effect the physical ;eparation of two
enzymatic activities from infected cells; this seharagjon, however,
was not complete. A§ described below, fraction 1 from infected Eg]ls
- congpineﬁ a reductase witﬁ properties different ®rom those of thé
enzyme from uninfected cells. On the other hand, fraction 2 of .infected
cells appeared to contain a mixture of the two activities‘since the
:reductaéé present in thi§{fraction exhibited properties intermediate

between those of the enzyme in fraction 1 and the %;zyme'from uninfectedz//

:._. cells. Attempts to maximize the degree of separati‘n of the two

t

enzymes by raising the salt saturation Tevel of frajtion 1 to 30%

resulted in contamination of this fraction with the-celluiar enzyme.

Accordiagly, fraction 2 from uninfected cells wds subsequently used

' - as the source of cellular enzyme, and fraction 1 from infected cells

~

-

as the source of the virally induced enzyme.
Partial purification resulted in an increase in specific activity

of 4-5 fold for the cellular enzyme and of at Teast 2-3 fold for the
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induced'enzyme (TabTe 1). This Tlatter value, howevéf, is Tikeiy an under-
estimate since crude extracts of infected cells contain a‘mixture of
cellular and induced enzymes, the reTatng proportions of which var& with the
degree of enzyme inqﬁction‘and.the levels of endogenous cellular reductase
activity.

Enzyme coﬁcentration curves of the partially-purified enzymes
indicated that the activity of.both the induced and cellular enzymes was
proportional to protein concentration from 250 ug to at Teast 1500 ug.
Accordinglyyfbetween 300-500 ug of the partiaT?y pur{fied enzymes was

routinely assayed in the experiments described below.

3.3 . Characterization of the Partially Purified HSV-2 Induced Enzyme .

3.3.1. Response to dTTP and dATP

-

~As mentioned in the Introduction, previous reports had indicatéd
that the HSV induced reductase was fnsensitive to allosteric inhibition
by dTTP or dATP (Ponce de Leon ez ¢l., 1977; Langelier et cl., 1978)."
In order to ascertain that fraction 1 of infected cells did indeed confain

the virally induced reductase, this fraction and the celiular enzyme

(i.e., fraction 2 from uninfected cells) were tested for their susceptibility

- to the two allosteric effectors. As shown in Fig. 7a the activity of

the cellular enzyme was reduced by 50% when either degxynucleotide was
present at a concentration of 0.05 mM, and was further inhibited by
80-95% when their concentration was raised to 1 mM. In contrast, the
fraction 1 enzyme from infected cells behaved as the reported HSV induced

activity and was only inhibited up to a maximum of 20% by 1 mM dTTP or
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(a)

60

. Figure 7

Response of the induced (o) and cellular (‘@) ribonucleotide
reductase to the allosteric effectors dATP and dTTP.- The
partially purified enzymes were assayed under standard conditions
in the presence of the indicated, concentrations of dATP or dTTP.
Enzyme activity is expressed as the percentage of activity in

the absence of either nucleotide.  Each point represents the
average of two independent experiments. :

Response of the induced (O} and cellular { @)} ribonucleotide
reductase to Mg2*. The partially purified enzymes were
assayed under standard conditions except the concentration of-
magnesium acetate was varied as indicated. Enzyme activity

is expressed as the percentage of maximal activity for either
enzyme. The experimental points for the cellular enzyme

- represent individual assays from two independent experiments;

for the induced enzyme,data from four independent experiments
are presented.
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dATP. Frabtibﬁ 2 from infected cells Was.inhibited by 60% at 1 mM dTTP

(not shown), suggesting thé; this- fraction contained a mixture of the

induced and cellular enzymes.

L d

3.3.2. Requirement for Mg2+ - g 5

Since a lack of reﬁufremeni for exogenous Mg2™ has also been
reported to be'characferistic of the HSV inducéd reductase (Ponce de Leon
et cl., 1977), the effect of this jon was tested on thé partially purified .
enzyme'preparatjons. The cellular reductase displayed a broad peak of
maximal activity between 5 and Id'mM Mg2* and was inhibited by at least
80% in the absence of the jon (Fig. 7b). The induced enzyme, on the other
hand, retained between 60-90% of its activity in the ébsence of exogenous
Mg2¥ and in addition did not exhibit a clear and reproducible %ependence
on Mg2* concentration for maximal activity. Eﬁzymatic activity apﬁeared
"to fluctuate between 60 to 90% maximal ]eve}s at Mg:* concentrations of
0 to 6 mM, and to attain 100% activity between 6 and 20 mM Mg?*. That
this.variabi1ity in the response to Mg®™ does not reflect a variability
inherent in the enzyme assay is evidenced by the data obtained with the
cellular enzyme, as wé11 as by the data presented elsewhere in the Results.
Despite/various manipulations of.the assay conditions (e.g., substitution
of magnesium chioride for magnesium acetate, altering ATP concentration,
etc.), the response of the induced enzyme to Mg2™ could not be.standardized
or clarified. Nevertheless, the salient feature of the data in Fig. 7b
is that thelinduced enzyme does not require exogenous Mg?t for its

activity whereas the cellular enzyme does. This criterion can thus

effectively be used to differentiate the two activities, but unless
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otherwise noted, both en;ymeé were usually assayed in the presence of

6 mM Mgzt. -

3.3.3. Further analysis of the response to dTTP and Mg?t

In o;der to rule out_the possibi1fty that the properties of the

vira11} induced enzyme were artefactually generated bQ-factors present
in the 0-27% salt fraction of infected cells, the.fo]1owihg reconstruction
experiment was undertaken. Aliquots of the cef1u1ar and induced enzymes
were assayed either separately or in combination in the presence or

absence of either Mg2*t dr 1 mM dTTP. .As shown in Table 2, and in-agreemeht
| with tﬁe data presented in Fig. 7, the absence of ‘Mgt or presence of
dTTP inhibited only or primarily the cellular enzyme and had no or limited
effect on the induced enzyme. On the other hand, ahd as expected,.the

combined enzyme sample was affected by both conditions to an intermediate
degree, indicatfng that the 0-27% salt fraction of infected cells does

not’in itself confer altered properties upon ribonucleotide reductase.

-

3.3.4. Effect of pyridoxal-phosphate

In 1ight of the differences observed in the regulatory properties
of the induced and ce11u1ar.enzymes,‘the effect of pyridoxal phosphate
was tested. This compound ;}ﬁibits a wide range of enzymes by reacting
with lysyl residues in an active or allosteric site of the enzymé to form
a Schiff base (Cory and Mansell, 1975). In particular, it has been
shown to reversibly inhibit mammalian ribonuclectide reductase, possibly
by interacting with the allosteric site of the enzyme (Cory and Mansell,

1975). Despite the altered regulatory control of the HSV induced enzyme,

-
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Effect of Mg2* and dTTP on the Activity of the Induced and
,.lCé}]u]af'Ribonucieotide Reductase, and on a

Reconstituted Mixture of -the Two Enzymes

Enzyme sample® - __Enzyme activity (% of control®)
SR Mgt a M TS
" Induced - . 00 S
“Cellular T 19 - . - 10
CInduced + Cellular 51 . g

_ ¢ Equal amounts of both partidlly purified enzymes in terms of
protein concentration and activity, were used.

© Control enzyme activity, taken as 1003, was assayed under standard
conditions {i.e., in the presence of 2.7 mM Mg2* and the absence
O'F dTTP)- W

¢ Enzyme activitx was assayed under standard conditions in the
absence of Mg®™, and is expressed as the percentage of control
activity (see b). ' .

? Enzyme activity was assayed under standard conditions in the
presence of 1 mM dTTP, and js expressed as the percentage of
control activity (see 3). . .
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howeﬁer, both induced. and cél]uﬁar enzymes_prqved.to bé équa11y‘sus§eptib1e )
to inhibitian by pyridoxal phosphate; in either case enzyme aqtivfty was
reduced by 65% at 1 mM, and bj'approximate1} 75% at_Z mM_concen£;atiqn

' of the compound (Fig. 8a). | ;

3.3.5. Effect of ATP

-

.

NG

Since, as described earlier, ATP is a positive effégtor‘of_

' maﬁhaT%an‘reductase activity, the requirément of the partTa11y'burified
enzymes-%oy this nucleotide was tested. As shown in Fig. 8b, the cellular |
enzyme was found to exhibit-maximal activity at 3 mM ATP and to be inhibited
by 95% in the absence of the nucleotide. In contrast, the'induced.enzyme.r
showed makima] activity only in the absence of exogenous ATP and was
inhibited by 65% at 3 mM ATP. Although the ammonium sulfate fractions /.
useﬁ in these experiments were filtered through a SephadexJGfZS column,
and should thus have been relatively free of" endogenous ATP, the passibility
remained that removal of the nucleotide might have been incomplete or
unequal in different samples, especially if endogenous‘lévels of ATP were
higher in infected than in uninfected cells. This possibility, however,
was discounted by the fact that results similar to those of Fig: 8b were
obtained even after extensive dﬁalysis of the enzyme samples.

Other Herpesvirué-induced reductases have been shown not to .
require ATP for activity. Cohen et ¢Z.(1977) found that the enzyﬁé induced by
equine herpesvirus type 1 retained maximal aczivgty in the abSence of
exogenous ATP and Lankinen e i. (1982) reportéd that pseudorabies virus
induces a reductase which does not require ATP for max{mal activity. Tq;

latter group has suggested, however, (Lankinen et <., 1982) that the
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Figure 8 .

. .“ - .
Effect of pyridoxal phosphate on ribonucleotide regg?tase
activity. The induced (o) and cellular (@) enzymes were
assayed under standard conditions in the prEsence of
1ncreas1ng concentrations of pyridoxal phosphate. Enzyme
activity is expressed as the percentage of acL1v1ty in the
absence of pyridoxal phosphate.

Response of t?:e induced (o) and cellular (@) en’\ s to
ATP. - The cellular enzyme was assayed in the presence of

5 mM- l‘*[gz+ and the inducedeenzyme in the absence of Mgt
(see text); enzyme activity is expressed as the percentage
of maximal activity for each enzyme. The experimental
points represent individual assays from two independent
experiments.
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_inhibition of the HSV-2 induced enzyme shown in Fig. 8b may be due to a
]aék of Mg2+ ion§ at higﬁ aTh concentrations since 1) AT? binds M92+ ions
in a one-to-one stoichiometry, and 2) in the experiment shown in Fig. 8b
the induced enzyme was assayed in the absence of exogenous Mg3*, the
cellular enzyme in the presence of 5 mM Mg2*. hIn other words, they
suggest that ATP acts to remove endogenous Mg2™ ions which are necessary
.for induced enzyme activity. To test this hypothesis, the effect of
ATP on the induced Feductase was retested in the presence of 8 mM Mg2*. Jfﬁ\\\
Essentially the same results were gbtained as those shown in Fig. 8b, ,///
indicating that the inhibition of the induced enzyme does not appear to Kal
be an artefact.

These data {ndicate that the tota]Aamount of reductase activity k
detected in extracts of.infe;ted cells, as well as the observed degree of
induction, were likely :;derESEimated; since, as detailed in Materials and
-Methods, crude exffacts were assayed in the presence of 4.4 mM ATP.

Lastly, a final feature of these results worthy of note is that in
some experiments tﬁe'absence of ATP from the reaction mixture resulted in
the appearance of a new labelled reaction product, as detected by paper
chromatography of acid hydrolysed reaction mixtures (as described in Materials
and Methods, reductase éssays were routinely terminated by acid hydroiysis
and reaction products subsequently identified by paper chromatography}.
In the presence of ATP, *H-dCMP was the only labelled product of the enzyme
assay,qin the absence of the nucleotide an.additionaT labelled product,

m%grating slightly faster than dCMP, was sometimes observed. This new radio-

active peak was found in assays of both the induced and cellular enzymes, and

."
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was e1iminatéd by concentrations of ATP equal to or greater than 1 mM ATP.
The presence of appro#imate]y equal amounts-of the unidentified.p%oduct
in assays of both the induced and celluiar enzymes, coupled with the
fact that it was only occasionally observed, indicate that whatever the
.reactions were which generated this nucleotide, it js extremely unlikely
that they were contributing factors in the differential response of the
induced and cellular enzymes to ATP. Neverthe]es;, in order to avoid
metsbolism of the substrate to this unidéntified product, 1 mM ATP was
routinely included in assays of tﬁe induced enzyme; the cellular enzyme

waﬁ\assayed in the presence of 3 mM ATP.

3.3.6. Properties of HSV-1 induced ribonucTeotide;reductase

Although the HSV-1 induced ribonucleotide reductase was not
partialiy purified, a2 limited -number of studies were carried out _on
crude extracts of HSV-1 (c¢1. 107) infected 8HK21 cl. 13 cells. It wa§
found that enzyme activity wa:tinhibited by ]O-]S%Fin the presence of
1 mM dTTP or dATP, was unaffected by the absence of éxogenousjﬁgz+ and
enhanced by the gbsence of ATP. In contrast, cellular activity from
crude extracts of uninfected cells was inhibited 95% by 1 mM ATTP or
dATP, 85% in.the absence of Mng‘and 58% in the absence of ATP (the
residual cellular activity in !:; absence of exogengus ATP 1ikely-
Jef1e¢ts the presence of endogenous ATP in the crude extracts); (data

_not shown). Thus, the HSV-1 induced enzyme abpears to‘be similar to

the H3V-Z induced enzyme in its properties.
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3.3.7. Effect of salt and detergent on enzyme activity

b

L4

As mentioned ear1ier;'the HSV DNA poiymerase is stimulated by 7
salt concentrations which almost completely inhibit cellular <DNA
polymerase act%vity (Keir et.ci., 1966). As shown in Fig. 9a, the _
partially purified HSV-2 induced and cellular ribonucleotide reduc?gfe
also displayed a differential response to high salt concentrations;
whereas the cellular enzyme was inhibitea'by 90% in the presence of 30 mM
ammonium sulfate, the induced enzyme was uninhibited by concentrations.
of ammonium sulfate up Fo éO mM. Similar differences wefe also observed

-

when enzyme samplesrwere assayed in the presence of detergent (Fig. 9b);

~

0.01% Triton ™00 inhibited cellular enzyme activity by 80% without

-reduting the activity of the induced enzyme. These two agents can thus

|
serve as additional criteria for differentiqting the two enzymes.

3.3.8. Enzyme stability

i
1
In view of the re]at{vely low recovery obtained during purificatibn

of ribonucleotide reductase.from HSV-2 infected cells (*40%), compared with

-that from uninfected cellis (:30%), experiments were carried out to determine

whether this resulted from differential stability of the two enzymes.
Bothenzymes, however, were found to be equa]l& stable upon incubation

a§’4°c for at least 24 hours; indeed in both cases enzyme activity tended

to increase over this time period, possidbly dus to jncreased solubilization
(data not shown). In addition, both enzymes were equally stable upon

storage at -70°C; for up to at least § months no significant less of ‘activity

was detected in either preparation. Lastly, the induced and cellular
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Figure 9

. -

Effect of ammonium sulfate (panel A) and griton X-100 (panel B)
on ribonucleqtide reductase activity. The induced enzyme (o)
was assayed in the presence of 1 mM ATP and 6 mM Mg3*; the |
cellular enzyme (@) in the pregdnce of 3 mM ATP and 6 mM Mg2*.

Enzyme activity is expressed as the percentage of activity in the
absence of salt and detergent.

’ A
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enzymes'were inactivated at approximately the same rate and to the same -
extent by preincubation at 46°C, 50°C or 56°C (Fig. 10); ﬁeither
activity was inhibited following a.20 minute preincubatien ai 42°C (not
shown).

- As mentioned earlier, bacteriophage T4 encodes a thioredoxin
which acts as the specific hydfogen donor for the phage reductase. As
a result of ammonium sulfate fractidnétion, the thioredoxin is purified
away from the T4 reductase and must Be rec;msaned with the enzyme in
order to restore maximal levels of enzymé activity -(Berglund e* al.,
1969; Berglund, 1972). This raised the possibility that the apparent
loss of HSY-2 induced reductase activity fp11owing.sa1t fractionation
could be due to separation of the enzyme from a cofactor (or cof%étors?
required for optimal levels of enzyme activity. To examine this |
possibility the salt fractions from HSV-2 infected and uninfected ce%]s
(see Table 1) were pooled in different combinations-and assayed for
enzym&%ic activity. These experiments indicated that only pooling
of fraction 3 (41-74% salt saturation) with the induced enzyme
(0-27% salt saturation) resulted in a significant enhanceﬁé;;Aof eh;yme
actfvity (segFig. 11). This increase in activity was not due to :.he

contribution of residual amounts of cellular enzyme in fraction 3 since

1) fraction 3 contains very low levels of enzyme activity, and 2) the

_induced énzyme was assayed under- conditions inhibitory for the cellular

reductase. Although the enhancement of induced enzyme activity was

cleariy not mediated by a virally cogeq molecule, since fraction 3 from

either infected or uninfected cells was equally active, it was neverthe-

less specific for the induced enzyme since pooling of fractioﬁ 3 with
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Figure 10

Thermal stability of ribonucleotide reductase. Aliquots of the
partially purified induced (open symbols) and cellular (closed

' symbols) enzyme containing equal concentrations of protein, were
preincubated at 46°C (&,a), 50°C (O ,®m) and 56°C (O, e), for
the indicated periods of time and assayed immediately thereafter.

- The induced enzyme was assayed in the absence of Mg®™, the cellular
in the presence of 5 mM Mg2+. As indicated in the figure, 100%
activity was measurad in the absence of any preincubation and the
experimental points are presented as percentages of this value.

%

3
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Figure 11

Reconstitution of partially purified ammonium sulfate fractions.
Aliquots of the induced (0-27% salt saturation) and cellular
(2741% salt saturation) enzymes were mixed with increasing
amounts (as indicated on the abscissa) of fraction 3 (41-74%

salt saturation) from infected and uninfected cells, and assayed
for activity. Induced enzyme activity (open symbols) was.assayed
in the absence of Mg?* and ATP; similar results were however
obtained when 4.4 mM ATP was added to the assay. Cellular enzyme
activity was assayed at optimal concentrations of Mg?* and ATP
(i.e., 6 mM Mg2* and 3 mM-ATP). The experimental points Tor both
enzymes represent individual assays from two independent experiments..

The syﬁbois refer to the activity of the induced enzyme either
prior to (©O) or followihg addition of increasing amounts of fraction
3 from infected (O ) or uninfected (&) cells; and similarly to the

activity of the cellular enzyme either alone (®) or in combination
with increasing amounts fraction 3 from infected (M) or uninfected
(a) cells. :
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the celiular enzyme did not result in a similar increase in activity.

" These data indicate that there appears to be a cellular molectle (or -

moléculeéj which precipifates at 41-74% salt saturation and specifically:
enhances induced enzyme activity. Séparation of this moleéule frdm |
the induced enzyme may account, at least in part; for the Tow

recovery ofs induced enzyme activity foTTowiﬁg partiéT purification.
Charaqterizat}on of this enﬁéncing agent has not been pursued any .
further, nor have proteins precipitating at greater than 74% salt
saturation been_tésted for their abi1ity to.enhance.induced enzyme

activity.

~.

3.3.9. Sedimentation properties of the partially burified enzymes

~

In ofder to further distinguish, and possib]y_fufther purify,
the HSV-Z_induced and ceIﬁu]ar enzymes, their sedimentatiqn properties
in glycerol gradients were exémined. Initial ekperiments demonstrated
that upon centrifugation at 130,000 x g the cellular enzyme sedimented
as a symmetrical peak whose recovery depended on the presence of Mg**
in the gra®ient., Up to 50% of'the input activity was recovered when
6 mM Mg2* was present whereas only.20% could be récovergd in the
presence of'4 mM Mg2t; no activity was detected in the absence of the
ion (not shown). The requirement for Mg®* during sedimentation likely
reffects the role the ion plays in binding together the-two subgnits
of the enzyme. .In contrast to these results, induced enzyme activity
could not be recovergd under similar conditions of centrifugation.

After experimenting with a variety of sedimentation conditions, it was

vy



found that fhe apparent Toss of induced enzyme activity was due to

pelleting of the enzyme dur1ng centr1fugat1on “As shown in Fig. 12,

-by decreasing the sed1mentat10n force to 81,000 x g, both the induced

enzyme (panel a) as well as the cellular one (panel b), codfld be

recovered as discrete peaks within the gradient. Enzyme activity was

assayed both in the presence (open circles) and absence (closed circles)

of 30 mM ammonium sulfate as a means of discriminating—ﬁezﬁggh the two

"enzymes {see section 3.3.7.).2. In addition, a reconstruction eiperiment _

was carried out (Fig. 12¢) in which partially purified enz&mes were"

sedimented in the same gradient. The results of this experiment indicated

that the induced reductase sedimented.approximately 2.5 times faster

than the cellular enzyme.

Attempts were also made to differentiate the two enzymes on the .
basis of their response to dTTP and ATP (see.section 3.3.1. and
3.3.5.). Contrary to the results obtained with the ammonium

sulfate fractions, however, it was found that following sedimenta-
tion the induced enzyme was inhibited by approximately 60% in the
presence of 1 mM dTTP and by approximately 40% in the absence of
ATP. The response of the cellular enzyme appeared to be unchanged
by sedimentation, its activity being almost completely inhibited in
the presence of dTTP or absence of ATP. The variation.in the
induced enzyme response to the nucleotides could reflect real
changes in enzyme properties as a result of additional purification.
Alternatively, the different response might depend on the fact

that gradient fractions were assayed at a 10-fold reduced concen-
tration of unlabelied substrate (0.7 mM COP) in order to lessen

the dilution of the labelled substrate and thus maximize detection
of the enzymes. It seems unlikely, however, that a decreased
substrate concentration would result in alterations in the
regulatory properties of the enzyme. This phenomenon was not
explored in further detail. '

’
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Figure 12

Sedimentation of the partially purified induced and celluladr
ribonucledtide reductase on glycerol gradients. Aliquots of the
induced and cellular enzymes were centrifuged on 5-25% glycerol
gradients, containing 6 mM Mg®+, in the Beckman SW40 Ti rotor at
. 4°C.and 81,000 g for 17 hours. The gradients were then
fractionated and assayed for reductase activity in the ,presence
of 0.01 mM CDP, 3 mM ATP (see footnote 1) and 6 mM Mg, with
(o) or without (®) addition of 30 mM ammonium sulfate. Pandl .
a: virus induced enzyme; panel b: cellular enzyme; panel c¢:

a mixture of induced and ce]]u]ar enzymes. Sedimentation is
from right to Teft. '

- -
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* prior to sedimentation. In addition, the aggregate is not likely to

82 |

4 |

Since the mammalian reductase }s itself a large protein of
molecular weight at 1edst 200,000 daltons (Chang and Cheng, 1979;
The]andef ez‘cZ., 1980), it seems likely that the induced enzyme mighf

sediment as part of a high mo]e&uiar weight complex, either as a

~self-aggregate or in aggregation with other molecules. This putative

complex does not appear t ontain cell membranes since sedimentation

"in the presence of 0.05% Triton X-100 did.not alter. the mobility of

the enzyme; nor was the mobility altered by extensive dialysis or '

solubilization of the enzyme in 5% ammonium sulfate/0.05% Txiton X-100

contain DNA, since nucleic acids’ were removed from enzyme extracts by
prec{pitation wi£h streptomycin sulfate. Since reports in the liferatlre
indicated that fhe reductase ﬁight be a member of a multienzyme complex
(Allen et ci., 1980; Prem Veer Reddy and Pardee, 1980), the possibility
Qag examined that.the induced enzyme may be compiexed with some orﬂa11

of the kndwn Hév coded enzymes involved in DNA metaﬁo]ism (i.e., thymidine
kinase, DNA 601ymerasg, alkaline DNAase). However, none of thése enzymes
were found to copuﬁ%fy with the induced reductase in the 0-27% ammonium
sulfate fractioﬁ, nor could their activity be detected in the gradient
fractions which contained the reductase (data not shown).

3.4. Development of Antibodies Specific for the Virally Induced Reductase
b

-The characterization of the partially purified enzymes, as.
described in section 3.3., clearly demonstrated that infection with HSV
results in the appearance of a novel ribonucleotide reductase activity in

the infected cells. In order to determine whether the enzyme is virally
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coded, two experimental approaches were followed. One approaéh involved
determining whether purifieﬁfviral;Q351eic acid§ could direct the
synthesis of the inﬁucea reductase either <= vivo {(i.e., in Xeropus
laevis odkytes), or-in'vitro (i.e., in rabbit reticulocyte lysates);
these experiments are described in the Appendix. The Second

approach was té develop antibodies spec{fic for the induced enzyme
since such reagents would be useful in the identification and mapping -
of the reductase molecule. These studies are described in the sections

-

which follow.

3.4.1. Characterization of the antigen

-~

Sedimentation of the partially purified enzymes throuéh glycerol
gradients (described in section 3.3.9.), was carried out not only to
further distinguish the two enzymes but also in an attempt to obtain an
induced enzyme preparation of sufficient purity for ihmuhization purposes.
Indeed, following sedimentation of the induced enzyme, determination of
the distr%bution of protein within the gradient demonstrated’ that the
majority of the protein remained near the top of the gradient, suggesting
that further purification had been obtained. This was confirmed by
Coomassie blue staining of enzyme samples electrophoresed on SDS-poly-
acrylamidé gels {Fig. 13) which indicated that significantly fewer
po1ypeptides were present in the gradient fraction (lane 3) relative to
the less purified fractions (lanes 1 and 2). Total enzyme activity
recovered from the gradients appeared to be greater than the input

activity,‘suggesting that sedimentation may have also separated the induced



Figure 13

-

ELectrophoretic analysis of purified preparations of the virus
induced ribonucleotide reductase. Lysates of infected cells were
used as source of enzyme and purified as described in the text.
Aliquots of each fraction (corresponding to equivalent amounts

of protein) were then electrophoresed on 9% polyacrylamide-SDS
gels. The gels were stained with Coomassie blue, destained and
photographed. Lane 1: crude extract; lane 2: 0-27% ammonium
sulfate fraction; lane 3: gradient fraction.

-~
it
.
-
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enzyme from an inhibitor of ;;s activity. This comﬁlicateq ca}cu]ation
of the degree of purification provided by the sedimentétion step, but -
at least a -10-fold increase in specific act%vity of the eqz}me was
obtained reTatfve to the ammonium sulfate.fraction. Tﬁ further analyse
the composition of ;he sedimenfed enzyme preparation, extracts of radio-
labelled HSV-2 infected and uninfected cells were partial}y~purified and
e]ectrophoreséd on SDS gels. As shown in Fig. 14, Ebnside?abTe qudﬁtitative
and gqualitative differences can be seen between the Tabelled polypepgides-
'pfesent in the induced enzyme salt fraction (0-27%'salt saturation)

(lane 2) and the 0-27% salt fraction from uninfected cells (lane 1);
virtually all of the major 1abéﬁ1ed polypeptides present in the induced
enzyme sample appear to be unique-;o in%ected cells. As expected from
the data of Fig. 13, the sedimented indﬁzed enzyme prepafation.(1ane 4)
was quite pure and contained only cone major -labelled species of approximate -
molecular weight 140,000 as well as additional minor polypeptides Qf.MW
152,000, 119,000, 112,000, 96,000, 87,000, 67,000, 45,000, 38,000 and
less than 30,000. 0Of note is fhat in terms of newly synthesized labelled
polypeptides, and relative to the ammonium su]fate.fractipn_(1ane 2),

the increased purification obtained by sedimentation appeared much

less striking than that observed on the basis of qumassie blué stain
(Fig. 13). Evidently, the majority of the species which.sedihent away
from the induced enzyme are unlabelled molecules. In any case, the

relative purity of the enzyme preparation recovered from gradients rendered

it suitable for use as antigen to raise antisera in rabbits.

L
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Eijure 14
e CY
- \
preparations .0f the induced ribonucTeotng reduftase. B8HK21 cl. 13.
cells were labelled with [*°S] methionine froM®0-7 hours following
mock-infection or infection with HSV-2, and harvested at 7 hours;
c&%} lysates were prepared and purified as described in the text and
ag&iquots of the fractions (corresponding to equal amounts of radio-

/

.activity) were then ®lectrophoresed on 9% SDS-polyacrylamide gels.

In the case -of the induced enzyme samples, aliquots were also immuno-
precipitated with 30 u] of Rl serum and the reaction products electrg- -
phoresed’ together witH the par®ally purified fractions. Molecular
weight markers of 200,000 (200K), 150,000 (150K), 93,000 (93K),

-69,000 (69K) and 30,000 (30K} daltons were included in the gel; poly-

peptides were visualized by fluorography.

Lanes 2 and 4 refer respectively to the 0-27% salt fraction of
infacted cells (containing the virally induced enzyme) before and
after sedimentation in glycerol gradients. Lanes 3 and 5 refer to
the same fractions following immunoprecipitation. The 0-27% fraction
from uninfected cells +is included for comparison in lane 1, :



200k» |

150k »

- 93k»

69k>

30k»

88




Lt

P

ey

b

~

3.4.2. Preparation and scréening.of antisera

- *

~

-

Each of ‘two New Zealand rabbits was primed with 150 ug of the
sedimented HSV-2 indﬂced'enzmne;greparatipn and subsequently challenged at

_approximaté1y’mgnth1y intervals, initially with.70 ug of the same antigen,

.then with 120-150 ug of the less pure salt fraction. The animals were

i “initially bled one week after each boost, but following the fourth

F v : - r
boost, they were-routinely bled at 6, 10 and 14 days after injection.
Préiﬁmmugﬁ;serum was obtained from both rabbits prior to immunization.

LB . . .
Screening.of the rabbit sera was carried out by indirect immunofluorescence

-

&

on mock-infected and HSV-2 infected conmfluent Vero cells. —;Eésglgxperiments

. ‘ y) )
showed the presence of HSV specific antibodies by one week after the

“First booét; high background fluorescence was, however, obtained with
normal serum from several rabbits when tested under a variety of

\‘—_/

experimental conditions.

3.5. Characterization of the Antiserum

3.5.1. Immunoprecipitation : >

rl

A highly reactive bleed from one of the rabbits (designated RI
serum) was further tested by immunoprqgipitation using as éntigen partially
purified enzyme-preparations from labelled infected cells. These results
are-also sﬁowq iﬁ Fig. 14. When reacted with the ammonium sulfate or
graq{ent purified fractions (Janes 3 and 5, respectively), the Rl serum
precipitated primarily-and very efficiently a polypeptide of 140,000
daltons torresponding to the major labelled species present in the sample

used for immunization (lane 4). Additional species of lower molecular

-
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'y
weight (119,000,'112,000, 96,000, 87,000, and 38,000) were also immuhof
.precipitated by‘RT.' of thése, the 179,000 and 112,000 dalton polypepf;des
were found only in the sedimented enzyme sample éng‘may thqs,represent
degradation of the f40:000 M{ species during centrifugation.
A sﬁmilar’pattern wés obtained, as expected, when the R1 serum

was reacted with_unfraﬁfionated lysates of infecte¢ cells. For these .
experiments HSV-1 and HSV-2 infectéd and mock-infected BHK21 cl. 13 cells
wgre Tabelled with [5553 methionine from 0-7 hours post—;nfettion, or
mock;iﬁfection, and harvésted. Equal amounts of cell lysates, in terms

of radioactivi;y, weré_then reacted with either R1 or pre-immune serum

and the products of the reactions electrophoresed on SDS‘gels. The
'results, shown in Fig.-15, indicated that the R1 serum recognized pre-
dominantly a polypeptide of approximate MW 144,000 from HSV-2 infected -

' cef]é (Tane 1), as well as minor species of] approxjmate1y 170,000, 114,000,
g 110,000, 97,000, 93,000, 86,000 and 38,000 daltons. It was also found
that wjth'different preparations o% antigen the abundance and apparent
MW of tﬁe polypeptides migrating between 86,000 and 114,000 daltons tended ‘
to vary, perhaps indicating thaf either these species undergo variable
degrees of processing, or that they represent degradation of the 144,000
dalton polypeptide. As shown in lane 3, Rl serum also reacted with
HSV-1 antigens, but withmuch lower affinity than in the case of HSV-2
antigens. No reaction was observed with mock-infected cells (fane 5).
Similarly, pre-immune rabbit serum did not react Qith any of the antigens
tested (lanes 2,4 and 6)}. Serum from the second,of the two immunized
rabbits gave results similar to those obtained with the R1 serum (not

shown).
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‘Figure 15

Electrophoretic analysis of the antigens immunoprecipitated by Rl

serum from crude lysates of radiolabelled-cells. HSV-1, HSV-2 and
mock-infected BHK2] cl. 13 cells were labelled with- [3°S] methionine
from,0-7 hours post-infection and harvested at 7 hours. Equal

amounts, in terms of radigactivity, of HSV-2 infected (lanes 1 ahd 2),

HSV-1 infected (lanes 3 and 4), and mock-infected (lanes 5 and &)
cell lysates were reacted with 30 yl of R1 serum {lanes 1,3 and 5)
or pre-immune rabbit serum (langs 2,4 and 6) and the reaction
products electfnphoresed on 9% -polyacry]amide gels. Molecular’

-weight markers, as in Figure 14, were included in the gel and

polypeptides were visualized by fluorography.

b 'S
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Lastly, it wag observed that whereas the major-polypeptide.
immunoprecipitated from whole ce]1-1ysaﬁés was of approxﬁmate:Mw

144,000 (see Fig. 15), the major species immunoprecipitated from

;,pa}tia11y purified enzyme'fracgibns was esfimated fo be.140,000 daltons

(Fig. 14). 'E]ehtkophoresié of immunoprecipitates of whole cell lysates -
and of the partially purified samplés on the same gel verified that .
the e1ectrophoret{c,mobility of the majo? polypeptide, in both the

ammonium sulfate and the gradient‘puri?ﬁedrenzymé fractions, was

"~ sTghtly increased relative to'that in whole cell lysates. The signifi-

cance of ‘this épparent change in molecular weight has not been

determined, nor has it been ascertained whether this alteration is

compatible with reductase activity. Nonetheless, it seems Tikely that

the purified labelled fractions are enzymatically active, since an

unlabelled enzyme preparation which.was.copunjfied, under identical ~

conditions. with the labeiled samples was found to contain reductase

activity.

~

3.5.2. Effect of R1 antibodies on enzymd activity

Having established that HSV specific antibodies were present in

the immune rabbit serum, the ability of these antibodies to react with

~ the HSV-2 induced ribonucleotide reductase was tested. In order to detect

the presence of both neutralizing and non-neutralizing antibodies, these

experiments were carried out by mixing R1 serum and ammonium sulfate

N

purified enzyme in the presence of protein A-sepharose beads: the beads

‘were then removed by centrifugation and the supernatant tested for residual

enzyme activity. Incubation with beads alone resulted in the loss of a
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- smaTT percentage}of the act1v1ty of both the induced and ce11ular
enzymes, probab1y due to non—spec1f1c trapping of the enzymes by the
beads. Add1t1on of immune R] senum-to the reactions’ resul\‘ar1n a pre-
.ferent1a1 remova1 of induced enzyme act1v1ty from the reaction mixture

at high.serum concentrat1ons however the effecthyas not observed at
seru; d11ut1ons greater than 1:4 or 1:5. A decrease of induced enzyme
act1v1ty was also observed in the presence of pre-immune serum, but it
was 51gn1f1cant3y 1ess than that effected by Rl serum. In order to
determiﬁe whether the reductioo ef induced enzyme activity by Rl serum
Qas mediated by antibodies .the immunoglobulin G (IgG) fraction was
pur1f1ed from R1 serum by adsorpt1on to columns of protein A-sepharose.’
As shown in Fig. 16, almost aI] of the 1nduced enzyme activity was removed
from solution by concentrations of IgG wh1ch reduced cellular enzyme
activity by only approximat‘eiy 35%. However, high‘ concentrations of R1
IqG (apbrokﬁmately 1 mg) were requiredﬂto mediate this effect; in the
_presence of 200 ug'ofiIgG no selective reduction of enzyme activity was
obeerved. Similar results were‘obtained’with IgG derived from sera |
collected after additional boosts.

The requirement for high coficentrations of immune I1gG may be due
to the presence of very low levels of the antibodies specific for the
induced enzyme in the IgG preparation. In other words, the antibody- -
ant1gen react1on may be in antigen excess at concentrations of IgG below
1 mg. If this were the case, a series of successive adsorptions, using
Tess than 1 mg of R1 IgG, should effect a stepwise and eventually
complete reduction of induced enzyme activity.  The results of such an

experiment are shown in Fig. 17. The induced and cellular enzymes were

.
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Figure 16

[

Effect of IgG purified from R1 serum on ribonucleotide réductas@ activity.
. Aliquots of the induced (o) and cellular (e) enzymes, purified by

salt fractionation, were incubated with increasing concentrations of Rl

IgG in the presence of protein A-sepharose beads, as described in the

text. Immune complexes were then removed by centrifugation and the

supernatants assayed for residual.enzyme activity at the optimai ATP

and Mg2* concentrations for either enzyme (i.e., 1-mM ATP and 6 mM Mg?*

for assay of the induced enzyme, 3 mM:ATP and-6 mM Mg2* for assay of the
« cellular enzyme). Enzyme activity is expressed as the percentage of

activity measured following incubation of either enzyme with protein A-

sepharose beads alone.
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Figure 17

Effect of successive adsorptions with Rl IgG on ribonucieotide

reductase activity. Aliquots of the ammonium suifate purified induced
(open symbols) and cellular- (closed symbols) enzymes were reacted

four times successively with protein A-sepharose beads, either alone
(&a,a) or in the presence of 200 ug of Rl IgG (©0,e) or 200 ug of
pre-immune IgG (O ,®™). Following each reaction, immune compiexes

were removed by centrifugation and the supernatants assayed for

enzyme activity at the optimal Mg2* and ATP concentrations for the

two enzymes... Enzyme activity is expressed as the percentage of activity
measured in untreated controls (v,v).
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adsorbed successively with 200 ug of either Rl qupre—immune IgG,fBr
with buffer alone, in the presence of prbtein A-;epharose beads. The
amount of enzyme aétivity remaining in the reaction mixturg 1$ éxpressed
" as a percentage of the activity of untreated enzyme samplés (inverted
triangles). _As shown by the dpen circles, the activity of the induced
enzyme was progressively decreased by successive adsorpfions with immune
IgG such that by the third or fourth reﬁction, no significant residual
activity could be detected Gtﬁis reduction seemed to be mediated by
non-neutralizing antibodies, since no decrease in enzyme activity was
‘observed in the absence of protein Aise;harose (not shown)). In contrast
to the {aduced enzyme, the activity of the cellular enzyme was reduced
to the same extent by incubation with IgG from immune (closed cirﬁles),
or pre-immune rabbit serum {closed squares), or with buffer (closed
friang]es). A similar reduction of enzyme activity was also observed
when the induced enzymé was incubated with IQG from pre-immune serum
or Qifh buffer (open squares and triangles, respectively). This non-
specific reduction of enzyme activity was 1ike1y due to the di]uéion
effect resuiting from successive adsorptions, as well as to non-specific

trapping of the enzymes by the beads (as mentioned previously).

3.6. Identification of Virally Coded Polypeptides with Reductase Activity

3.6.1. Immunoprecipitation of the HSV-2 induced reductase activity with

H11 antibodies

Recent studies by Dutia (1982, 1983) have identified an HSV-1
temperature-sensitive (ts) mutént,eéesignated ts*ﬁ, which induces a

thermolabile ribonucleotide reductase activity. The ts lesion has been
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mapped in the Bam H1 O fragment (.572 - .599 map units) of the viral
genome, within DNA sequences encoding a 5.2 kS mRNA and.close to or
within sequences encoding a related 1.2 kb_mRNA; both mRNA's are members
of the g, or early, class of viral transcriptsm(Draper et al., 1982)..‘
As shown’in Fig. 18, tﬁe two mRNA‘species are 3' co-terminal and are
unspliced, thus the nucleotide sequence of the smaller message is’
entirely contained within the Tlarger oﬁe (Draper et al., 1982; MclLauchlan
and Clements, 1982). In vitro translation of the mRNA‘s has indicated
‘that the 5.2 kb species encodes a polypeptide of 140,000 daltons (140K)
whereas a 40,000 (40K) dalton polypeptide {s specified by the 1.2 kb mRNA
(Anderson et ., 1981). Dutia (1982) has also identified an HSV-é ts
mutant (ts 8) which seems to specify a thefmolabiie reductase activity.
Ts 8 has not been mapped, however, it hqgfggen shown incapable of
complementing the HSV-1 mutant. v

Given that the HSV-1 and HSV-2 genomes are largely colinear with
_ respect to gene order (Rapp, 1980), it seems likely that the ts 8
mutation will also map at .572 - .599 map units. RNA selected by
this region of the HSV-2 genome also codes for two polypeptides of MW
140,000 and 35,000° (Docherty et al., 1981; Galloway et cZ., 1982a)

which appear to be specified by 2 overlapping 3' co-terminal mRNA species,

These are very likely the homologs of the HSV-1 140K and 40K poly-
peptides. As is often the case when molecular weight estimates are
performed by different groups of investigators, there is some
variability in the designation of the two polypeptides. In HSV-]

. these polypeptides have been reported as 140K and 40K {Anderson et
al., 1981) and 136K and 38K (MclLauchlan and Ciements, 1982); in HSV-2
as 138 and 37.8K (Docherty et «l., 1981) and 140 and 35K (Galloway
et c¢i., 1982). ' .
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Figure 38

Schematic diagram of mRNA species encoded by DNA sequences within
.572-.599 map units of the HSV-1 genome. The open arrows indicate’
the location of the restriction endonuclease sites which define
the BamHl O fragment; the glosed arrows indicate the location and
direction of transcription of the mRNA species homologous to the
region. The size of the mRNA's is shown below the arrows and the
size of the polypeptides encoded by each species is shown above.
This data is based on S1 nuclease analysis and <in vitro trans-
lational studies by Anderson et gi. (1981), Draper et al. (1982)
and MclLauchlan andfClements (1982).
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as in HSV—i (Galloway et ai., 1982a;i£a110way and McDougali, 1983).
Interestingly, these HSV-Z_DNA‘sequences also overlap the two regions
of the HSV-2 genome (.42 - .58 map units (Jariwalia et az.; 1582),
and .58 - .Sé-map units (Galloway et <l., 1982b}) which have been
imp1i§ated in cell transformation (as discussed in greater detail iﬁ
the Discussion; see Fig. 24). ’

As described in the previous section, results obtained with the
R1 serum also indicated that the HSV-2 induted reductase activity might
be associated with one or more polypeptides of MW 170,000, Iq4,000, 114,000,
110,000, 97,000, 93,000, 86,000 and 38;000,(see Fig. 15). As a result
of the mapping data described above, attention was focussed on the 144&
and 38K species precipita;ed by Rl serum. A recent report in the
Jiterature had described a monoclonal antibody (designated H11), used
in the mapping of t}ansformation related HSV-2 proteins, which reacted
with both the 140K and 35K viral polypeptides (Galloway et af., 1982a).
The data presented in that report indicated that the two polypeptides
share amino acid sequences, and antigenic sites, since HII Feacted with
both molecules following transfer of infected cell proteins from a
gel to nitrocellulose paper. In order to determine whether the 144K
and 38K polypeptides recognized by R1 serum were identical to the virally’
coded 140K and 35K speciés, R1 serum was tested-:for cross reﬁctivitx
with the H11 monoclonal antibodies. Lysates of HSV-2 infected radio-
labelled BHKZ21 c1. 13 cells were exhaustiveiy adsorbed with either RI
serum or H11 ascitic fluid and finally cross-adsorbed with H11 fiuid
o; R1 serum, respectively. The products of the reactions were analysed

on SDS gels. As shown in Fig. 19, lanes 1 and 5 respectively, in ourn

o~~~
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" Figure 19

-

Cross-meactivity between R1 serum and H11 monoclonal antibodies.
HSV-2 infected BHK21 ¢1. 13 cells were labelled with [355] .
methionine from 0-7 hours post-infection and harvested at 7 hours.
Cell lysates were adsorbed four times in succession with either
50 ul of R1 serum or 10 ul1 of HI1 ascitic fluid, and were then
reacted with the heterologous antibody. The immunoprecipitates
. from each adsorption were electrophoresed on 9% SDS-polyacrylamide
gels. Lanes 1-3 show the results of the first, third and fourth
adsorption with R1 serum. Cross-adsorption of the final super-
natant with H11 fluid is shown in Tane 4. Lanes 5-8 refer
respectively to the first, third and fourth adsorption with H1]l
fluid and cross¢adsorption of the final supernatant with Rl serum.
Molecular weight markers, as in Figure 14, were included in the
gel, and polypeptides were visualized by fluorography.

-
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system both ant1bod1es prec1p1tated po1ypept1des of Mw"144 000 and °
38, 000. However, R1 serum reacted preferent1a11y w1th the 144K spec1es
whereas the HJT monoclonal ant1bod1es were re1at1ve?y more specific

for the 38K po]ypept1de.-_In add1t1on, as in E1g._15, the poTyva]ent‘

R1 serum precipitated other minor species which were.not recognized

by -the HI1 ﬁonoclona]'antibodies. Successive adsofption#.with 31'serum
(ianes 2-3)5removed almost a11,of thé anfigeﬁs recogn%zea by HI1 flufd
(compare lane 4_to 5). AIn turn, Hi1 fmmunoprecipi;ated al1'6f thé §8K
(1ane$ 5;7)‘b“t not gl; of‘the‘14¢K moliecule, residual‘amounfé of whjéh )
could still be immunoprecipitated by the R1 serum-fcompafé Tane 8 to
lane 1). These dataghave beeninterpreted as indicating that R énd H1T

share specificity for the 144K and 38K polypeptides, and ;hat their

_dﬁffefent affinities for the two. species may reflect differential -

avidities of the ant1b0d1es and/or preva]ente of one type of anu1body
in the po1yvaTent R1 serum.

In order-to determine whether reactivf;y towards—the 144K and
38K bolypeptides was equivalent to reactivity with the virally induced
reductase activity, ﬁhe ability of H{& antibodies to inhibit the HSV-2

induced enzyme was tested. Preliminary experiments indicated that, as

was the case with R1 antibodies, H11 antibodies did not directly neutralize

enzyme activity (see Table 4). As shown in Fig. 20, however, when H11
IgG.was incubated with enzyme in the presence of protein A-sepharose
beads (a; described in section 3.5.2.‘for R1 IgG) the induced enzyme

activity was specifically and almost completely removed from the reaction

‘mixture (open circles). Indeed, in this respect H11 IgG was much more

efficient than R1 IgG, since induced enzyme acﬁivity was reduced by 90%
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. - Figure 20

i

Effect of IgG purified from H11 &scitic fluid on ribonucleotide
-reductase activity. The ammoniumy sulfate purified induced
(open symbols) and cellular (cloSed symbols) enzymes were incubated
with IgG from H11 ascitic fluid (©,e) or from normal rabbit
.serum (O, %) in the presence of prote1n A-sepharose beads. -
Immunoprec1p1tates were removed by centrifugation and the super-
natants assayed for enzyme activity at the optimal M92 and ATP
concentrations for either enzyme. Enzyme activity is expressed

as the percentage of activity measured following 1ncubat1on of
each enzyme with prote1n A-sepharose beads .alone.
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in the p;esence of 300 ug of .H11 IgG compared t; T mg of Rl IéG (see
Fig. 16). . As observed previously with Rl éntibodies, the activity of
the cellular enzyme was.reduced to the same extent by treatment wfth
either HI1 (closed circIes)'or non-immune (closed squares) IgG; a
similar reduct1on in act1v1ty was also observed f0110w1ng 1ncubat1on
of the induced enzyme with non- immune IgG (Open squares). N
These data demonstrate that reoval of the 144K and 38K poly-
peptides'From'the enzyme assay‘is accompanied by removal of induced
enzyme activity. in order to determine whether the enzyme was 1tse1f
immunoprecipitated by the H11 ant1bod1es the immunoprecipitates were
tested for enzyme activity. Preliminary experiments indicated that only
low and variable 1evé1s of enzyme activity could be detéctéd in direct
assays of the immunoprecipifates. This_suggeéted that the enzyme might
indeed be part of the immunoprecipitates but mighf be bound to the
protein A-éépharose'beads iﬁ a2 manner which fmpairs its activity. In
an attempt to dissociate the antigen-antibody compTexes, ﬁﬁmunoprecipitates
were <incubated with 0.1 M DTT prior to enzymatic assay; th}i\cémpound
was chosen as it is known to reduce disulfide bridges and cou1a thus
alter the conformation of the antibody molecules. As shown in Table 3,
ho cellular enzyme activity was detected in immunoprecipitates. In
contrast, high levels of induced enzyme activity were consistently
detected'in immunoprecipitates derived from reaction of the induced
reductase with H11 IgG and protein A-sepharose beads. Similar results
have been 6btained with immunoprecipitates of the induced, enzyme by

R1 IgG (not shown). SignificantT} lower levels of induced enzyme activity

'
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Table 3

Recovery of Ribonucleotide Reductase Activity
b

from Immunoprecipitates

-

N ug Ig6 . Enzyme activipy (pmoles dCMP/30 minutes)
Cellular' enzyme” © Induced enzyme”
H11 CNRS® 'supernatantc beadsd _supernatantc . beads?gﬁ

- - 350 189 15

4
20 - 314 0 . 47 576
40 - 338 0 35 573
100 - 308 0 38+ 416
350 - 208 4 16 623
- 100 239 0 134 78
- 350 223 2 22 156

2 Normal rabbit serum.

© The enzymes used were partially purified by ammonium suifate fractionation.

¢ Aliquots of the enzymes were incubated with the indicated concentrations
of NRS IgG or H11 IgG in the presence of protein-A sepharose beads.
- Immunoprecipitates were then removed by centrifugation and the super-
natants assayed for enzyme activity under standard conditions at the
optimal Mg+ and ATP concentrations for the two enzymes. <

d Immunoprecipitates were washed twice with buffer, incubated with 0.1 M®
DTT for 15 minutes and then made up to the enzyme reaction mixture,
-—\ﬂh_\inc1uding the optimal concentrations of Mg2* and ATP for either enzyme.
_ {The final concentration of DTT in the assays was 67-mM.
e
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were recovered following reaction of the enzyme with non-immune IgG and

‘beads. Quantitation of the recovery of enzymatic activity was complicated

byAfhe fact that well over 160% of the input.act{vity was detected in

the immunopfecipitates (this va1ﬁe varied between experiﬁents, from 200-
400% of the input activity); Further experiments'showed the enhancement
to be due to the increased concenfratioh of DTT in the assay mixture
following treatment with 0.1 M DTT. The final concentration of the
reducing ageﬁt in-these assays was 67 mM, yhereas, as described in
Materials and Methods,-under standard conditiqns the énzymes were assayed
in the.présence of .6.2 mM DTT. As shown in Fig. 21, the éctivity of

the induced eniyme (open circles) was found to be dramatically enhanced

by increasing concentrations of DTT up to 100 mM; in particular at

" 67 mM DTT the enhancement was 7-8 fold relative Yo 6.2 mM DTT. . The

cellular enzyme (cio;ed éirc1es) attained a maximal but much lower
1e§e1 of activity between 10 and 60 mM DTT and was inhibited by higher
concentrations of the reduciné agent.

Experiments carried out in parallel with those shown in Table 3
demonstrate& that treatment of immunoprecipitates with 0.1 M DTT did
not result in solubilization o% the induced enzyme (not shown). These
data, together with those shown in Fig. 21, -suggest that the role DIT
p1a}ssin the reco éry of enzyme activity from iﬁmunoprecipitates is to
enhance the activity of the immunoprecipitated enzyme, rather than to
dissociate enzyme-antibody complexes.

The Tow amount of induced enzyme activity in‘immunoprecjpitates
derived from reaction of the induced enzyme with non-immune IgG (Table
3) indicates.tﬁat, as suggested earlier, non-specific trapping of the

o
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Figure 21

Effect of DTT on ribonucleotide reductase activity.. Aliquots of

the induced (o) and celiular (e) enzymes purified by salt
fractionation were assayed at their optimal Mg2* and ATP concentra-
tions. The abscissa indicates the concentration of exogenous DTT

in the assays; in addition, each assay contained approximately 0.1 mM
DTT due to the presence of the compound in the enzyme preparations.
This experiment was performed by Dr. S. Bacchetti and B. Muirhead.
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enzymes by the protein A-sepharose beads does occur. The apparent
absence of & similar trapping of cellular enzyme actiﬁity in these
exper1ments is 11ke1y due to the fact that unlike the induced enzyme,
the activity of the cellular reductase is not enhanced by high concentra-
tions of DTT (see Fig. 21) and thus remains below detectab]e levels in
immunoprecipjtates. _ .

The results presented in Table 3 demonstrate that H11 antibodies
are indeed precipitating the HSV-2 induced ribonucleotide reductase and |
suggest that either the 144K or 38K polypeptides, or Both, might be
associated with enzyme activity. On the other fhand, the data do not rule
out the possibility that enzyme activity might be associated with other
polypeptides which may be non-specifically precipitated by H11 antibodies
under the conditions of the enzyme precipitation reactions. The jimmuno-
precipifations shown in Fégures 14,15 and 19 defihed the specificity of
R1 and H11 antibodies and were performed under denaturing-conditiéns
(i.e., in RIPA buffer, see Materials and Methods) to minimize aggregation
of the polypeptides. For obvious reasons, immunoprecipitation of enzyme
activity was carried out under non-denaturing c0nditfons, and it is
thus possibie that some deéree of non-specific precipitation occurred in
those experimenfs. To control for this possibility, the induced enzyme
was partially purified by ammonium sulfate fractionation of'Tysates of
radiolabelled HSV-2 infected cells and then immunoprecipitated'hith H11,
R1, or non-immune antibodies under both denaturing and non-denaturing
conditions. The 1mmunoprec1p1tates were then electrophoresed on 9% SDS-
polyacrylamide gels, as shown in Figure 22. S1m11ar to the results pre-

viously obtained with R1 antibodies (Fig. 14}, under denaturing conditions
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Figure 22
\

Electrophoretic analysis of the antigens immunoprecipitated by H11,
R1 and non-immune antibodies from radiolabelled purified preparations
of the induced enzyme, under denaturing and non-denaturing conditions.
BHK21 ¢1. 13 cells were Tabelled with [¥°S] methionine from 0-7 hours
following infection with HSV-2, harvested at 7 hours, .and the induced
enzyme partially purified by ammonium suifate.fractionation of cell
lysates. Aliquots of the induced enzyme preparation corresponding to
310 ug of protein were then immunoprecipitated under denaturing
conditions (i.e., in the presence of RIPA buffer, see Materials and
Methods) with either 10 n1 of H11 ascitic fluid.(lane 2), 150 ug of
IgG from normal rabbit ferum (lane 4), or 40 u1 of R1 serum {lane 6),
as well as under non-denaturing conditions with 150 ug of HI1 IgG
(tane 3), 150 ug of IgG from normal rabbit serum (lane 5), and I mg
of R1 IgG (lane 7). Lane 1 shows the partially purified induced
enzyme preparation prior to immunoprecipitation. Molecular weight
markers, as in Figure 14, were included in the gel, and polypeptides
were visualized by fluorography.
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H11 fluid precipitated primarily two polypeptides of approximate MW 144,000
and 38,000 daltons (Iéne 2), cgrreSponding téithe major labelled species
fn the partially purified preparation of the inducea en;yme:(lane 1). A
few minor species, not consistently obtained in every experihént and also
seen under similar conditions with R1 serum (lane 6), but not with normal
rabbit serum (lane 4), were also immunoprecipitated. Since H11 is a mono-
clonal antibody (Galloway e+ =i., 1982a) these poTyﬁeptides are likely |
related to the 144,000 dalton species and to originate by post-translational
modification or degradation.

The résu]ts of immunoprecipitations with H11, normal rabbit serum,
or R1 IgG's under non-denaturing conditions are shown in lanes 3,5, and 7
respectively. Both H11 and R1 Ig&'s recognized prihérily the 144K and 38K
polypeptides and immunoprecipitated both species in absolute and relative
aﬁoungb;omparabie to those obtained under denaturing conditions. Signifi-
" cantly lower amounts of these two polypeptides were a?sé immunoprecipitated
by IgG from normal rabbit serum (lane 5). In addition, R1 and H1T anti-’
bodies precipitated minor species of which only a éﬁbset corresponded to
those obtained under denaturing conditions. Of the remainder, some were
precipitated with Hil bu% not with R1 IgG, the others, with the possible
exception of the 155,000 daiton polypeptide, were present in approxﬁmateiy
equal or greater amounts in immunoprecipitates obtained with IgG from
normal rabbit serum. fEnzymatic assays of the supernatants, following
removal of immunoprecipitates from the reactions, demonstrated that the
“immune IgG's precipitated 96% (H11) and 78% (R1) of the-input enzymatic
activity, whereas IgG from normal rabbit serum remoyed only 40%. Thesé

values appear to correlate well with the amounts of 144K and 38K immuno-

precipitated in each case; on the other hand, no such correlation seems
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to exist for the minor species, an observation which renders it unlikely

that these spécies are involved in enzymatic activity.

3.6.2.. Neutralizati&n of the HSV—Z‘fnduced reductase act{vity with Bg7

antibodies

o

. ! —-

_The hypothesis that the 144K and/or the 38K polypeptides are,
constituents of fhe viral reductase is further supported by data obtained
with an additional hybridoma antibody,- Bg7, developed.py M.Jd. Evelégh
in our laboratory. Bg7 waé_found to immunoprecipitate ahtigensrof
molecular weight 144,0pb and 38,000; that thegé are the same antigens
recognized by H11 antibodies was egtainshed by competjtion experiments,
as previously described for-H11 ‘and R1 antibodies. The_:Fsu1ts of - one
such experiment are shown in Fig. 23. Succeséivé adsorption with H11
ascitic fluid (oﬁ1y the 1st and 4£h are shown in lanes 1 and 2 réspectiveTy)
removed all of the 144K and 38K antigené,‘and cfbss—adsorptioﬁ witﬁ Ba7
fluid (lane 3) did not result in additional immunoprecipitation. Lane
4 refers to theqproducts of the reacfibn of Bg7 with a control antigen
which had been incubated with protein A-sepharose beads aione while the
H11 adsorptions were beihg carried out, and lane 5 refers to the reaétion
of Bg7 with féesh contro] antigen. App;rently,éxtensive degradation
.of the 144K species occurred during'fhe experiment; neverthelesg, both
this and the 38K species persist in sufficient amounts to react with
_ Bg7 -antibodies (lane 4), whereag they are depleted after reaction witﬁ
H11 ‘antibodies (lane 3). _ |

In addition to'immunoprecipitating the 144% and 38K antigens,

Bq7 was found capable of specificafly neutralizing the HSV-2 induced
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Figure 23

Cross reactivity between'H11 and Bg7 antibodies. HSV-2 infected
BHK21 ¢1. 13 cells were labelled with [3°S] methionine from 0-7
hours post-infection and harvested at 7 hours. Cell lysates were
adsorbed 4 times in succession with 10 ul of HI1 ascitic fluid and
then reacted with 10 u1 of Bg7 ascitic fluid. Lanes 1 and 2 show
the first and fourth adsorption with H11 fluid respectively, and
lane 3 shows cross-adsorption of the final supernatant with Bg7
fluid. The reaction of Bg7 fluid with control antigen which had.
been incubated with protein A-sepharose beads alone, for the time
required to perform the H11 adsorptions, is shown in lane 4; lane
S.refers to the reaction of Bg7 with fresh control antigen. °

" Molecular weight markers, as in Figure 14, were included in the

gel, .and polypeptides were visualized by fluorography. R
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| ribonuaeoﬁide F’gauc;asé,‘-asshoﬁn in Tablé 4. The .HSV_—Z_ induced: and

celluTa}‘ehzyﬁég were incubated with IgG'pufffaed from Bg7"or HT1 "

'asc1t1c fluid, or eermal rabb1t serum, for 30. min.at room temperature ’

and then assayed for enzymat1c activity. As Tittle as 10 ug of Bg7

1gG effeeted aegreater tpan 50» neupra11zaeion ef'induced enzyme activity,

and in the presence of 30 ug'o¥<IgG.the-activit9 bfnthe'enzyme was

.a1most comp1ete1y 1nh1b1ted. In eehtrast similar cbnceetration§'of'

Bg? IgG did not 1nh1b1t the activity of the ce]]ular enzyme. As already

mentioned37H11 IgG was incapable of neutralizing induced enzyme actAVify.
fﬁese-data demonst;ate that }eactfon of Bg7 with the 144K or

38K polypept1des specifically inhibits the act1v1ty-or ‘the HSV-2-

induced reductase, indicating that at Teast one of these po1ypept1des

is a constitueng,of the 1nduced enzyme. Based on tHe mapp1ng of the

144K and 38K po1;peptides (Anderson et ai., 1981 Doeherty et al.,

1981; Galloway ez cl:, 19823} these data 1ocate_the coding sequences of

at least a component of the HSV-2 ribonucteotide reductase between .56 -

and .60 map units -on fhe viral genoge, within DNA seqaences'asSociated

with cell traﬁsfdrmation. The mapping is in agreement w{th that

obtained by dutia (i982) for a ts lesion affecting the HSV-1 ribo-

nucleotide reductase.

LA
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Table 4

-~ Neutralization of Virus Induced

Reductase Activity -

ug IgG % Enzyme activity®
Bg7 H11 Induced ~ Cellular
- - 100 . 100
v - a3 P
0 - 3 : 105
60 - 1 | 72
10 - 1 . 75
- 50 128 NO
- 100 76 ~ND

A11quots of the ammonium sulfate purified induced and
cellular enzymes were incubated either with buffer alone,
or with IgG from Bg7 or H11 ascitic fluid, in a constant
volume. for 30 minutes at room temperature with intermittent
mixing, and assayed immediately thereafter. Both enzymes -
were assayed in the presence of 60 mM DTT and at their
~optimal Mg2+ and ATP concentrations. As indicated, enzyme
activity is expressed as the percentage of activity
measured following incubation of each enzyme with buffer
alone.

5 ND, not determined.
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4. " DISCUSSION : R

.. <
The results of the present study have shown that infection of

mammalian cells with HSV-2 results in'the synthesis of a novel ribo-
nucleot{de'reductase which is biochémicéTTy and immunologically dis-
tinct from tﬁe\uninfected cell enzyme. They have also shown that
_antibod%es specific %cr the- induced enzyme areAéqua11y specific for .
 two HSV-2 pb]ypeptides of 144,000-and 38,000 daltons; thus either
" one, or both, of these viral gene products appear to be- constituents
| of the enzyme. In addition to establishing the viral origin of the
induced reductase, the idenfification:of the viral po1ypeptidés
invo]ng‘in enzymatfc activity has allowed the mapping of the éhzymé

(or part of it) within coordinates .56 - .60 of the viralTgenome.

This location is consjstenf with tha£mEecéﬁ;¥; }eporfed for a ts

lesion affecting'the HSV—]iinduced reductase {Dutia 1982, 1983). To
date, the 6@7& othef viruses known to encode a ribonucieotide reductase'
_are the‘bacteriophageé T2,74,75 and T6 (Holmgren, 1981). Although

several other herpesviruses (Epstein-Barr virus, equine herpesvirus

and. pseudorabies virus (Henry et ai., 1978; Cohen et al., 1977;

Lankingn et'al., 1982) are capable of inducing a novel ribonucleotide "
t- "

reductase upon infection of cells, the viral origin o%;thesé enzymes

has yet to be estab]ishéd.'

123



124

The indection of the HSV reductase is kinetically similar
to the induction of the viral thymidine kinase," suggesting that the -
reduéfase belongs to the early, or 8, class ef virai polypeptides, as
do other viral fuqctions.invo1ved in DNA metabolism. Cﬁgraeterization
ef the viral reduéiase_was carried out primarily on enzyme preparations
whjch had been partially purified by ammonium sulfate fractionation
of {;fected cell 1ysatee. Although this procedure afforded only a
Jimited degree of purification in termé of the specific activity of
the enzyme, it resulted in a viral enzyme preparation which was
esserftially free of cellular reductase ac#ivity. Separation of the
Jira] and cellular reductases by ammonium sulfate precipitation has
since been reproduced by others, using both HSV-1 and HSV-2 infected
cells (Dutia, persona1 communication; Cohen ez al., 1982)

The.al1oster1c regulation of the HSV enzyme appears to be
quite different from that of the cellular reductase. The data pre-
sented in Fig. 7a, as well as those reported by others (Ponce de Leon
ot al.. 1977; Langelier and Buttin, 1981), indicate that reduction

of CDP by'the vire1 eﬁzyme is only slightly inhiﬁited by coecenfra-

tions of dATP and dTTP whieh aimost compTete]y inhibit cellular enzyme _
activity. In this respect, as well as in others, the HSV enzyme -
resembles the T4 reductase _Unlike the E. col< and mammalian enzymes
the overall activity_of the T4 reductase is not inhibited by dATP |
since the enzyme lacks the 1 sites (sée Fig. 3a) which bind the
nucleotide to mediate its inhibitory effect (Berglund, 1972b). In
addition, the T4 enzyme is virtually insensitive to inhibition by the

-other nucleotide effectorsj binding of dCTP, dTTP, dGTP, dATP and ATP
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: RN
to the sing]e’effector binding site (analogous to the bacterial h
" site; see Fig. 3a) results almost exclusively in stimulation of enzyme
activity, albeit to varying degrees depending upon both the effector
and the substrate (Berglund, 1972b). As mentioned in the Introduction,
the virtual elimination of inhibitory effects is 1ikely geared towafds
all out synthesis of phage DNA during which large amounts of the DNA
precursors are required. By analogy with the regulation of T4 enzyme
activity, the data of Fig. 7a may indicate that the HSV reductase
is also insénsitive to overall inhib%tion‘by dATP, as wél] as to in-
hibition by the other nucleotide effectors. .An apparent difference
between the HSV and T4 enzymes is that whereas the reduction of CDP
by'the latter enzyme is stjmulated by both dATP and dTTﬁ (Berglund,
. 1969; 1972b), the activity_of the HSV reductase seems to be uanfected
by the two nucleotides (Fig. 7a). fhis may indicate that the HSV
enzyme does not respond to aliosteric regulation, however an accurate
assessment of this property will require testing of all the g;fedfors
-on the réduction of all four substrates. A{;hough recent data by
Cohen et al. (1982) have indicated that the/ﬂSV enzyme is also capable
of” reduc1ng ADP and GDP, all of the work published to date in this
 system has monitored only the'reduc;ion of CDP, Tikely because it is
thé most convenient of fhe assays to perform. |

Although the preceding discussion has stressed the absence
of reguiatory effects on the Eedu;tion Sf CDP by the HSV enzyme, this
 “reaction can apparently be inhibited by ATP (see Fig. 8b). As discussed
in section 3.3.5., this effect was consistently observed under a

variety of experimental conditions using enzyme preparations partially
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purified by_fréctionatioﬁ with salt. These data are in contrast to
those of Ponce de Leon et al. (1977) who reported that both the HSV-]
and hSV-Z'enzymes show an absolute reqﬁirement for ATP for activity.
Indeed, for none of the other reductases sd far described, including’
those induced by other herpesviruses, does ATP behave as a negative
effector. This raises the possibility that the resu1£s shown in Fig.
8b might be an artefact of our system due to indirect effects of the
nucleotide on en?&me écfivity. This possibility is supported by
preliminary resu]ts:’descrjbed in the.foaotnote to section 3.3.9.,
which suggest that more purified enzyme preparations recovered from
glycerol gradients appear to require ATP for maximal acEjvity. These
data indicate that proﬁér asseésmént of the allosteric regulation of.
the HSV reductase will likely require homogeneously pure enzyme
preparations for testing.

The data presented in Fig. 21, demonstrating that high con-
centrations of DTT are reguired for maximal activity of the HSV
reductase, indicate that considerably higher levels of viral enzyme
activity were presént in partially purified enzyme preparations than
originally estimated under standard assay conditions (i:e., in thé
presence of 6.2 EM DTT). This is also true of viral enzyme activity
in crude extracts, which was also stimulated by DTT, albeit to 50%
the level obtained with purified enzyﬁé preparations (not shown). DTT
is known to effect ribonucleotide reductase in several ways: firstly,
low concentrations of the compound (1 mﬁ) stabilize enzyme activity

(Brown et cl., 1969; Ponce -de Leon et al., 1977); secondly, as

mentioned in the Introduction, DTT can act as a direct hydrogen donor
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for the enzyme; lastly, in the presence of the physﬁological hydrogen
donor, DTT can serve to regenerateAthis molecule, thus aciing as an
indirect hydrogén donbr (Broﬁn et al., 1969; Berglund, 1972a). .It is
not possible, on the basis of the experiment showp.in Fig. 21, to
dﬁscriminate between the latter two po;sibi1fties, and therefore these
daté could reflect differential affinities for DTT of either the enzymes
themselves or of their physiological hydrpgen donors. While the parti-
tfoning of the Ehysio]ogica] hydrogen donors during partial purification
has not been determined, it is interesting to note that fraction 3 from
infected or uninfected cells is capable of specifically enhancing viral
enzyme activity, indicating £hat:this fraction may contain the physiciogical
hydrogen donor for the enzyme.

A The-sedimentation properties of the vira]ireductase suggest
that either it has an unusually large molecular wéight (far in excess
of 200,000 daltons) or.more 1ikely that it sediments as part of a
high ;w1ecu1ar weight complex. Although it has been reported that,
in vive, the reductase might FOﬁ? part of a multienzyme complex, such
structures seem to be very labile and have only been detected in
permeabilized mammalian cells (Prem Veer Reddy and Pardee, 1980) or
gently lysed bacterial ée11s {Allen ex eZ., 1980). As described in
Materials and Methods, sonication of cell suspensions was used in the
preparation of the H$V enzyme, and multienzyme complexes were thus
Tikely disruptedtl Furthermore, the HSV reductase did not appear %o
cose@iment with any of the known viral enzymes involved in DNA
metabolism, or to be associated with cell membranes. The high molecular
weight of the viral reductase thus 1ikely results from <n vicrg

aggregation with other polypeptides, or from self-aggregation. Indeed,
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~in.some experiments in which crude cell éxtracts were used, the bulk

of the.viraTiénzyme actiiity was found to cosediment with the cellular
enzyme (not shown). A1though these results were not always reproduéibTe,
they suggest the possibility that the high molecular weight form of -

‘the reductase may result from aggregation during precip%tation‘with
ammphihm sulfate. Whatever the nature of the aggregate, it appears

to result from specific interactions, since the sedimentation rate of

the partially purified viral enzyme was reproducible between experiments,
and for_different enzyme preparations.

Electrophoretic analysis of the glycerol gradient fractions
containing viral enzyme activity revealed the presence of only é
limited number of polypeptides, among which the major species appeared
to be specific to virus infected cells. ImmUnization of rabbits with
this md?érial resulted in the production of antibodies (Ri serum)
which were capdble of specifically immunoprecipitating, although not
of neutralizing, the HSV-2 reductase activity. Subsequent experiments
identified monoclonal antibodies to viral specified polypeptides which
were even more efficient in immunoprecipitating the viral enzyme
activity (H11 antibodies) or could directly neutralize it in solution
(Bg7 antibodies). Although others have described immunological
differences between cellular and herpesvirus induced reductases
(Lankinen ez al., 1982), these data constitute the first report of
antibodies with specificity for a herpesvirus induced reductase.

Such antibodies might provide a means for rapi& and efficient purifica-

tion of the viral enzyme by immunoaffinity chromatography which in

turn would allow precise characterization of the structure of the
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molecule and its activity. , : -

The ability of R1, H11 and Bg7 antibodies to react with the
HSV-1 reductase has not been assessed, however as tested by immuno-

" precipitation all three antibodieslappeér to react preferentially
with HSV-2 antigens (Fig. 15; Galloway et al., 1982a; M. Evelegh,
unﬁub]ished) suggesting that the énzymes encoded by the two HSV sero-
types are immunologically distinguishable. Similaridiffé%ences have
been observed for essentially all of the viral antigens tested to -
date (Spear and Roizman, 1981}, including the viral enzymes thymidine
kinaée (Campione-Piccardo and Rawls, 1981) and DNAase (Ho%fman and
Cheng, 1978). This is the only sighificant difference thﬁs far
detected between the HSV-1 and HSV-2 reductases; the limited:
Eharacterization of the HSV-1 enzyme carried out in this study, as
well as work carried out by others (Ponce de Leon ez ai., 1977; *
Langelier and Buttin, 1981), indicates that otherwise the HSV-1
reductase is .quite similar to its HSV-2 counterpart.

Inlagdition to their abiljty to react with-the viral reductase,
all three antibodies share spec%ficity against two viraily coded po1y—
peptides of 144,000 and 38,000 daltons. Thig indicates that enzymatic
activity must be associated with either one, or both, of these poly-'
peptides and that at least a component of the reductase is virally
coded. In addition, since the map location of the polypeptides is
known {.56 -.60 map units), these data allow the identification of
viral DNA sequenées encoding part, or all, of the enzyme. The mapping
is in agreement with results recently reported by Dutia (see section

3.6.6.) which Tocate a ts lesion affecting the HSV-1 reductase within
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‘a region of the HSV-1 chromosome (.572 - .599 ﬁap units) which also

encode;.polypebtides of molecular weight 144K and 38K. Thesé data,however
do not rule out the possibility that the viral eniymé may be é.hybrid-
molecule consisting of viral %ﬂd.ce11u1ar po1ypeﬁtfdes. On the other hand, ‘
recent experiments by\Langé]igr et al. (personal communication) have

shown that J%ra] enzyme activity is sensitive to inhibitq;S’of the-

M1 and M2 subunits of the mammalian reductase and canndt be restored

by addition"of‘either one of these ‘components. This suggests that

the subunits of the mammalian enzyme do not participate in viral

" reductase activity and that the HSV enzyme might thus be emtirely

coded for by the virus. _

- Unless the HSV reductase is strUctura]]y different from the
reductases characterized to date, it should resemble the Z. col<

class of enzymes by virtue of its sensi;ivity ts hydroxyurea (see
Introduction), and thus coﬁsist of %wo non-identical subgqi}s. In the
T4 and E. col< enzymes, polypeptides of approximater 85,000 and
80,000 dﬁ1tons constitute the nucieotide-binding moiety, whereas the
iron-containing (or hydroxyurea sensitive) moiety consists of poly-
peﬁtides of épproximate]y 35,000 and 59,000 daltons, respectively.

The iron-conéaining subunit of the mammalian enzyme has not yét been

purified to homogeneity, but several groups have estimated a molecular

"~ weight of approximately 90,000 &aitons-for the nucleotide binding

subunit (Moore, 1977: Chang and Cheng, 1979; Thelander et ci., 1980).
As mentioned in the Introduction, however, a recent study has suggested
that the latter subunit may be formed by the association of various

combinations of four polypeptides of molecular weight 45,000 daltons
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eaéh specific fof reducfion of a single substrate, giviqglr{se-to
ﬁUcleotiHe-binding subunits with molecular weights of 45;000, 90,b00,
135,000 and 180,000 units (Youdale ez 4., 1982): Although a
'comparison on the basis of size might be meaﬁing1essf'it js possible
.tb speculate from these daté that the HSV 38K and- 144K polypeptides -
~_could repreéent, respectively, the iron-containing.and nuc]éét?de—-’
binding subunits of the yiral'reductase. .It should be noted, however,
that énzymaticéTTy active ihmunoprecipitates'contain, in addition to
the T44Kland 38K species (Fig. 22), other po1ypeptides. Although their
presence does not appear to correlate with enzyme‘gctivity, the -
possibility that they are cqmponent§ of the viral enzyme haé not been
ruled out. _

As described in section 3.6.1., in both HSV-1 and HSV-2 the
144K and 38K polypeptides appear to be encoded by overlapping, 3
coftermiha1 mRNA species Tocated between .56 and .60 map units. DNA
sequencing of the region encompassing the messa&ge  for the 38K poly-
peptide_haé recently indi;ated that the two polypeptides of both.
serotypes appear fé Ee translated in different reading frames and
are thus un1ike1y‘£d sha}e amino acid sequences (Clements and MclLaughlan,
1981; Draper et al., 1982; Gal]oway, personal communication). This )
contradicts results previously reported by Galloway et at.,(1982a)
claiming that H1T monoclonal antibo&ies are caﬁab1e of recognjzing
both polypeptides even after their separation by electrophoresis.
Although this point reméins unsolved, the common specificity of sgveral

antibodies for both polypeptides indicates either the existence
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" of common antigenic sites or a vegp specific and persistent association

-

of the two po1ypept1des.
An apparent d1fference between the two serotypes in the
ne1;tive abundance of the mRNA species encod1ng the 144K and 38K
poiypeptides-hag been reported. lIn HSV-1, the 5.2 kb mRNA specifying
the 144K polypeptide is a mnjorvspeqtes, present in greater amounts
than the 1.2 kb mRNA encn:ing the 38K polypeptide (Anderson et al.,
1981) The abundance of the anaTogous HSV-2 mRNA's has not been
d1rect1y assessed however 1t has been determined that the 38K po1y-‘
peptide is the'major ,n_vztro.transTatlon product of this region of ‘7
the genome, whereas only low 1e6&1s of the 144K produét‘can be detected
(Docherty et al., 1981; Gai]oway et alt., 1982a). At ‘present, it is
not clear whether these rebresent réai*differences between the sero-

types, or whether they are artefacts of RNA extraction and/or in vitro

"translation. Indeed, our in vivo studies (see Fig. 14) indicate that

both the 144K and 38K polypeptides appear to be major polypeptides
in HSV-2 fnfected cells.

As mentioned earlier, the HSV-2 144K and 38K deypeptides are_
encodedlby'DNA sequences overlapping two-regions of the HSV-Z genome
which have beenlimpTicated in cell transformation. Studies by
Jariwalla et «Z. (1980, 1982) have shown that the Bgl II C fragment
(.416 - ;580 map units, see Fig. 24)'nf‘HSV-2 can transform—Syrian
hamster embryo cells; DNA sequences from the left end of. the fragment

(.419 - .525 map units) being capable of immortalizing the cells,

. whereas sequences from the entire fragment are required for their

acquisition of oncogenic potential. Expression of the latter property



-

ot

Figure 24

ks

Schematic diagram of HSV-2 DNA segquences associated with cell
transformation. The closed arrows indicate the location and-
direction of transcription of the mRNA species encoding the 144K
and 38K polypeptides. This data js based on in vitro translational
studies and DNA sequencing, the mRNA species themselves have not
been characterized or precisely mapped (Galloway et cl., 1982a;

Galloway and McDougall, 1983). The broken line’spans DNA sequences

which reported]y contain the gene for the po]ypept1de ICP 10
(Jaruwa]]a et al., 1980}.
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was found tb corre15te with the expressioﬁ of thé vira1rprqtejn Ic 10 -
..(Aure11an et al., 1981). A1though.tﬁe sequences coding fot this po1y;
peptide have not been precisely identffied, they have been rbugh1y
. mapped -to the area of thE'gehome bétween .53 and .58 mép units (Fig.
24),-aﬁ§ indeed it has béen suggested that ICP 10 and the 144K po]y-
peptidé might be iaenticaT. In contrast to the results of Jar1wa11a .
et al., studies by.Reyes et ai. (1980) and Ga11oway and McDouga]T (1981)r
_have identified the BQI II N fragment of HSV-2 (.58 - .62 map un1ts,
see ?ig 24) as capable of inducing mQrpho1ogica1 alterétioqs and
oncogenic potent1a1 in pr1mary or cu]tured rodent ce1ls More recent
studies. have shown that a c]oned 2.1 kaam HI-Pst I fragment from

the left end of Bgl II N-(see Fig. 24) is sufficient to effect this
transformation_(Ga{1oway et al., 1982b) %1though these sequences ate
not retained in the traﬁsformant; (Galfoway and McDougall, 1981). DNA
sequencing has demonstrated that thé-2 1 kb transforming tegioh
conta1ns all the cod1ng sequences for the 38K po1ypept1de except for
the two 1n1t1a1 nuc1eot1des, but lacks the promoter sequences which

are just upstream "of the Bam HI sgte(GaT1oway and McDougall, 1983).
A}though; as mentioned, the transforming fragment is not, retained in
the cells, and indeed it is not known whether the 38K polypeptide can
be expressed by the reéombinant plasmid, it is worth noting that a
polypeptide of approximately 38,000 daitons has been immﬁncprecipitated
with anti HSV-2 sera from HSV-2 transformed ce%]s {Suh ez al.,'19805.
In addition,isera froh cancer p;tients have higher titers of antibodies
to:a 38,000 dalton polypeptide than-do sera from control patients
(Gilman et <I., 1980).
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The results of the present study and the data reVTewed above.

thus suggest that po]ypept1des wh1ch are assoc1ated with HSV 2
reductase act1v1ty may also be assoc1ated with cell transformat1on.‘
This is an intriguing poss1b111ty in light of thg fact that as
described in the Introduction, HSV may transform n}a a "hit and rin®’
mechanism me@iated by the:transfent expression of viral genes. .
According tothishypothesié,'HSV-Zlmigh; transform cells.by acting .
as é mutaéen‘or carcinogen. It is‘fempting to speculate that such a
-mntagénic effect could be exerted by the transient exbfession of the
_ viral reductase; As discussed in section 1.2. 5 » 1mba1ances in intra-
celTular poo1s of deoxyr1bonuc1eos1de tr1phosphates are known to have
a mutagenic effect and r1bonuc1eot1de reductases which are altered

in the1r regulatory contr01, can indeed act as mutators. Thérreductase
Induced by HSV-2 appears to be 1nsens1t1ve to allosteric inhibition

by dTTP and dATP, and infection of cells with HSV has been shown to
induce imbalances in intracellular Tevels of deoxyribonucleotides
(Cheng et al., 1975; Jamieson ad Bjursell, 1976a). Taken together,
thgsé data support a role for the HSV-2 reductase in cell transforma-
tion via mutagennsis, however 1t is at present difficult to reconc11e
tnnawapp1ng of both the 144K and 38K po?ypept1des with the location
" of the two transforming regions (see Fig. 24). This difficulty is

in Targe part due to the uncertainty on the role of each.po1ypeptide
in enzymatic acti;ity and to the absence of a more accurate mapping
of the transfornnng function(s wiyhin the Bgl Ii C fragment. In
add1t1on expression of ribonucleotide reductase m1ght only be one of

several mutagenic processes ogcurring during viral infection. Indeed,



' transformatien of,ce11s'by,HSVel'aupearsﬁtd be assdqiated with DNAf
_sequeﬁtes iotated withﬁn’.Bl - .42 map Units (Reyes et aZ;, 1979)
t1nd1cat1ng that the reductase may not p1ay a ro]e in HSV -1 med1ated
transformat1on. In any case, the poss1b1e role of the v1ra1 reductase .
" in. transformat1on cou]d be assessed by determ1n1ng mutat1on fre—
quencies of spec1f1c loci in- ceITs 1nfected w1th wild tyde virus and -
reductase mutants, or transfected with viral DNA sequences cod1ng for‘
the enzyme. . '
7. An understand1ng oF‘the ro]e of - the HSV reductase in viral.
rep11cat1on will require further character1zat1on-of the system.
‘Pre11m1nary studies by Dutia: (persona] commun1cat1on)-have shown that
" at_the non-permissive temperature the titer of an HSV 1 ts mutant |
carry1ng a lesion affectwng reductase act1v1ty was reduced approxw-
mately 10 fold relative to wild type virus. These data suggest that
the viral reductase might be an essential function at least for
: efficient vira1'rep1ication; The requirement for reductase activity
likely reflects the need for large amounts of DNA precursors to
. sustain a high.rate of DNA synthesis. Since the cellular reductase
is only synthesized just prior to and during S uhase and, in'addition
1nfect1on W1th HSV results in rapid shut-off of host protein synthes1s
(Syd1skts and Roizman, ]966 1968; Ben-Porat et ., 1971), the
cellular enzyme is pr@bably not available in sufficient amounts in
infected cells. Furth ore, its activity would 1ikely be impaired
by the elevated intrac:?$h1ar levels of:dTTP resulting from HSV
infection (Cheng ez az.; 1975; Jamieson and 8jursell, 1976a, 1976b).

Whether the reductase is a truly essential viral function (e.g.,
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“such as the DNA pol ymeraséj_vﬁ'l'l only be determined by further
L cherécteriiation bf'wef].de?ined viral mutants, howevef the enzyme ¢

should at Teast prove. to be indispensable for viral rep11cat1on in
cel1s conta1n1ng very, 1ow levels of dNTP s and endogenous reductase )
a;t3v1ty, such as neurons‘and serum-starved cells. (oncomitantly,
‘the viral reductase és a1eo Tikely to be essentia], as is the TK

_ for the estab11shment of, or react1vat1on from, latency in neurons.
) The 1dent1f1cat1on of v1ra1 gene products invoived-in r1bo-
nucleotide reductase activity has rendered it possible to assess
the eelevance of the eezyme in primary and recurrent infections.
'Speci?ic-mutafjons in the DNA sequences -encoding these po1ypeptides.
can now be eng1neered in Uztro and their effects aeeessed in vive
fo]Tow1ng rescue of the mutated fragment 1nto the virys. If indeed
viral mutants exhibit decreased»v1ru1ence and are unab1e to either

establish,or undergo reactivation from, latency, ribonucleotide

reductase could provide an additional target for antiviral chemotherapy.
= - . ' . h
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5. APPENDIX

5.1. Introduction

As mentioned previously, following charécterization of the virally
induced reductase (section 3.3.), two experimental approaches were £akeﬁ
to determine whether the enzyme was‘vi;a11y coded. One of the approaches
was based on theldéve1opment.of antibodies specific for the induced
enzyme and, as described in sections 3.4. - 3.6., was successfu] in
establishing the viral orfgin of the en;ymé.' The other approach, described
in this Appendix, was to determine whether viral nucleic acids could
direct -the synthesis of ribonucleotide reductase in either amphibian
ococytes or in an <n vitro mRNA translation system; These experiments
were-prohpted by reports i; the literature that 1) oocytes of the African
clawed frog; Xemopus laevis were capable of synthesizing enzymatically
active HSV thymidine kinase (TK) fo11owing microinjection of agpropriate
fragments of viral DNA into their nuclei (McKnight and Gavis, 1980), and
2} that mﬁﬁA from infected cells could a}so direct the synthes{s of active
TK Zn™pitro (Preston, 1977). These studies suggested that a functional |
ribonucleotide reductase might also be synthesiéed,from either injected
bNA or selected mRNA, thus providing a convenient system for mapping the
reductase gene to the viral genome. Furthermore, in the event that the
ribonucleotide reductase was synthesized, but not in an enzymatically
active form, it was anticipated that ;he availability of antibodies
directed against the induced enzyme could prove useful in identifying .

_ the' inactive polypeptide(s).

L]
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5.2. Materials and Methods

§.2.1. Preparation of DNA

'TThe recombinant plasmids L3PK1, A273-2, A272-B1 and A272-B9,
were abtained fromlDr. S. Bacchetti {(McMaster University); PTK173 was
obtained from Mr. R. McKinnon (McMaster University). The plasmids
were propagated in E. coli strains LE392 or HBiO], which were grown
in Luria broth (10 mM tris HC1 pH 7.6, 0.4% w/v glucose, 0.5% w/v

NaCl, 1% w/v bacto tryptone (Difco), 0.5% w/v yeést extract (Difco))

0 Agso between 0.6and 0.7. The plasmids were amplified by addition

of chloramphenicol {50 ug/ml; Sigma) to the cultures and purified by
the alkaline extraction procedure of Birnbofm and Doly (1979}.
Briefly, bacterial cells from a 100 ml culture were pelleted by
centrifugation and resuspended in 2.5 ml of 25 mM tris HC1 pH 8,

50 mM glucose, 10 mM EDTA, 2 ﬁé/m1 lysozyme (Sigma) and incubated
for 30 min on ice. Five ml of alkaline SDS (0.2N NaOH, 1% SDS) were
then added and f011oying incubation for 5 min on ice,proteins and |
high molecular weight nucleic acids were precipitated by addition of

3.75 ml 3 M sodium acetate pH 4.8. Aftef a further 60 min on ice,

the precipitate was pelleted by centrifugation at 11,000 x g for

15 min and plasmids in the supernatant were preciﬁitated with two:
volumes of ice cold ethanol. Precipitates were washed with ethanol,
air dried and dissolved in 10 md tris HCl pH 7.5, 1 mM EDTA.

For oocyte injection, plasmids were further purified by
buoyant densjty centrifugation.in,cesium chloride gradients (finaf

density = 1.54 grams/mi} containing 200 ug/ml ethidium bromide.
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Centrifugation was fpr'SO.hrs at 35,000 rpm and 15°C in the Beckman .
50 Ti rotor. Plasmids were visualized under UV 1ight and collected-
from the side of the centrifuge tube with a syrihgé. Ethidium‘éromide
was remoyed by extraction with iso-amyl alcohol and the DNA preparation
was then dialyzed against water, brought to 0.3 M sodium'abetéte and
precipitated with 2 volumes of ethanol. Prior to oocyte injection,

the precipitates were pelleted by_centrifugation, air dried, dissolved
in 10 mM tris HCT'pH 7;5,'88 mM NaCl, 0.5 mM EDTA and subsequently

_ stored at —20°C.. Plasmid concentrations were estimated on agarose
gels by comparison with a standard p1ésmid of known concentration.

" HSV-2 (219) DNA was purified from infected Vero cells by the -
procedure of Bacchetti and Graham (1977). Cell mono]ayeré were
infected at a metip1icity of 0.5 PFU/cell and harvested at approxi-
mately 24 hrs after infection. The cells were lysed and digestéd
overnight in 10 mM tris HC1 pH 8, 10 mM EDTA, 0.2% w/v SDS, 0.5 mg/ml
pronase (Sigma), and the lysates were phenoi-extracted and ethanotl
precipitated. Viral DNA was purified by two cycles of buoyant
density centrifugafion in sodium iodide gradfeq;s (fizil dehsity =
1.53 grams/mi) containing 20 ug/ml ethidium bromide. Centrifugation ¢
and removal of ethidium bromide was as described above, and the DNA
was stored in 10 mM tris HCL pH 7.5, 10 @M NaCl, 1 mM EDTA at -70°C.

- DNA concentration was determined by A25; (1 mg/ml = 20 A.gq units)
using DNA samfﬂes which had been. treated with 50 ug/m! RN@ase (Sigma)
for 1 hr at 37°C. . T | '
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5.2.2. Preparation of RNA

A1l glassware used in_thesé experiments was Béked at 350°C
for 2 hrs and'a11 buffers and solutions were autoclaved. Cytop]éémic
RNA was extracted from Vero or BHK21 ¢1. 13 cells by a modification
of the procedures of Kumar and Lindberg (1972) and Berk and Sharp
(1977). Monol;yer cultures were modk-infpcted or infected with.HSV-Z
(333) at a multiplicity of 10-15 PFU/cell and harvested 4 hrs after
infection by scréping with a rubber policeman. The celis were washed
i twice with PBS and resuspended in ice-cold 100 mM tfis HC1 pH 7.5,

250 mM sucrose,.25 mM NaCl, and 5 mM MgCl, (1 ml buffer/4 x 107 cells); ‘
: a solution of 2.5 mg/ml polyvinyl sulfate (Siéma) and 3.5 mg/ml |
spermidine {Siéﬁa) was freshly prepared %or each experiment, filtered
through a Millex-GS 0.22 ym filter aﬁd diluted 100 fold into the
buffer. The cell suspension was hdmogenized on ice in the presence
of 0.1 volume of 10% NP-40, 10% sodium deoxych$1ate; ihe nuciei wére
pelleted at 11,000 x g for 5 min at 4°C énd'the supernatant mixed
with an equal volume of 100 mM sodium acetate, 200 mM NaCl, 20 mM EDTA,
1% SOS and 500 ng/ml pfoteinaée K (Boeh;inger Mannheim; proteinase-K
was maae 25 mg/ml in sterile water, stored at -70°C and added to the
Buffer prio? to use}. Following incubation at 37°C for 25 min, the
so1dtion wa§ extracted twice with phenol:chloroform (1:1, v/v), once
with ether, and then precipitated with 2.5 volumes of ice cold ethanol
for aé Teast 15 hrs at -20°C. The precipitate was collected by
centrifugation at 11,000 x g for 30 min at 4°C, dried with nitrogen

éas, and dissolved in 0.3 M sodium acetate pH 6, reprecipitated with
2

P
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ethanol and stored at -70°C as a precibitate. For oocyte 1njections;
aliquots of the precipitate Qere-pe]]etedz,washed with ethanol, dried
under'vaccum in a Speed-Vac concentrator (Savant Instruments, Inc.)
and dissolved in 15 mM tris HC1 pH 7.6, 88 mM NaCl, 1 mM KCI.
Poly(A)-containing RNA was separated from total cytop]asmic
RNA by oligo(dt)-cellulose chromatography (Aviv and Leder, 1972).
The cytoplasmic RNA precipitate was pelleted, washed with ethanol,
dried with nitrogen gas, and dissolved in 0.5 - 1 ml of low salt
buffer (10 mM tris pH 7.5, 1 mM EDTA, 0.05% SDS). The RNA was heated |
at 80°C for 45 sec, cooled rapidly in ice water, made up'to high salt
buffer (10 M tris. pH 7.5, 1 mM EDTA, 0.2% SDS, 500 mM NaCl) and
applied to a. column containing 100-200 mg of oligo(dt)-cellulose
(Sigma) which héd.been equilibrated with high salt Euffer. Chromato-
graphy was performed at room-temperature. The column was washed with
5 ml of high salt buffer to elute RNA lacking poly(A) ‘sequences and
polyadenylatéd RNA was then eluted with 1.5 m1 of low salt buffer,
brought to 0.2-M sodium acetate and precipitated with 2.5 volumes of
ice cold ethanol for at least 15 hrs at -70°C. The precipitate was
collected by centrifugation, dried with nitrogen gas, dissolved in
0.2 M potassium acetate,.reprecipitated with ethanol and stored at _
-70°C. For <n vitro‘transiation, aliquots of the preciﬁitate were
pelleted, washed with ethanol, dried in a Speed—Vaé concentrator,

and dissolved in sterile water.
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5.2.3. Qocyte injection-

Yenopus laevis females were obtained from Carolina Biological
.Supply Company and féd weekly with_ca]f Tiver.- For initial expefiments
the "frogs were injected in the dorsal lymph sac with 500 units of
human chorionic gﬂnadotropin (Sigma) to stimulate oogenésis, and cocytes

Slere used between 35-60 days following hormone treatment. As v
mentioned in the Results, 1t was subsequently found that oocytes from -
mature females not primed with hormone gave consistently higher 1eve1s
of gene expression following microinjection of plasmids, and were also
Tess fragiTe than those from primed frogs. For removal of oocytes,
frogs were anesthetizeyd by hypothermia (i.e., pla;ed in ice wéter
until immobile} and fhen laid on ice while a small ventral incision
was made and the ovarian-lobes were removed. The lobes were placed
in petri dishes cdntaining'modified Barth's solution (MBS: 15 mM tris
HCT pH 7.6, Sé mM NaCl, 1 mM-KCI, 2.4 mM NaHCO,, 0.82 mM MgSO.,

. 0.33 mM Ca(NO,),, 0.41 mM CaCl,, 10 mg/liter penicillin and strepto-
mycin sulfate; Gurdon, 1968) and individual stage V and VI oocytes
{Dumont, 1972) were removed from surrounding tissue with watchmaker's
forceps and transferred to fresﬁ MBS with a pasteur pipette. The
oocytes were usua11y.maintained at approximately 18°C and were used
for microinjection within 30 hrs of their removal from the frogs.

§ince DNA must be injected into the nucleus of the oocyte
for. transcription to occur (Mertz and Gurdon, 1977), and because the

- bocyte is opaque, .the nuclei were Toca]izéd within oocytes by the

procedure of Kressmann et ¢i. (1978). Individual oocytes were placed
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- in small_wells formed on a wax surface.in a petri_dish. The wells
tontainéd MBS and were 1$rge enough to ﬁold a Sing]e'oocyte eéch'
The oocytes were or1ent€3 with the1r an1ma1 (brown) pole fac1ng
upward and.centrifuged .at 1750 g for 10 min at 18°C. Dur1ng ;entri-‘
fugation the nuc]eus.rises towards the surface of the animal pole
disp1acﬁng pigment granules and creating a dﬁfk ring of pigment
thch marks its location.’ This_ring was not observed -in all éentri;: i'
" fuged oocytes, indeed the percentage w{th rings varied conSiderablyi
between exberiments: nevertheless even in those'oocytes where the
‘.p1gment had not’ been notzceab]y displaced, the nuc1eus had apparently '
/»moved towards the animal poIe since injection of DNA into this reg1on
of the ococyte resulted in expression of ‘the anJected sequences.

The oocytes were generally injected within 30-45 ﬁin of
céntrifugation. The microinjection equipment consisted'of a—glass
injection needle mounted on a Brinkman MM33 micromanipulator and
connected via a plastic tube_fi11ed with water to a 2 m] Gilmont
syringe (Can]ab). The syringe served to draw DNA or RNA solutions
into, and expel them frdm, the needle, and was operated by hand. The
injection needles were made from "Kwik Fi}1" glass capillary tubes
with aﬁ_outer diameter of 1.2 mM (Hybrid E]ectronicé) which were
drawn on a model 70ﬁ C vertical pfpette puller (David Kopf Instruments).
Since this machine generated needles with extremely fine points,
the tips were manually broken with watchmaker's forceps under a

y

Zeiss-Jena dissecting microscope to yield a tip diameter which was

wide enough®to minimize blockage of the tip during microinjection

~ - , S
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without ﬁesu1ting‘in excessive leakage from the oocytes fo11owing,.

injection. The centr1fuged oocytes were aligned against a wax’
support and 1n3ected 15 at a time; genera11y 3 tota] of 50 oocytes ”
were 1n3ected for each concentrat1on of DNA or for each p]asm1d.
InJectuons were._ carr1ed out under a d1ssect1ng m1croscope' Using af.
5 u],cap111ary tube,_.ﬁs u] of the DNA solution was rough]y\measﬁfed
' out'and then. drawn from'the;capi]?ary‘tube into fhe jnjéctign deéd1e.
This volume. was equally divided_among 15 oocytes resu1tfng in an,
injection vo1umé of approiimately'30 nl/oogyte. ‘The oocytes were
-injected into the center of the pigment ring, or, in the §a§e where
no ring was visible, into-the center of the aﬁimaj pole; the tip‘gf;ul
the needle-was held just below the surface of the docyfe during
injection. Injected oocytes were transferred to fré;h MBS and incubated -
at 18°t for 20 hrs. The surviving oocytes %70-95%) were ﬁashed tﬁﬁce
with-PBS~and either stored as a dry peI]ef at -20°C or immediately
resﬁspénded in 10 mM frig base pH 8, T mM ATP,_1.4 mM.é-mercapto-
ethanol and disrupted by-ddunce homogenization. The ¢e11.1ysate Was .-
cleared by centrifugation at 70,000 x g for 30 min atl4°c and the
résu]ting supernatant was used as crude extract for‘the\Enzyme,ﬁSSays.
For microinjection of RNA, the oocyte centrifugétjon.step was
omitted énd the oocytes were iﬁéected with apbroximately 50 ni of
20 mg/m1 or 10 mg/ml solutions of tb;a1 cyfop1asmic RNA just below
the surface of the vegetal (Tight) pole. 'Incubation and processing

of the Jocytes was as described for the DNA injections.
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5.2.4. In Vitro Translation . K T ' T d

- In vﬁtro,translaf%on'was carried out using-the‘raqgif
.reticuTocjte ]ysate system,from‘éethesda ﬁeseerch Laboratories.
Since the 1ysate is sensitive to sodium- 1ons, RNA preparat1ons were
prec1p1tated w1th potass1um acetate (rather than sodium acetate) pr1o?
to trans]at1on as described 1n*sect1on 5.2.2. The reactions were
rcarr1ed out in a volume of 30 ul containing rebb1t ret1cu10cyte
]ysate (1. 16 m MgCl,, 0.016 mM EDTA, 8.33 mM KC1, 0 166 mM DTT
8.3 uM hemin, 16.6 ug/ml creatwne kinase, 0 33 M CaCTz, 0.66 mM
‘ EGTA, 23.3 mM NaClJ, prote1n b1osynthes1s reactwon m1xture (25 mM-
HEPES, 40_mM KC1, 10 mM. creatine phosphate, 19 amino acids, 50 uM B
gach), 86.6 mM potassium acetate and varying concentrations of poly-
adenylated RNA as indicated in the Results. Incubation was at 30°C -«
for 60 min following which thelfeactioes were placed in‘ice.watee,
made up to fhe appropriate enzyme assay reaction mixture anq_assayedl

for thyﬁidine kinase, DNA polymerase or'rjbonuc1eotide reductase )

activity as described in section 2.4..

5.3. Resuits and'Discussion

Preliminary experiments established that mature Xemopus lcevis

oocytes expressed very low, but detectable, levels of endogenous TK and
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‘reductase act1v1ty. " To establish and calibrate the microinjection'
techn1que oocytes were 1n3ected with p]asm1d PTK173 (R. McK1nnon,
. | unpubltished; see Fig. 25a) [which contains the HSV-1 TK gene (as a
‘;-' . évu rIffagment) dneerted into the Pvull site of _PBR322 (Boiivar et al.,
- h 1977)] and subsequently assayed for TK activity. Tab1e 5 shows the
1evels of TK: act1v1ty obta1ned at different concentrations-of 1n3ected
fDNA. Enzyme act1v1ty was detected at what appeared to be max1ma1 levels
L at concentrat1ons of DNA as low as 5 wg/mi. This level of act1v1ty
persisfed-unti] a DNA concentration o% 100 ug/m}'and then declined to
' detéctable but barely eignificanﬁ Qa]ues.' In tﬁis experiment.no attempts
were made to estab11sh _the m1n1mum ambunt of PTK173 DNA requ1red for
‘d detectable synthesaslef TK. The irhibition of TK expression at high
n.elasmid concentratioﬁs could be due to the presence of -inhibitors of
traescription in the DNA preparation=(a1though p]asmide were purified by .
banding in‘ceeium chloride gradients); alternatively there may be.ah
upper limit eo the amount of DNA which can‘be injected into the nuclei
of oocytes w1thout impeding transcriptional act1v1ty. ) /;/’“\
| _As a preliminary screen1ng for viral DNA sequences encoding the \
ribonucleotide reductase, oocytes were to be injected with total HSV-2 R\ﬂx,-
DNA and assayed for reductase activfty. Viral DNA was partially digested
with Bam Hl to eliminate infectivity, and because of reports in the L\_,__;
Titerature claiming prefefentia1 transcription of circular DNA templates
- (Brown -and Gurden, 1978; DeFranco et c¢l., T980), an a]iquot of the

partially digested DNA was subsequently ligated with T4 1igaee under

conditions favoring the formation of circular molecules. Both the partial .

digestion and ligation were monitored by e?eatrophoresis of the reaction
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" * Figure 25
. . i,

Schemgtic structure of the plasmids used for mjcroinjection. ,The
" arrows show the Tocation and direction of transcription of the
ampiciliin resistance (Ap"), tetracycline resistance (Tc') and
kanamycin resistance (Km") genes, as well as the direction of
transcription of the inserted TK genes. (a) PTK173 #6ntains 6.3
kb of DNA, including the 2 kb Pvull fragment of HSV-1 TK; (b)
L3PK1 contains 8.9 kb, including the 3.4 kb'Bgl II-Xhol fragment
of HSV-2 TK. | .

-

<y



(@) PTK 173

(b) L3PK1
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products on agarose gels. hs shown 1n Fig. 26, neither linear (open'

' c1rc1es) nor Tigated (closed c1rc1es) viral DNA synthes1zed detectab]e ,
TK act1v1ty, in contrast to the. resu1t ebtatned w1th oocytes injected
with plasmid PTK173 (squares) The inability of“total viral Dﬁh to expreSs
detectab1e TK act1v1ty was likely the result of a gene d11ut1on effect
s1nce, un11ke the SItuat1on w1th p1asm1d DNA, in total viral DNA the TK
lgene was co-1n3ected w1th at 1east 50 other genes which compete for the .

_oocyte transcr1pt1ona1 mach1nery.

" On the bas1s of these data, 1t .was dec1ded to screen c]oned
;fragments of viral DNA for the1r ab1l1ty to synthes1ze r1bonuc1eot1de g ; '
reductase. For these experxments plasm1ds containing Bql II fragments i
of the HSV-2 gerome cToned into the Bgl 11 site of L3PK1 were used (see -

Fig. 25b). L3PK1 (S. Bacchetti, unpub11shed) is a derivative of PKCZ
(Rao‘and'Rogers, 19?9) in which the seguences between'the Bam HI and Xho I
sites have been replaced by the Bg1 II Xho I fragment of HSV-2 TK. The

TK gene in these construtts was intended to serve as an 1nterna1 positive
contro1.for\the expression of ‘the injected DNA seguences_1n the absence
of r1bonuc1eot1de reductase activity. ‘éreliminary experﬁments eétab]ished
that the HSV-2 TK gene in L3PKT- cou1d 1ndeed by expressed in oocytes,
a1though at a level approximately 2.5 fold lower than that obtained with
PTK173 (containing the HSV-1 TK gene) (see Table 6). Unexpectedly, when
the L3PK1_derivatives, containing Bgl II inserts ot the HSV-2 genome,

were tested, virtually no TK activity was detected even though several
concentrations of plasmid DNA were tested (see Table &; the two L3PK1
derivatives tested weﬁé designated A272-B1 and A272-89). Interestingly,

similar data were obtained with a derivative of PTK173, designated A273-2
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T S Fiqure 26

. ro.

~Expression of thymidine kinase activity in oocytes injected with
either total viral DNA:or the cloned viral TK gene. HSV-2 DNA ‘
‘'was either partially digested, or partially digested and religated,
as described in the text, brought to’'a final concentration of 100
ug/ml and injected into oocytes. PTKI73 was also used for injection
at a concentration of 100 pg/ml.  Fifty oocytes were injected with
each ‘sample of DNA, and incubated at 18°C for 20 hours. Crude
“extracts of each group of 50 oocytes were then prepared and. assayed
for TK activity as a function of increasing protein concentration.
Symbols: (O) TK activity in PTK173 injected oocytes; TK activity
in oocytes injected with either partially digested (©) or partially
digested and religated (e) total HSV-2 DNA; endogenous TK activity
of uninjected oocytes (A).
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which contains the XhoI C fragment of adenovirus 5 DNA_ inserted between

the Bam H1 and Sal I sites of PTK173 (S. Bacchetti, unpublished; see

Fig. 25a). As a1:; shown 1in Tab1e 6, injection of A273-2 rééu1téd'in thé
expression of very low levels of TK undér conditions in which high levels
of activity were obtained with PTKI73.

E1ectroph6resisof‘theA272-B! and é273-2 plasmid_preparation§ on
agarose gels demonstrated that their inability to express significant |
levels of TK activity was not the result;of degradation of these plasmids
Huring storage. Nor did it seem T1ikely that the inhibition of TK expression
was due to the presence of inhibitors in the plasmid préparationé, since
1) A273-2 was injected at a concegfratfon (9 ng/ml} which represented a
160 fold dilution of the plasmid sample and 2) repurificafion of A273-2
and A272-B1 by banding in cesium chioride gradiénts fof]owéa by phenol
extraction waﬁfflgo 1neffect1ve in recovering TK activity following micro-
injection. It thus appears that the abrogation of TK activity was in some
fashion rg]ated to the structure of the recombinant plasmids derived
fromt PTK173 and L3PK1. While experiments were underway to further
examine this phenomenon, agd to determine whether the {nserted sequences
themselves were expréssed in A272-B1 or A273-2, tefhnical difficulties
were encountered with the oocyte microinjections. Fortunately,
at this time, parallel experiments beiné carried out wiph antibodies
specific for the induced.enzyme were proceeding very well (seé section
3.4. - 3.6.) and the ococyte -injections were not pursued any further.

' Concomitantly, with the oocyte injections, experiments were also
under?aken to assess the ability of viral RNA to direct the synthesis

of ribonucleotide reductase. The aim of these experiments was, firstly,
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to determiﬁe whethek the enzyme could be translated from cytoplasmic
RNA from HSV-2 infected cells and secondly, to asée}tain Epe Qira] .
origin and map Toca?ion of the reductase gene by trans]at{on of viral

mRNA selected by hybridization to fragments of viral 6NA. Initial
exper{ments were per?ormed b} injection of RNA into the cytoplasm of
Xenopus laevis oocytes. No ribonu51eotide reductase-aqtivity or-viral

ONA polymerase activity could be detected in this system. In contrast,

TK activity was detected although at considerably variable Tevels in

" different experiments (not shown). Because of this variability, trans-
1ations_wére subsequently carried out in commerctally available rabbit
reticulocyte Tysates which éave highly reproducible results. As shown

in Fig. 27,,p91yadeny1ated mRNA from infected cells directed the in vitro
synthesis of high levels of TK (open circles) and DNA polymerase activity
{(closed circles). Low amounts of ribonucleotide reductase activity were
also detected in these experiments (squares). However, it was subsequently
determined that slightly higher levels of reductase synthesis could be
obtained from po]yadenglated mRNA extracted from uninfected cells, and

that the cells used for RNA extraction were contaminated with mycoplasma.

~

At the time this contamination was detected, the viral origin of the
ribonucleotide reductase had been established by immunological means,
as described in section 3.6., and the <n vitro translation experiments

were discontinued.

. <
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Figure 27

Enzyme activity in rabbit reticulocyte lysates following translation
of polyalenylated infected cell mRNA. Cytoplasmic RNA was extracted
from Vero cells 4 hours after infection with HSV-2 and passed over

 columns of oligo dT cellulose to select for polyadenylated mRNA.

Increasing concentrations of mRNA were translated in rabbit reticulo-
cyte lysates, as described in the text, and-the translation mixtures
were then made up to the appropriate enzyme reaction buffer and
assayed for thymidine kinase (©), ribonucleotide reductase {(O) and
ONA polymerase (e ) activity (DNA polymerase was assayed in the
presence of 100 mM ammonium sulfate which stimulates viral DNA poly-
‘merase activity but inhibits the cellular <DNA polymerase).
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