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ABSTRACT
The purine nucleoside analogs  2,6-diaminopurine 2',3'-dideoxyriboside
(ddDAPR) and 2',3'-dideoxyguanosine (ddG) are po‘ent inhibitors of duck hepatitis B
virus (DHBV) replication, while pyrimidine analogs are less effective antiviral agents in
the avian system (Lee et al., 1989; Suzuki et al., 1988). Both DHBV-infected duck
hepatocyte primary cultures and human hepatoblastoma cells transfected with HBV DNA

anti-hepadnaviral drugs. The work presented in this thesis was undertaken to
characterize the intracellular metabolism of ddDAPR, ddG, and 2',3'-dideoxycytidine
(ddC) in hepatocyte cultures and to correlate drug metabolism with the antiviral effects
of these compounds.

Rapid conversion of ddDAPR to ddG occurred in duck blood, both in vitro and in
vivo.  After a | min exposure of ddDAPR to duck blood, 95% of the compound was
converted to ddG. Human blood samples contained 79% ddG following a 10 min
incubation with ddDAPR. Clearance of [*H]ddDAPR from the duck circulatory system
procecded in a biphasic manner, yielding a t)/7¢ and a t) /2 of 1.65 and 26 min,
respectively. The radiolabeled species in these samples was identified as ddG.

Similarly, ddDAPR was converted to ddG in hepatocyte primary cultures, with
ddG exhibiting resistance to further catabolism. The major pathway of ddG utilization in
these cells was phosphorylation, yielding 1.9 uM of total ddG nucleotides after 26 hr of
exposure to 4 uM ddG. Similar concentrations of the identical metabolites were detected
in cells exposed to 4 uM ddDAPR for 27 hr. A 92% inhibition of ddG nucleotide
formation occurred in duck hepatocytes treated with 4 uM ddG + 100 uM adenosine in
the presence of the adenosine deaminase inhibitor 2'-deoxycoformycin, suggesting that
adenosine kinase is involved in the ddG phosphorylation process. Removal of exogenous
ddG led 10 a rapid (t)/2 = 1.6 hr) decrease in the total intracellular ddG nucleotide pools.

Duck hepatocytes treated with 4 uM ddC exhibited a time-dependent

nucleotide concentration of 1.4 uM after 24 - 26 hr. The intracellular total ddC
nucleotide level decreased with a ty of 4.4 br following the removal of exogenous ddC.
mfmofommﬁmmmnﬂﬁmﬂmehm
of excess 2'-deoxycytidine, implicating the cellular enzyme 2'-deoxycytidine kinase in
the initial step of ddC phosphorylation.

The predominant fate of ddG in HBV-negative (HepG2) or HBV-infected
(2.2.15) human hepatoblastoma cells was glycosidic bond cleavage, resulting in the



reutilization of guanine to form guar ind triphosphates,  The lack of
detectible ddG phosphorylation in t with an absence of anti-HBV
activity in these cells. Converse: = micromolar quantities of dd¢
anabolites in HepG2 cells corresp - «aderendent decrease in HBV DNA in
ddC-treated 2.2.15 cells.

Differences in antiviral »ug .. o were observed in duck and rat
hepatocyte primary cultures, hurm.:: el anct teman hepatoblastora cells, suggesting
tissue-specific differences . - - -ulture systems are to be successtully
employed in the screening of mu-ntl oo rysy agents, it 1s manditory that the chosen
culture system mimic the bioch——:..  avirenment of the in vivo human liver cell. As
yet, the metabolic fate and antive - = of ddG in human liver tissue in vivo is not
known.
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CHAPTER1

L. INTRODUCTION
A. Hepatitis B Virus

Hepatitis B virus (HBV) infection is a major human health problem in many parts
of the world. There is no proven effective treatment for this disease. Although a vaccine
has been developed to counter this infectious agent, vaccination programs are limited in
their extent by the expense of the vaccine. In the United States, the current policy of
preferential vaccination of high-risk populations has not affected the incidence of HBV
infection in that country (Alter et al., 1990; Gerety, 1985). Most individuals with a
primary HBV infection clear the virus and establish lasting immunity but 5§ - 10% of
these infected individuals become chronic carriers of the virus (Hollinger, 1985). Such
persistent infection provides a reservoir of virus for the maintainance and continued
spread of the disease, and persistently-infected HBV carriers are at risk for the
development of chronic active hepatitis which can result in cirrhosis of the liver and
death. In addition, there is an association between the frequency of chronic HBV-
carriers and the incidence of primary hepatocellular carcinoma (PHC or HCC) in HBV-
infected individuals (Beasley et al., 1981; Di Bisceglic et al., 1988).
1. Infection with HBV

The human pathogen HBV has an incubation penad llm normnlly varies fmm 45

individuals undergoing an acute HBV infection hlve inapparent (;uhclmmll) hq:tim,
with no symptoms or jaundice to indicate presence of discase (Hoofnagle and Schafer,
1986). Several biochemical tests are used to evaluste the liver function of a person
suspected of having hepatitis, including: l)moﬂbehhmhnmnfm
and serum; 2) quantitation of serum levels of the liver enzymes alanine aminot
(&Dﬂmm(m).mdaﬂmﬁhﬂh
phosphatase level in the serum; 4) assessment of blood clotting systems: and )
messurement of serum albumin and total protein concentrations (Hollinger, 1990). If
assays designed to detect the presence of specific viral proteins and 10 cvaluste the
immune response of the patient. In the case of inapparemt or amicteric hepatitis,




inapparent hepatitis often remains clinically undetected. This cryptic form of the disease
is frequently unresolved, resulting in a chronic HBV infection (Alward et al., 1989).

The gml@gne profile of an individual with acute hepatitis type B can be used to
predict the course and outcome of disease (Hoofnagle and Schafer, 1986). Early in the
infection, HBV surface antigen (HBsAg) and virus products indicative of viral
replication appear in the blood. Serum concentrations of these viral markers peak and
Begin to tkcline euincidem with the lpp&ir:nce of serum Iiver enzyme: and lymptom: of

IgM- spemﬁc lnhbody to the virus core pr@!em (HBcAg), Evgmunlly the lgM response
to HBcAg is replaced with the more permanent IgG-specific antibody anti-HBc. In most
cases, the decline in serum HBsAg concentration continues until it is no longer
detectable, a process that can take months. Before HBsAg dissappears completely, an
antibody to the virus e protein, anti-HBe, becomes measurable in the blood. Appearance
of the neutralizing antibody (anti-HBs) for HBV which is directed towards the virus
surface antigen, signals the end of the infection. However, if the initially elevated serum
HBsAg concentration is maintained at a relatively constant level instead of decreasing
over the course of the acute infection, the disease is likely to become a chronic infection.
If liver damage occurs during an acute infection with HBV, it is usually a
reversible process involving focal areas of necrosis. However, extensive necrosis can
result in death (Gazzard et al., 1975; Scotto et al., 1973). Liver tissue sequelae in an
individual with acute hepatitis begins with parenchymal cell degeneration. The damaged
mmmmmnnmmmmmmwmu
crophages known as KupfYer cells. Hypertrophy and hyperplasia of activated Kupffer
Ell:mmemmmm“:uimhofhmwﬂm:
endothelial cell. In response to the viral infection, lymphocytes infiltrate the
pﬁdmmmbnmgwﬁlu M&mﬁhmm
perenchymal cell regeneration and a lessening of the inflammator;
Inﬁﬂd&lﬁdﬂiﬂ&wpﬂmhmﬂmm
outcome of an acwte HBV infection. Establishment of a chromic infection instead of
mmnhhhmhﬂy-ﬁ-hmm“x
erinatally o &t an early age in life, than if the infection occurs in adwithood (Beasley et
ll 1962; McMahon et al,, 1985; Ssevens ot al., 1975). Furthermore, the host ismune




response to the virus is important in determining the outcome of acute hepatitis.
Immunocompetent individuals are more likely to clear the virus than are the
immunocompromised (Seeff et al., 1987, Szmuness et al., 1974), Development of the
HBV eamer—m:e is often preceded by an anicteric or inapparent manifestation of the
acute disease (Alward et al., 1985). Adult males are more likely to become chronic HBV
carriers than are females, suggesting that gender predisposes viral persistence (Szmuness
et al, 1978). Additional factors such as genetics and ethnicity may play a role in
establishing the chronic form of hepatitis (Derso et al., 1978).

Some chronic HBV-induced liver infections exist in an asymptomatic, dormant
state that is catagorized as chronic persistent hepatitis. In these cases, histologic
abnormalities of the liver are usual but rarely does the condition lead to cirrhosis.
Another benign form of the disease, chronic lobular hepatitis, is characterized by an
oscillating condition of active disease similar to acute hepatitis, followed by a period of
remission. Hiﬂologicilly. chmmc ir:tive hepatitii is ch&nﬁeﬁzed by plecﬁnell ne:rmi:

chmmc active hepmm, mve eell degensgnnn evenmlly Ie:dl to mﬂuﬂn
necrosis and multilobular manifestations of discase, a state that can eventually progress
to severe cirrhosis and death (Bianchi et al., 1971).

1. HBYV aad Primary Hepatocsliular Carcinema (PHC or HCC)

Throughout the world, the incidence of the primary liver cancer HCC is much
higher in chronic HBV carriers than in uninfected individuals (Beasley et al., 1981;
Blumberg et al., 1975; Szmuness, 1978). For example, a large prospective study of
Taiwanese men found that HBsAg-positive individuals were 223 times as likely to die
from HCC than were the HBsAg-negative men in the study (Beasley et al., 1981). In
leBmlcy:ndemwﬁkm(lﬂl)MﬁahmofHCCmHm

mﬁmmmhMﬁHEC(EMuﬂ lm)i liliu
perticular study, the male HBV-carriers were six-times more likely to develop HCC than
were the female cohorts (McMahon et al., 1990). Similar increased risk factors have
been reported for the development of HCC in males from Africa, East Asia, and Western
countries (Szmuness, 1978). There are numerous examples of human hepatoma tissue
containing HBV sequences integrated into the host cell DNA (Brechot et al., 1900; Hada
ot al., 1986; Shafritz ot al., 1981). There may be a causal relationship betwesn
integration of viral sequences and liver cell oncogenesis (Dejean et al., 1986; Hada ot al.,
1986; Wei ot al., 1992).




3. Transmission of the Virus

Hepatitis type B is a communicable disease that is passed from an infected to an
uninfected individual by horizontal and vertical modes of transmission. Horizontal
transfer of the virus occurs by percutaneous introduction as well as through close
physical contact with infected individuals. Hemophiliacs that receive plasma-derived
clotting factors, intravenous drug abusers that share contaminated needles, hemodialysis
patients, and medical personnel are the major groups of people that are at risk of
acquiring an HBV infection that is transmitted parenterslly (Hollinger, 1990; Szmuness
et al., 1974; Szmuness et al., 1982). Horizontal transmission of the virus occurs through
sexual contact, with spread of the disease occurring as a result of unprotected
promiscuous heterosexual and homosexual behaviors (Alter et al., 1990). Close
household contact, crowding, and poor hygiene may also contribute to spread of the
disease (Heathcote et al., 1974; Krugman et al., 1967; Mitch et al., 1974; Szmuness et al.,
1973). Vertical transmission of HBV from an infected mother to her offspring can occur
perinatally during labor and delivery, and less frequently in utero, by exposure of the
fetus to contaminated matemal blood via transplacental leakage (Ohto et al., 1987
Skinhoj et al., 1976; Wong et al., 1980). Virus transmission from an infected mother to
her newbom child is of critical importance since 85-90% of individuals infected in this
manner become chronic carriers of HBV (Stevens, 1982).

Although HBV exists throughout the world, the chronic carrier state of the
virally-induced disease is more prevalent in some areas than in others. In the general
Mmofmmofmemﬂmcmdm;ﬁmgmmmﬂ
mb-Sgh;rmAfﬂenﬂmenuS-IS%HBw-pmnvemwhemsadierepmnehn
Europe have a 1-5% HBsAg-positive populstion (Hoofnagle and Alter, 1984). In
mnMdiadmquﬁﬂiAmumeEmmmanm;
carrier rate that is <1% of the general population (Hoofhagle and Alter, 1984). In
mﬁﬂulmdamﬂmhamdhmmn&eﬁnﬁﬂem&dmm
mmw&&lemmﬁm

:;f’_lﬁnﬂ:dgﬁdhlﬂhhgh@mﬁvﬁm(AHﬂd
|m-s-nm.1m)

Human hepetitis B virus (HBV) is a member of the se family of

el viewees (Gust et al., 1986) Several other viruses are categorized s
:Mnhnﬁdmﬂbﬂm The other viruses classified




in this group are woodchuck hepatitis virus (WHV), first identified in a Marmota monax
cclaﬂy hﬂuied at the Philadelphii Zm} gmund iquiﬁ-el hepmm virus (GSHV) fnund in

fonnd in Pekm dur.kl (Anas dome:ncus) (Gun et ll 1986 Marion et gl Im Mnon et
al., 1980; Summers et al., 1978). In addition, there may be other naturally occurring
hepadnaviruses, such as the proposed tree squirrel hepatitis B virus (THBV) found in
Scturus carolinensis pennsylvanicus and an HBV-like virus found to be endemic in grey
herons located in Germany (Feitelson et al., 1986: Sprengel et al., 1988). Distinguishing
characteristics common to all of the hepadnaviruses include a) similar virion
morphology, b) production of excess surface antigen particles, c) similar genomic size,
structure, and organization, d) a characteristic mechanism of viral replication, €) a narrow
host range, and f) hepatotropism (Ganem et al., 1982b; Marion et al., 1980; Mason et al.,
1980; Murphy et al., 1975). In general, the mammalian Hepadnaviridae are more closely
related to one another in terms of deoxynucleotide sequence and biological properties
than they are to the avian form of the virus (Cote and Gerin, 1983; Galibert et al., 1982;
Mandart et al., 1984; McCaul et al., 1985; Robinson et al., 1984; Stannard et al., 1983;
Summers, 1981; Tiollais et al., 1985; Wemer et al., 1979), Although significant
differences between the viruses do exist and will be mentioned, the overall theme of the
following discussion will emphasize the similarities that bind this family of viruses
Three types of virus particles can be found in the blood serum of HBV-infected
individuals: 1) the infectious virion or Dane particle, which is a double-shelled particle
approximately 42 nm in dismeter and composed of an outer envelope and an electron-
dense, DNA-contsining inner nucleocapsid; 2) non infectious, ‘empty envelope' spherical
pﬁchﬁnnﬂmlﬁﬁmﬂz)mlnMEMH“m
that are 22 nm in diameter and variable in length (Bayer et al., 1968; Dane et al., 1970).
uﬁaﬂhﬂvihhnp*ahdmh&ﬁeum“(m lm lui
and Hall, 1972; Kim and Tilles, 1973). The mamm inaviruses produce a
ﬂﬂmﬂm-dﬂm_ﬁ:maﬁh nvdquﬂd-.-li
numerous and lengthy filaments apparent in GSHYV infection than in hﬁtm
mmm—gnd 1970; Marion et al., 1980; Summers ot al., 1978). The




avian virus has a larger and more pleomorphic version of the spherical envelope particle
and does not produce filamentous forms (Mason et al., 1980).

The lipid-containing envelope structures found in all three types of viral particles
contain the viral surface antigen (HBsAg), an antigenically complex polypeptide. The
purified 22 nm spherical envelope particles obtained from the blood of HBV carriers
contains, in addition to the HBsAg, 25% lipid, having a characteristic set of host-derived
phocpbolipids, cholml eholcnefyl eiuzn. and ﬁglyeeﬁdu (Gnvilme: et nl 1912)
core), the major m:nml pmponent uf whnch is the wﬁl core mngen (HBcAg)
(Almeida et al., 1971; Petit and Pillot, 1985). In addition to HBcAg, the nucleocapsid
has a cryptic form of the soluble hepatitis B ¢ antigen (HBeAg) which is detected in the
blood of HBV-infected patients during active viral replication (Hoofnagle and Schafer,
1986, Takahashi et al., 1979). Other constituents of the nucleocapsid include the viral
DNA, the DNA-associated primer protein, 8 DNA-associsted oligoribonucleotide, a
DNA polymerase, and a protein kinase (Albin and Robinson, 1980; Gerlich et al., 1982;
Gerlich and Robinson, 1980; Kaplan et al., 1973; Landers et al., 1977; Lien et al., 1986).
b. Stracture of the hapadnavirus DNA

The following discussion of hepadnavirus genome structure is supplemented by
two representative diagrams presented in Figure 1.1. The hepadnavirus genome
associsted with the nucleocapsid is a relaxed, circular, partially double-stranded DNA
molecule that is circularized by way of a cohesive overlap between the 5'-ends of the two
DNA strands (Hrusks et al., 1977; Landers et al.,, 1977, Sattler and Robinson, 1979),
Tlnfnll-leqlh DNAMI:meyJZODmmﬂuﬁfﬁﬁdmnh(-)
, entary to the viral mRNA, wheress the
n ,iLjDNA(*)ﬂﬁdhvmahlemlqgﬂi(Ddlmﬁll 1983;
Gmude lm Landers et al., 1977; Summers et al., 1975). As a result of a
Mnhgsyﬂmmﬂyimmu(s) strand is slightly grester than
unit length (Lion et al., 1987; Secger et al., 1986; Will ot al., 1987). The location of the
5’ end of the (+) strand is fixed with respect 10 the S’ end of the (-) strand. However, the
location of the 3’ end of the short strand, and hence the length of this strand, is varisble
(Charnay ot al., 1979; Delius et al., 1983). Infoctious viral particies from mamms
mmmAhhﬁmﬂnMdﬂ-ﬂmm
virion DNA is often fully dupiexed (Delius et al., 1983; Landers ot al., 1977; Lien ot al.,
1987. Summers ot al., 1979). Associsted with the virion is s DNA polymerase activity
that is capable of repairing the single-stran i gop in the viral gemome, yislding &
Mmmm—m:u 1977). The 5'-end of the viral DNA




Figure 1.1 - Smml and funetiaml elememi of the hepadn;viruu genm Pinel A

hepadngvims, In pmgl B the mml,ir ﬂenome structure nf the avian hepgdnawml DHBV
is shown. In each diagram, the slightly longer-than-genome-length (-)-strand DNA and
the incomplete (+)-strand DNA are indicated by the inner-most concentric circles and are
labeled according to their respective polarities. Attached to the 5'-end of the (-)-strand
DNA is the primer protein (O) and an RNA fragment ( ) prefaces the DNA (+) strand
sequences.  The relaxed, circular conformation of the partially double-stranded viral
DNA is maintained by base-pairing interactions of the DNA (-)- and (+)-strand 5'-ends in
(hemnfthemmmbylhedimmi leque.mﬂ DRI IﬂdDRZ

an:mgd !hnck arrows that enclrclg thc DNA genome. All h:p:dmvnnue: contain the P
ORF which encodes the primer protein, reverse transcriptase, DNA polymerase, and
the nucleocapsid protein and the soluble e antigen; and the pre-S/S ORF which encodes a
variety of surface antigens using pre-S|, pre-S2, and S gene sequences in the mammalian
hepadnaviruses and pre-S and S genes in the avian form of the virus. In addition, the
mammalian hepadnavirus genomes contain the X ORF which encodes a regulatory
their positions within the ORFs are indicated by black dots. The major viral mMRNAs
map. The polyadenylated 3'-end of each transcript is indicated by (A),. The three
length mRNA that functions as the pregenome and as the mRNA for core protein and the
polymerase gene products; and b) a subycnomic-sized transcript that contains the pre-S2
ﬁﬁmmﬂi)lmmAmhmﬂﬂawm
by the pre-S1 gene in addition to the contiguous pre-S2 and S gene nucleoti The
MBlelmﬁﬁéBmm:dmmmAmln
Q,,;,,,m&NAﬁifnﬁimuhm.ﬂhmlNAfwhhmnd
pdmpem.‘!)l, bgenomic-sized mMRNA that encodes the pre-S/S gene
sequences; and 3) a subgenomic-sized transcript that can function as the S gene mRNA.
mma&mmmm&eﬁmmm
et al,, 1985; Ganemn and Varmus, 1987; and Will et al., 1987.







(=) strand is covalently linked to a protein which functions as a primer for (-) strand DNA
synthesis (Ganum et al.,, 1982a; Gerlich and Robinson, 1980; Molnar-Kimber et al.,
1983). A similar priming function is attributed to the capped oligoribonucleotide that is
associated with the 5'-end of the DNA (+) strand (Lien et al., 1986; Lien et al., 1987:
Seeger et al,, 1986). Within the cohesive overlap region of the virus genome, located
near the 5' ends of both strands, are 10 - 12 base pair direct repeats known as DRI and
DR2 (Molnar-Kimber et al., 1984; Sceger et al., 1986). These conserved direct repeat
elements of the viral genome have been implicated in the unusual replication process
employed by the virus (Seeger et al., 1986; Will et al., 1987). Section B.2. of this
chapter provides a more detailed discussion of virus replication.
¢. Genomic organization

The genetic material from each of the four types of hepadnaviruses has been
cloned and the nucleotide sequences have been determined (Galibert et al., 1979
Galibert et al., 1982; Kodama et al., 1985; Mandart et al., 1984; Ono et al., 1983; Seeger
et i] l?ﬁ) Regiam nf nueleotide sequence h@imlogy occur in ihe DNA nf cloned

Imown to mfeet lmm:!l. lhe h@gghuv:m has evalved a genome tha,l maximizes emjmg
capacity by efficient use of the genetic coding system (Reviewed by Miller et al., 1989).
In all four animal viruses, the known open reading frames (ORFs) are encoded on the (-)
strand and are located at similar positions and in the same order on the strand (Galibert et
al., 1981; Galibert et al., 1982; Mandart et al., 1984; Seeger et al., 1984; Siddiqi et al.,
1981; Sprengel et al., 1985).

Almhmmﬁmll meRF:ueprmnnmemnc @ﬁﬁi

SISDRF !ntldlePDlF winlen;, ?",,,ﬁmmnmdzx;agmn
found exclusively in the mammalisn viruses. The compact genctic organization
exhibited by this virus makes use of overlapping genes that are translated in differemt
reading frames. The structural proteins of the virus are encoded in the pre-C/C and pre-
SISDIFL By utilizing two in-phase transistion start codons in the pre-C/C ORF of
an hepadnavirus genomes, the nucleocapsid subunit (HBcAg) is produced from
Ep—ﬁﬁdmﬁh“HMmﬁﬁmMﬁhﬁc
and C gene regions (Figure 1.2C) (Weimer et al., 1987). Similarly, wtilization of three
in-phase tramsistion start codoms presemt in the pre-S/'S ORF of the mammalian




Figure 1.2 - HBV pre-S/S and pre-C/C genes, mRNA transcripts, and pre-S/S and pre-
C/C gene products. Panel A: A linear representation of a 3182 nucleotide HBV genome

of the genome. The four overlapping ORFs are drawn as thick arrows above the
nucleotide numbering scale. Panel B: Three minor (2.4, 2.06, and 1.96 kb) and one
major (2.1 kb) polyadenylated RNA species are transcribed from the S-ORF region.
Polyadenylation occurs at the 3'-end of the HBV transcripts and is indicated by (A)y
Three viral surface antigens arise from the pre-S/S ORF: 1) the large surface antigen
which is translated from the 2.4kb mRNA; 2) the middle surface antigen which is
translated from the 2.1 kb mRNA; and 3) the major surface antigen which is translated
from the 2.1 kb mRNA and possibly from the 2.06 and 1.96 kb minor transcripts. Panel

(approximately 3.5 kb) that have a common 3'-end but micro-heterogeneous 5'-termini.
The RNA pregenome, as well as mRNA for translation of P-gene and pre-C/C gene
products arise from this pool of viral transcripts. The shortest of the 3.5 kb mRNAs is
utilized for translation of the nucleocapsid (core) protein, while the two longer transcripts
encode the HBeAyg. The shortest genome-length RNA species also functions as the virus
pregenome.  Information contained in this figure was obtained from the following
references: Junker-Niepmann et al., 1990; Pasek et al., 1979; and Will et al., 1987.
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hepadnaviruses accommodates the production of three different envelope proteins
(Heermann et al., 1984; Pasek et al., 1979; Schaeffer et al., 1986). The largest of the
three envelope antigens is encoded by incorporating the pre-S1 + pre-S2 + S gene
sequences, the middle-sized version of the HBsAg utilizes the pre-S2 and S gene
sequences, and the S gene sequences encode the smallest, but most abundant product of
the pre-S/S ORF (Figure 1.2B) (Heermann et al., 1984; Molnar-Kimber et al., 1988;
Stibbe and Gerlich, 1983; Valenzuela et al., 1979; Wong et al., 1985). The resulting
three surface antigens associated with mammalian hepadnaviruses are termed the large,
middle, and major surface antigens. As can be seen in Figure 1.1, the pre-S/S ORF of
the avian hepadnavirus contains a smaller S gene and a single pre-S gene sequence
comparable in size to a contiguous pre-S1, pre-S2 gene in the mammalian form of the
virus (Mandart et al., 1984; Pugh et al., 1987; Schaeffer et al., 1986). Overlapping the
pre-C/C ORF and completely containing the pre-S/S ORF is the lengthy P ORF which is
thought to encode the viral DNA polymerase/reverse transcriptase, the protein primer,
and possibly an RNasc H (Bavand et al., 1989; Bosch et al., 1988; Chang et al., 1990;
Radziwill et al., 1990; Schlicht et al., 1989b; Toh et al., 1983). Although not present in
the avian viral genome, the small X ORF is a constituent of the HBV, WHV, and GSHV
genomes and is also overlapped by the P ORF (Galibert et al., 1979; Galibert et al.,
1982; Mandart et al., 1984; Secger et al., 1984). Detection of serum antibodies to the X
gene product during HBV and GSHYV infection suggests that X gene expression occurs
during viral replication (Persing et al., 1986; Meyers et al., 1986). It has been shown that
the X gene protein acts in trans to exert an effect on the transcription of numerous viral
and cellular genes (Aufiero and Schneider, 1990; Spandau and Lee, 1988; Twu et al.,
1989; Twu and Schioemer, 1989).
4. Trenscripts and reguistory elements of the hepadnavirus
1) Viral RNA transcripss

Hepadnavirus gene expression begins with mmmnfﬂnDNAm
into RNA by cellular RNA polymerase Il (Rall et al., 1983). C ic- and
WWMWINAW“HMEﬁIWH
mawmmmmwuudm characterized by
heterogeneous S'-enc's but 8 common terminstion sise (Bischer et al., 198S; Can-ipﬁ
al., 1984; Enders et al., 1985; M3rSy et al., 198S). As shown in Figure 1.1, memng
hepadnaviruses produce two major RNA tranecripts: I)IMRNA“
with a reported length of 3.5 kb for HBV, 3.7 kb for WHYV, and 3.5 kb for GSHV, and 2)
subgenomic-sized RNA with 3 length of 2.1 kb for HBV, 2.1 kb for WHV, aad 2.3 kb
for GSHV (Cattaneo et al., 1983; Cattaneo ot al., 1984; Enders et al., 198S; MirOy et al.,
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1985; Will et al., 1987). Equal amounts of three major polyadenlyated transcripts can be
detected by Northern blot analysis of mRNA obtained from DHBV-infected liver (Figure
1.1): 1) a genome-length transcript that is 3.5 kb in length, and 2) two subgenomic-sized
transcripts that are 2.35 and 2.13 kb in length (Biischer et al.. 198S). Terminally
redundant by 120 - 270 nucleotides, the genome-sized RNA species common to all
hepadnaviruses are slightly more than genome length, have heterogeneous S'-ends, and
are thought to function as the template for (-) strand DNA synthesis as well as the mRNA
for the pre-C, C, and P gene translation products (Bdscher et al., 1985; Cattanio et al.,
1984; Will et al., 1987). The major subgenomic mRNA species are involved in the
expression of viral surface antigens (Bischer et al., 1985; Cattaneo et al., 1984; Mordy et
al., 1985; Will et al., 1987). Minor amounts of other hepadnavirus RNA transcripts have
been detected in virus-infected livers and, in the case of the mammalian virus, are
probably involved in synthesis of viral proteins present in low quantities such as the large
surface antigen and the X protein (Cattaneo et al., 1984; Kaneko and Miller, 1988:
Mordy et al., 198S).
2) Viral reguiatory clements involved in gene expression

Several transcription-regulating clements have been identified in the hepadnavirus
genome and are noted on the genome map shown in Figure 1.3. These functionally
important elements include: 1) four promoters; 2) two regions with enhancer activity; 3)
8 glucocorticoid-responsive element; and 4) a polyadenylation signal (Ganem and
Varmus, 1987; Laub et al., 1983; Shaul et al., 198S; Simonsen and Levinson, 1983;
Russnak and Ganem, 1990; Standring et al., 1984; Treinin and Laub, 1987; Tur-Kaspa et
al., 1986; Yaginuma and Koike, 1989; Yee, 1989). A signal sequence neccessary for
encapsidation of the RNA pregenome into immature core particles has been identified
and is indicated in Figure 1.3 (Chiang et al., 1992). Since all areas of the DNA (-)
strand function in a gene-coding capacity, the regulatory sequences necessary for virus
¢. Hepadnavirus gene products
1) pre-S/S ORF: Susface antigens

Several distinct forms of the viral surface antigen have been identified in serum
samples from viremic carriers of HBV, WHV, GSHV, or DHBV (Feitelson et al., 1983;
Schaeffer et al., 1986; Schlicht et al., 1987a). At least two glycosylstion signals are
proteins have boen detected only in the memmalian viruses (Feitelson et o)., 1983;
Heermana et al., 1984; Schaeffer et al., 1986; Schlicht et al., 1987a; Stibbe and Gerlich,
1983). Of the four mRNAs generated from the HBV pre-S/S ORF (Figure 1.2B), the
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Figure 1.3 - Regulatory elements of the HBV genome. The slightly longer-than-genome-
length (-)-strand DNA and the incomplete (+)-strand DNA are indicated by the inner-
most concentric circles and are labeled according to their respective polarities. Attached
to the 5'-end of the (-)-strand DNA is the primer protein (O) and an RNA primer () is
associated with the 5'-end of the DNA (+) strand. The direct-repeat sequences DR1 and
DR2 are located in the cohesive overlap region of the partially double-stranded, relaxed,
circular genome. Several important regulatory elements are indicated on the HBV
genome map, including: 1) TATAAA, the single polyadenylation sight present in the
hepadnavirus genome; 2) ENI and ENII, two regions of the genome that exhibit enhancer
activity; 3) the glucocorticoid resposive element (GRE), a region of the HBV genome
involved in glucocorticoid stimulation of enhancer activity; and 4) a packaging signal
necessary for the selective encapsidation of pregenomic RNA into immature
nucleocapsid structures to occur. The four promoter regions identified in the HBV
genome are indicated (O) on the map and labeled accordingly. Thick arrows
representing the four ORFs of mammalian hepadnaviruses encircle the schematically
drawn genome. The ORFs are: 1) the pre-S/S ORF which contains the pre-S1, pre-S2,
encodes the viral reverse transcriptase, DNA polymerase, and RNAse H, as well as the
which encodes a regulatory protein. Information contained in this figure was obtained
from the references listed in section 1.B.1.d.2) of Chapter 1.
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minor 2.4 kb species encodes the large HBsAg, whereas the major 2.1 kb mRNA
component is probably a bifunctional template programmed for differential expression of
the middle and major surface antigens via a ribosomal leaky scanning mechanism (Sheu
and Lo, 1992). The main protein component of both the 22 nm spherical particles and
the filamentous particles produced by HBV is the apparent 24 kDa major HBsAg and its
glycosylated derivative, whereas the virion envelope contains a more balanced mixture of
the large, middle and major surface antigens and their glycosylated analogs (Heermann et
al., 1984; Peterson, 1981). In DHBV, the predominant protein in both virion envelopes
and the large pleomorphic spherical envelope particles is the 17 kDa major surface
antigen (Marion et al., 1983; Schlicht et al., 1987a). In addition, DHBV envelope
structures contain a significant amount of a pre-S/S gene-derived protein (Pugh et al.,
1987; Schlicht et al., 1987a). The two DHBV envelope protcins are translated from
subgenomic-sized mRNA species with heterogeneous S-ends (Biischer et al., 198S).
Synthesis of the 167 amino acid major surface antigen initiates at the first start codon
present in the smallest of the three DHBV mRNAs while transiation of the 328 amino
acid preS/S protein begins at the second start codon in the intermediate-sized DHBV
mRNA (Figure 1.1B) (Bischer et al., 198S; Mandart et al., 1984).

The major HBsAg can elicit a protective antibody response, with full antigenicity
induced by disulfide bond-linked HBsAg dimers (Mishiro et al., 1980). Multiple HBV
serotypes have been identified and are a result of the complex array of HBsAg group and
subtype determinants that exist in HBV isolates (Tiollais et al., 1985). The middle and
large surface antigens are also effective immunogens (Persing et al., 1986; Tiollais et al.,
1985). In addition to the S gene-encoded 226 amino acids that the HBV surface antigens
have in common at their carboxy-terminal ends, the amino acid sequences provided by
the pre-S2 gene in the case of the middle protein, and the pre-S| + pre-S2 genes in the
case of the large protein, may have important biological consequences. The pre-S2
MM.WW!«MWWMMMQWM““
a molecular bridge indirectly attaching the virus to the hepatocyte via albumin receptors
on the liver cell membranes (Machids et al., 1984; Pontiseo et al., 1989s; Trevisan ot al.,
1962). In addition, an hepstocyte receptor recognition site has been identified in the
wnique pre-S| portion of the largs HBsAg (Neurath et al., 1986; Pontisso et al., 1969;
Pontiseo et al., 19890).

3) C ORF: Core and ¢ antigens

The core antigen is the structural component of the virus nucleocapsid and is a
pre-C/C ORF product from transistion of an mRNA containing the second of two in-
mmmmaummﬂm 1.1A and 1.2B) (Weimer &



al., 1987). A characteristic set of basic amino acid residues located in the carboxy-
terminal region of the 19-22 kDa core protein confers RNA- and DNA-binding affinity
to this protein (Hatton et al., 1992; Nassal, 1992; Pasek et al., 1979; Petit and Flllm.
1985; Roossinck and Siddiqui, 1987). In addition to being required for RNA prege
encapsidation, a portion of this arginine-rich carboxy-terminal region of the core prmem
is necessary for synthesis of the complete (+)-strand DNA, suggesting that it may be
essential for HBV replication (Nassal, 1992). The core protein is phosphorylated in vivo,
A protein kinase capable of phosphorylsting this protein co-purifies with both the
hepatitis B virions isolated from the plasma of HBV-infected patients and the core
particles purified from HBV-infected liver tissue (Albin and Robinson, 1980; Gerlich et
al, 1982; Roossinck and Siddiqui, 1987). Subcellular fractionstion and indirect
mmmaﬂ escence studies of COS cells and HepG2 cells transfected with an HBV C
gene-containing expression vector indicate that the phosphorylated core protein exists in
ﬂlenuclmﬂleeymphmmddtecymphmcmmmmkmdsm
1987). The 16 kDa soluble HBeAg is the other virus polypeptide known to be encoded
by the pre-C/C ORF (Takshashi et al., 1983). Production of the HBeAy requires a
mRNA template which includes the first of the two in-phase start codons in the pre-C/C
ORF, therefore this mRNA is slightly longer than that used for production of HBcAg
(figures 1.1A and 1.1B) (Weimer et al., 1987). Translation is initisted at the firs AUG
regions (Weimer at al., 1987). The pre-C region of the pre-C/C ORF encodes 29 amino
acids, 19 of which function as a cleavable signal peptide that targets the ¢ antigen 10 the
HBeAg into the blood (Ou et al., I'Blé S:hhﬂneul lﬁ‘ﬂr Standring et al., 1988).
Although the presence of HBeAg in the blood is an indication of active viral replication,
naturally occurring HBV variants that cannot express the pre-C gene are replicati
competent (Chen et al., 1992; Schlich et al., 1987b; Schaeider et al., 1991; Tﬁ-dll
1991). The function of HBeAg in HBV infections is not kmown. However, evidence
suggests that a more severe form of the disease is experienced by patients infocted with
HBYV isolates unable 10 synthesize HBeAg (Brumetto ot al., 1991; Kosska et al., 199);
Liang et al., 1990). Undenstured core protsin exhibits sntigenic determinants that inducs
hmﬂmummm When the core protsia structure is
relaxed by densturation an additional distinct antigonic region thet reacts specifically
with HBeAg antibodies is revealed (Takahashi ot al., 1963). These HBeAg epitopes are
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Genome-length hepadnavirus RNA is thought to function as mRNA for the
scparate translation of C and P gene products, and as the pregenomic RNA template
required for virus replication (Will et al., 1987). Biosynthesis of the P gene product
begins after ribosomal initiation at the second AUG signal in the P ORF vis a leaky
scanning mechanism or by de novo internal initiation ( Figure 1.1A) (Chang et al., 1989;
Lin and Lo, 1992; Schlicht et al., 1989b). When protein size is estimated using HBV
nucleotide sequence data, ribosomal initiation at the second start codon would yield a
protein product consisting of 786 amino acids whereas utilization of the first AUG would
result in an 836 amino acid product (Mandart et al., 1984). The P gene encodes a protein
moiety that acts as a primer for reverse transcription of the nascent DNA chain from the
RNA pregenome (Bartenschlager and Schaller, 1988; Bosch et al., 1988; Wang and
Seeger, 1992). In addition to its priming function, the P gene product is responsible for
enzymatic functions that are involved in the hepadnavirus replication process, including;
I) reverse mmcription of the viral DNA genome from an RNA pregtm 2)

nenndm;nd wn:DNApg!ynungmvuy(Bgvmdal!., 1989. Rnd;nlnlleul.. l?ﬂi
Toh et al., 1983; Wang and Seeger, 1992).
3) P ORF: hﬁbphcrﬂnwmgeﬂm

On the basis of amino acid sequence homology comparisons between a deduced
HBVFmMﬂﬂghﬂ“mmimeMofﬁ
retroviruses Moloney murine leukaemia virus and Rous sarcoma virus, Toh at al. (1983)
provided circumstantial evidence that the HBV P ORF contains the nucleic acid
polylmgm: A more definitive link between the HBV P gene and a reverse
transcriptase product was provided by experime 'wﬂ:mmndmmyggl
analysis of HBV nucleaapﬂd prﬂeml with immunag i ' i
pmlﬁl! fnr F — ivity (E
polﬂih.mdlmbﬁdmj anscri ,,’,;,;ﬁwqmmhn
of high reverse transcript activity in the 70 kDa region of the gel and a much lower
indication of activity in the 90 kDs area of the gol (Bavand et al., 1989). When proteins
from the 70 kDa region were electrocluted, re-slectrophoresed, and transferved omto
mmmmnm-ﬂmmmm
pﬂhﬁﬁdhhﬁhy—:ﬁdmnfh?pt(“ﬂﬂ 1999).
Sﬁlﬂynmf ’ 'mmmm(ﬁkﬂlﬂ

cnmﬂhﬂ!v“(m;ind mz; F-i:niinﬂaﬁﬁh.h




hepadnavirus P gene with replication-specific catalytic activities has been obtained by
mutational analysis of the gene (Chang et al., 1990; Radziwill et al., 1990). Using site-
directed mutagenesis Radziwill and coworkers (1990) constructed a series of HBV
mutants, introduced each mutated viral genome into the human hepatoma cell line
HepG2, and analyzed the effect of the mutation by assaying for DNA polymerase activity
in isolated cytoplasmic core particles. Their results suggest that the P protein consists of
several functional domains, with the carboxy-terminal region active as an RNase H and
the adjacent, penultimate region of the protein functioning as a reverse
transcriptase/DNA polymerase (Radziwill et al., 1990). A similar arrangement of P
protein functional domains was observed when the DHBV genome was explored by
mutational analysis (Chang et al., 1990). Translation of a P gene product appears to
result in a multifunctional polyprotein that is arranged with the primer protein sequences
at the amino-terminal region of the polypeptide, physically separated from the reverse
transcriptase/DNA polymerase and RNase H domains by a protease-sensitive spacer
domain (Bartenschlager and Schaller, 1988; Chang et al., 1990; Radziwill et al., 1990).
Recently, two independent reports have described the synthesis of an
enzymatically active nucleic acid polymerase using an in virro transliation system (Howe
etal., 1992; Wang et al., 1992). In both cases, expression of the DHBV polymerase gene
was accomplished using a cell-free rabbit reticulocyte lysate and an RNA tempiste
containing a copy of the DHBV genome. Howe and co-workers (1992) identified a 79
kDa radiolabeled protein following SDS-polyacrylamide gel electrophoresis and
subsequent autoradiography of a sample of the 35S-methionine-supplemented
reticulocyte lysate reaction mixture. Both DNA polymerase and reverse tramscriptase
activities were detected when the lysate reaction mixture was assayed for the ability 1o
incorporate radiolabeled nucleotides into DNA- or RNA-primed templates. Similarly,
Wang and Seeger (1992) utilized SDS-polyacrylamide gel electrophoresis and
awtoradiography of an 33S-methionine-labeled reticulocyte lysate reaction mixture %o
demonstrate clearly the presence of a mejor protein component of approximetely 90 kDe
in size and a faster migrating, minor component. In addition, nucleotide incorporation
into & nascent DNA chain could be catalyzed by the in visro-synthesized polymerass and
this reaction was found 10 require magnesium and 10 be RNA-directed and temperature-
and time-dependent (Wang snd Seeger, 1992). In support of other published reports thet
link a P gene-encoded product 10 the priming of DNA synthesis, the in viro-synthesiasd
polymerase was shown 10 form a covalent linkage with dGTP the first nucleotide of the
(-) strand DNA (Bertenschiager and Schaller, 1988; Bosch ot al., 1968; Wang and

Sesger, 1992).



Evidence suggests that the P gene product is a required element for RNA
pregenome encapsidation (Bartenschlager et al., 1990; Hirsch et al., 1990). Preferential
encapsidation of the pregenomic RNA from which the P polypepnde has been translated
may occur (Bartenschlager et al., 1990; Hirsch et al., 1990). Once the pregenome and
the associated viral replication machinery are encapsidated, it is not known ifﬂan
polyprotein remains intact or if the primer protein connection to the enzymatic domains
is severed. Results presented by Wang and Seeger (1992) argue that the polymerase
protein retains a covalent association with the newly synthesized DNA. Once enclosed in
the viral integument, the P protein is tightly associsted with the genomic mlm and
with the nucleocapsid structure itself as is shown by the inability of an enzymatically
active DHBV polymerase to dissociate from permeabilized core particles or to m
exogenously supplied templates made available by permeablization of the nucleocapsids
(Radziwill et al., 1988).

4) X ORF: X antigen

Antibodies specific 10 an X gene product have been detected in the serum of some
HBV-infected individuals, indicating that this viral gene is expressed during infection
lKlyeul 198S; Meyers et al., lm) Qﬂyﬂnmﬂi&hﬂnvﬁmm
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1992; Spandau and Lee, 1988; Twu et al., lmTﬂgﬂSﬂm.lm.Wunﬂq
1990). Mupuiﬁvmmﬁexiﬁihhﬁuﬁhm&-w

mﬁdmm(\hﬂd lm) mssﬂwxmm
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modified by site-directed mutagenesis 50 25 ROt %0 express the X protein are capsble of
(Wang ot al.. 1991). There is a relationship betwesn the pressnce of X antigsn and




infection (Haruna et al., 1991). As yet there is little evidence correlating X gene
expression to the development of hepatocellular carcinoma (HCC), a disease associsted
with HBV and WHYV, but not the avian virus. Synthetic peptides corresponding to
defined regions of the X gene are more likely to elicit an antibody response in blood
from individuals with HCC than HBV-infected patients that do not exhibit HCC
(Homﬂy et al, 1985). In a study designed to probe the relationship of HBxAg

duction with development of HCC, Lee and co-workers (1990) generated transgenic
mi:e capable of synthesizing HBV X protein in the liver. However, the level of X
protein expression achieved in these animals did not result in the development of tumors.
lnmmhamhmrepmedthnm:gmmmcecmymg!heane

(Mm:ul IBIZ Mllhrmdﬂnhnmn. lﬁ-l Rmz—Opmeul IWZ Wamaul
1983). Cell fractionation using liver tissue from patients chronically infected with HBV
indicates that eavnkmtly closed, circular DNA (cccDNA), a supercoiled form of the
genome, is found exclusively in the nuclei of infected cells (Miller and Robinson, 1984).
In addition, a small smount of relaxed, circular DNA (rcDNA), the DNA species found
in infectious virions, can be found in the nuclear fraction of these cells. All detectable
viral DNA in the cytoplasm of infected cells is segregated in immature viral core
(Enders et al., 1987; Miller et al., 1984a; Miller et al., 1984b; Miller and Robinson, 1984;
Smnd“m.lm) Theee distinct forms of viral DNA have been identified in
the cytoplasmically-locsted core perticles of hepadnavirus-infected liver tissue: 1)
nlud, cmlt DNA (rcDNA); 2) double-stranded, linear DNA (dsDNA); and 3)
single-stranded DNA (ssDNA) (Miller and Robinson, 1984; Summers and Mason, 1962).
lndﬁumhhum&ninfvﬂDNA.mpmcbmmnam
m:rpmmmmnmmmn
replication (Mason et al., 1962; Weiser et al., 1983).
inilhlly hﬂﬂ%“ﬂmmw:%b
mechanistic studies by
miglum(l'm)ﬂmuﬂ (Iﬂ)ﬁh-ﬂd‘ﬁivﬁﬂm
perticles isolasted from DHBV-infected duck liver. These studies established thet
mﬂﬁlﬁ-hﬂﬁM“MMﬁﬂﬂhm
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DNA viruses (Reviewed by Mason et al., 1987). A model for hepadnavirus replication
was proposed by Summers and Mason (1982), and since that time the model has been
supported by experimental evidence contributed by many research laboratories (Lien et
al., 1936- Tuﬂleman et gl 1986a; Seeg’aet al., 1986' Will et al., 1987)

steps. I ) conversion ﬂf lhe relnxed, clteulgr fann of th= incoming DNA toa @v:!anly
closed, circular DNA (cccDNA); 2) synthesis of an RNA copy of the genorme (known as
the pregenome), followed by encapsidation of the pregenome in cytoplasmic core
pumclﬂ. 3) reverse transcription of a DNA strand (the minus strand) from the RNA
me template, with DNA synthesis pritned by a virus-encoded protein and DNA
;yn(hem catalyzed by a viral enzyme; 4) synthesis of a complimentary (+)-strand DNA
from the DNA (-)-strand, with synthesis of the second DNA strand primed by an RNA
pregenome fragment (Ganum and Varmus, 1987). A more in-depth discussion of
hepadnavirus replication is presented below.

Very little is known about the early events of hepatocyte infection with an
hepadnavirus, specifically: 1) How does the virion gain entry into a susceptible host cell?
2) How and when is the virion uncosted? And 3) How is the incoming virus genome
targeted to the host cell nucleus? Following virus entry into the cell, one of the first
indications of viral infection is the intracellular appearance of cccDNA, a novel form of
the viral DNA that is not associated with infecting virions (Mason et al., 1983; Tagawa et
al., 1986; Tuttieman et al., IS‘I&) It is thought that the relaxed, circular form of the
virus genome, which is synthesized in the cytoplasm of infected cells and found in
virions, is the immediate precursor of the cccDNA species (Tuttleman et al., 1986a).
Formation of cccDNA from rcDNA would require that several modifications be made to
(+)-strand; 2) excision of the two DNA primers, the protein primer sttached to the (-)-
strand and the RNA primer on the (+)-strand; 3) removal of the DNA (-)-strand serminal
nhd-:y- ﬂl)m:hﬂmeﬁhﬁeﬂ.m(ﬁmnﬂVm lﬂ‘i)

i. wqﬁmﬂu—:ﬁﬁmzmﬂ—mﬂ-q
progenemic RNA inte core particies

Host cell RNA polymerase [l catalyzes the synthesis of mRNA from vieal
cocDNA (Rall et al., 1983). As discuseed in Section B.1.4.1., mm
d'—uﬁ:;-ﬂ mmmma:—mp; pberi




Cattanio et al., 1984; Enders et al., 1985; Mordy et al., 1985). The larger class of
transcripts are terminally redundant, exceeding the actual genome length by 120 - 270
nucleotides, depending on the type of hepadnavirus (Biischer et al., 1985; Enders et al,
198S; Mérdy et al 1983 WI" et I| 1937) Symhﬂi: of the three gmuzed

synthesis proceeding along the comple.te genome templne lﬁd teﬁmngnng ata pon,non
within the C-gene, just beyond the solitary polyadenylation site (Figure 1.3) that was
ignored on the first passage around the genome. Included in all of the genome-sized
RNA transcripts is a specific encapsidation signal sequence which is encoded in the pre-
C region of the genome (Figure 1.3) and is Iamed near the 5'-end of each ¢ pl

selectively packaged into immature core pnmcle: ( Endeﬂ et nl, 1987, \anl et il.. 1987),
Selection of the RNA species to be encapsidsted may depend on whether the
encapsiduion signal is oblcuted by mﬂm::nal i:ftivity in the imneﬂi;tc arca nf the

mmeodom,hnnotforthemCmmRNAwhmhmlyhumm
located downstream of the encapsidation signal (Enders et al., 1987; Nassal et al., 1990).
UmmedlsmdemmlmnfmCdeBme
and co-workers (1990) employed RNAase protection assays to demonstrate that mRNA
mmmmmmmmommlhemﬂmemdgmnwm
excluded from encapsidation. Nucleic acid encs tion occurs in the host cell
WmmdmmmwﬁcnmﬁdgwmmAmmﬁﬁe
mmehwboxymﬂmnfﬂgﬂmmmn(mmmgdﬂml
1990; Nassal, 1992). Thewm?mepﬂﬂumlﬁﬁdmﬁe, icleoca
and may also play an essential role in the selective encapsidatic nmeNA
(Bartenschlager et al., 1990; Hirsch et al., 1990).

. Synthesis of (-)-strand DNA from the pragencmic RNA template

Not only is the core protein the structural unit of the nucleocaps

Wmnmnqn@oA.hnNmydnhnm
component iavolved in virus replication and virion maturstion (Hation et al., 1992;
Naseal, 1992; Petit and Pillot, 198S; Schiicht et al., 1989a; Yu and Summers, 1991).
the protamine-like carboxy-terminal region of the core protein (Hatton et al., 1992).
Hatton and co-workers (1992) suggest that the core prosein may be an intagral part of the
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replication complex, facilitating replication by interaction of the core protein DNA-
binding motifs with the DNA products of replication (Hatton et al., 1992).

Enclosed within the immature virus core particle, the RNA pregenome serves as a
template for synthesis of the viral DNA (-)-strand. The $'-end of virion (-)-strand DNA
has been mapped to a position within the DR1 sequence of the genome, suggesting that
synthesis of the nascent DNA (-)-strand begins within one of the two copies of the DR1
sequence present in the terminally redundant RNA pregenome (Figure 1.4B) (Molnar-
Kimber et al., 1984; Seeger et al., 1986; Will et al., 1987). As can be seen in Figure
1.4A and B) the 5'- and 3'-ends of pregenomic RNA contain a duplicated section of the
virus genome that includes the DRI sequence. The terminal repeat sections of the
pregenome are designated "R". Although both ends of the RNA | regenome contain the
DRI sequence, initiation of DNA synthesis occurs within the DR1 located at the ¥-end
of the pregenome, allowing elongation to proceed to the S'-end of the pregenome
template without interruption (Figure 1.4B-D) (Seeger and Maragos, 1990). The
emmlebdDNA()—ﬁmﬂmtﬁm;mmndm(r)mﬂmgafh’7- 10
nucleotides located between the DRI nmymmmdﬂies'dgenfﬂleﬂm
(Figure 1.4D) (Lien et al., 1987; Seeger et al., 1986; Seeger and Maragos, 1990; Will et
al., 1987). Negative-strand DNA synthesis is thought to be primed by a P gene-encoded
protein that is covalently linked to the DNA (Bartenschlager and Schaller, 1988). In
almost all hepadnavirus DNA isolates studied, the S'-terminal nucleotide of the (-)-strand
DNA is dGMP (Bartenschlager and Schaller, ms Lien et al., 1987; Saldanha et al.,
1992). Lien and co-workers (1987) have demonstrated that the §'-terminal
deoxyguanosine nucleotide of DHBYV (-)-strand DNA is e@vﬂemly linked to the primer
protein (Lien et al., 1987). Progressive clongation of the protein-primed DNA (-)-strand
llpﬂhﬁlbeymmafﬂglNAm(Fm
1.4C) (Summers and Mason, 1982). The carboxy-terminal region of the P gene-encoded
pﬂmmhmvzlﬂmﬂmm Mrangement that is similar 0
that found in the gemetically-rels retroviral reverse tranacriptase (Radziwill ot al.,
lm‘l‘nhnll m’s) Kmmu:mhmmhw

m“ﬂhnkuﬁwfwmdhmhmﬁm
domeins are separsted by a distance of sbowt 19 RNA/DNA-het

mm(mnd 1992). mgma-m
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Figure 1.4 - Replication of the hepadnavirus genome. Pregenomic RNA is transcribed
from the covalently closed, circular DNA genome template in the host cell nucleus. The
linear pregenome is transferred to the cell cytoplasm and, along with several other virus-
specific components is sequestered within an immature core particle, the site of viral
replication. Panel A: Important structural features of pregenomic RNA which is drawn
as a wavy line, include: 1) R, a 120 - 270 nucleotide terminal redundancy arising from
transcription of a slightly longer-than-genome-length RNA: 2) two copies of the direct
repeat DRI are located in the R region located at the 5'- and 3'-ends of the RNA
transcript; and 3) one copy of the direct repeat DR2 is located in the 3-region of the
RNA, but is outside of the R sequence. Panel B: Reverse transcription of the pregenome
into DNA begins with synthesis of the protein-primed DNA (-)-strand initiating within
the DRI sequence located at the 3'-end of the RNA template. Panel C: Ribonuclease-
catalyzed degradation of the pregenome probably occurs as DNA synthesis proceeds
toward the RNA S'-terminus. Panel D: The completed DNA (-)-strand contains "r", a
short terminal repeat  resenting the section of nucleotides copied from the pregenome
R regions. The com ed DNA strand is base-paired to a short RNA oligomer, a
pregenome remnant co sisting of nucleotides from the RNA $'-terminus to the 3'-edge of
the DR1 sequence. F el E: The DRI-containing RNA fragment shifts from the 3'- to
the S'-end of the D! molecule where the RNA DRI can basc-pair with the DNA
template copy of DR2. Panel F: Synthesis of (+)-strand DNA is primed by the RNA
oligomer and DNA polymerization proceeds to the $'-end of the DNA template. Panel
G: The replicating complex substitutes the 3'-end of the (-)-strand DNA for the expended
§'-portion of the DNA template, thereby effecting an intramolecular template transfer.
This structural rearrangement leads to the formation of a relaxed, circular DNA
conformation. Prior to virion maturation and export, continued DNA polymerase
activity results in (+)-strand DNA molecules of variable length. Information contained
in this figure was obtained from the following references: Ganem and Varmms, 1987;
Lien et al., 1987; and Seeger et al., 1986.
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allow for enzyme characterization studies to proceed (Howe et al., 1992; Wang and
Seeger, 1992),
d. Synthesis of (+)-strand DNA from the nascent(-)-strand DNA
The completed DNA (-)-strand contains a short terminal repeat (r), two direct
repeats DR1 and DR2, and the primer protein attached to the $-end of the DNA strand
(Figure 1.4D). An RNA fragment is generated from the capped S'-end of the pregenome
lemplne by cleavage at the 3'-boundary of DRI (Seeger and Maragos, 1989; Staprans et
» 1991). The DRI-containing RNA oligomer is then shifted from the 3-end of (<)
llﬂnd DNA to base-pair with the complementary $'-situated DR2 of the DNA template
(Figure 1.4E) (Lien et al., 1986; Seeger et al., 1986; Seeger and Maragos, 1989; Staprans
et al, 1991; Will et al., 1987). The mechanisms by which primer cleavage and
translocation occur is unknown. However, derivation of the RNA fragment from the §'-
terminus of the pregenome is supported by evidence that the 17 - 19 base ribonucleotide
has a S'cap structure as would be expected for the pregenomic RNA and the nucleotide
sequence of the RNA fragment corresponds to that of the pregenomic RNA S'-end
(Biischer et al., 1985; Enders et al., 1985; Lien et al., 1986; Lien et al., 1987; Seeger et
al., 1986; Will et al., 1987). Synthesis of (+)-strand DNA is primed by the translocated
RNA oligomer with nucleotide incorporation initiating at the 3'-boundary of DR2 and
continuing to the protein-bound 5'-end of the (-)-strand DNA tempiate (Figure 1.4F)
(Lien et al., 1986; Seeger et al., 1986). At this point, an intramolecular transfer of the
replicating complex to the 3'-end of the (-)-strand DNA template is necessary if
replication is to continue. This transfer may be assisted by the base-pairing of region r at
the 3'-end of the nascent (+)-strand DNA with the complementary copy of the r sequence
lomdnthe:-end of the (-)-strand DNA template (Ganem and Varmus, 1987). As a
result of hyds ',’,”7bﬂmﬂurmmuwellnm&eRNAm
cupyafDRl mdﬂgpumme(-)-m DNA template, the replicating structure is
hintained in an open circular conformation (Figure 1.4G). Continued DNA polymerase
mwmm(*}mnNAMﬂmmmm“
MHMWWMMMMCD&HG
al., 1983; Hmtlcul 1977 Lnﬁnall 1977, Sattier and Robinson, 1979; Sumwners
etal, 1975). duction of point mutations in or around the RNA primer
DRI mmﬁuﬁ&n ranslocation of the primer can be prevented (Staprans ot
d. 1991). Elcn.nm oflhg DHA (+)-ﬁ'-d can llmﬂell h J‘ﬂiﬂn
nli-l_-DNA CCAS ﬁnn! in prepara ﬂmmmvm(m:ﬂ
1991).




Hepadnavirus rcDNA from infecting virions is modified in the host cell, yielding
the cccDNA form found exclusively in the cell nucleus (Miller and Robinson, 1984,
Tuttleman et al., 1986a). Subsequent to infection, the nuclear pool of cccDNA is
amplified more than 50-fold by intracellular de novo synthesis of viral DNA via the
reverse transcription pathway (Tuttleman et al., 1986a; Wu et al., 1990). Measurement
of the amount of viral cccDNA and RNA pmdueed in primary duck hepatocyte cultures
infected with wild-type DHBV or envelope gene-defective DHBV genomes indicates that
the pre-S/S protein is responsible for regulating cccDNA amplification (Summers et al.,
19@* Sm etal., 1991)

!nfm vmh HEV can Be mﬂd by pmphylignc immunization w'iﬂl a
vaccine that contains HBsAg particles derived from either the plasma of asymptomatic,
cihmnie HEV-infeﬂd individulii or yﬁn that has been m:feaed wiﬂi a reem:bmnm

beien Ilmmed, vmli nmwpmphyiuu given prefa'ﬁlmlly to hngb:n;k populmm -sh
as health-care personnel, infants bom to HBsAg-positive mothers, sexual partners of
HBsAg carriers, homosexuals, and i.v. drug users (Alter et al., 1990; Gerety, 1985). An
el’fe:nve.mmvevmnefwﬂﬁvmmﬂgn&ﬂHBmefﬂrmy
huwmldm&ﬂaiﬂie liscase-ind ’”Iﬁlﬁmblammmdmduhm

1. n_ﬁmm
Until recently, m:hmmeﬁﬁafm-ﬂﬂvmsﬁyhnhm!mﬂbyh
lﬁkﬁﬁmmnIﬁdlﬂlﬁ:mﬂ hfg.heﬁlﬁmvnﬂm

ﬁvﬁﬁmhﬂmmmﬂmm“hhmﬂgﬁr
eliminstion of HBV iafection: 1) immune modulators including corticosteroids and
imterforons (Greenberg ot al., l??d.!.ncnl 1981; Weimar et al., 1980) and 2)
m—mqam;; - ﬁlﬁh(ﬂA).—lnAlﬂ':
p ’f;"ﬁmofmm-:nﬁnnd 1981; Hoofhagle &t
gl lm s::llmlni IHI Tyrrell ot ol., 1988; Weller &t al., 1989).
hpﬂ.iﬁuﬂcﬂnhmmlmhﬁd“hﬁ
boen aimed at eliminating viral replication. The therapeutic end point is desermined by




measuring pre- and post-therapy serum levels of: 1) hepatitis B virus DNA (HBV-DNA),
2) the virus-associated DNA polymerase (DNAP) activity , 3) hepatitis B virus c-antigen
(HBeAg), 4) hepatitis B virus surface-antigen (HBsAg), 4) antibodies t0 the c-antigen
(anti-HBe), and 5) antibodies to the surface-antigen (anti-HBs) (Perrillo, 1989). Active
liver disease is often present in chronic hepatitis B carriers that have serum markers of
active viral replication including HBV-DNA, DNAP activity, and HBeAg. Cessation of
viral replication in the liver is associated with loss of HBeAg from the serum and may
also be accompanied or followed by development of anti-HBe (Di Bisceglie et al., 1987).

These events are often preceded by a temporary exacerbation of immune-mediated liver
damage, as measured by increased serum levels of aspartate aminotransferase (AST) or
alanine aminotransferase (ALT) (Alexander et al., 1987 Hoofnagle et al, 1988).

Follow-up of antiviral treatment studies has shown that a certain percentage of patients
that have seroconverted to an HBeAg-negative state experience reversion to an HBeAg-
positive status (Korenman et al., 1991; Lok et al., 1988). However, as reported in at least
one study, 65% of the treatment-induced HBeAg-negative subjects became HBsAg-
negative after having been HBeAg-negative for 3 years (Korenman et al., 1991).
Therefore, seroconversion to an HBeAg-negative state indicates at least a temporary
hiatus in viral @Imﬂmmmmﬂumymtumemm! HBsAg-
negative state.

Clearance of circulating HBsAg suggests complete resolution of the viral
infection, a state that is hard to achieve if the viral DNAhnmtemtdlmoﬂiehu
genome (Perrillo, 1989; Perrillo et al., 1990). Viral DNA gration into the host
chmmm:swtmmhlnmmofmlmnplﬂewmmﬂmn
incapable of supporting production of complete, infectious viral particles but likely to
encode for a functional, viral surface antigen (Nagaya et al., 1987; Robinson, 1990;
Shaul et al,, 1984). The disappearance of serum HBsAg may signal termination of the
HBsAg carrier state. m“nswwmm correlating the loes of
circulating HBsAg with the di hemical staining for HBsAg in

liver biopsy tissus (Perrillo nd&m, 1991) Anlmﬂl therapy may not have an impact
on mmﬁﬂthmmhmfwmm

N fm::fﬁnypﬂhylsmby-m
mnderstanding of the immune response in viral infections. It is not known what dictates
hhmﬁhﬁum&gﬂa\lm how doss the




environment differ from that which allows the establishment of persistent infection?
Effective manipulation of the host immune response to HBV with immune modifiers
depends upon s detailed understanding of the immune system function in viral infections.
1) Certicosteroid-treatment

Although immunosuppressive therapy with corticosteroids has proven efficacious
in autoimmune chrnnic hepitiiis (HExAg negitive). the:e compaund: are meffe:tive or

1986; Lam et al., IQSI ). Whena coﬁmom:d treatment regime in HB;Ag!po!inve
patients is discontinued, there can be a transient reduction in HBV-DNA and DNA
polymerase activity (Hoofnagle et al., 1986; Scullard et al., 1981). This observation has
lead to protocols designed to "prime” the immune system by corticosteroid
administration and withdrawal. The "primed" system is then subjected to a cycle of
treatment with another immunoactive compound such as interferon. However, in one
major study, prednisone-priming followed by interferon administration was found to be
no more successful than treatment with interferon alone (Perrillo et al., 1990).

2) Interferon-treatment

Interferons are naturally occurting, host-coded proteins that, upon induction,

initiste an antiviral response in some cells and have immunomodulatory effects in ﬂdleﬂ
(Joklik, 1990). Numerous viral infections are accompanied by detectable serum levels of
interferon, in contrast to the undetectable levels of interferon in the serum of healthy
individuals (Levin et al., 1981). Aﬁamcrﬂefnnnﬁrfemnmehmic“n
lwoﬂedbydmﬂm 'ii"”i'defeeﬂve j " Q- i,mplncnuwilh

dwundmwdmﬂgeﬁmyoflntsfgmmafdmnﬁﬂv‘
benefits are still uncertain (Alexander et al., 1987; Greenberg et al., 1976; Kmn
al., 1991; Lok et al., 1988; Perillo et al., 1990; Scullard et al., 1981; Weimer ot al.,
1980). Evaluation of the accumulated clinical data has been difficult for a nember of
reasons. MdmﬂﬂhﬁdmmﬂmﬂumlﬁﬂdMJ
patients (Perrillo, 1969). The v mented spontanecus serocomversion from
Wwwmmﬂﬁumﬁﬂﬂvmmﬁnh

(Dusheiko et ol., 198S; Sﬂl-inll 1981; Viola et al., 1981). lldﬁdﬂ.lh‘pbdy
dhhﬂﬁnumh@yhh—dnmhhhmﬂm




HBV-DNA and circulating liver enzyme activities, as well as parameters such as patient
sex, lifestyle, race, and co-infection with other agents (Davis and Hoofnagle, 1986,
Perrillo, 1989). These early studies suggested that certain parameters were more often
associated with long-term remission of disease (Peters et al., 1986). For i instance, it was
found that a positive response to interferon therapy occurred more often in females than
males, that cases with active rather than persistent hepatitis were more likely to
experience remission of disease, and that treatment responders exhibited lower initial
serum levels of DNAP and HBV-DNA than non-responders (Peters et al., 1986; Scullard
etal., 1981).

More recent studies have provided encouraging results with respect 1o HBV-
infected patient response to treatment with recombinant & 2b-interferon (Hoofnagle et
al., 1988; Perillo et al, 1990). Hoofnagle and co-workers (1988) found that
approximately one-third of the chronic hepatitis B patients treated for 4 months with o
interferon (5 million units (MU)/day or 10 MU every other day) experienced remission
of discase as measured by loss of HBV-DNA, improved ALT and AST levels, and loss
of HBeAg in serum samples collected for up to 8 months post-treatment. In addition, the
liver histology of all but one of the responders exhibited loss of HBcAg from the tissue
and a decrease in hepatic inflammation (Hoofnagle et al., 1988). Similarly, Perrillo and
colleagues (1990) found that 5 MU/day of a-interferon given over a four month period
resulted in 35-40% HBeAg seroconversion and a sustained loss of HBV-DNA in 40-50%
of those treated. lnﬂmHM&mdezdofﬂgm These
results were based on follow-up examinations performed 6 months post-interferon
treatment (Perrillo et. al., 1990).

Not all clinical trials with a-interferon have been as effective in achieving
sustained remission of chronic type B hepatitis. In a study involving exclusively Chinese
patients with chronic hepetitis B it was found that & 2-imerferon (2.5, S, or 10
MU/square meter) given 3 times a wesk for 12 to 24 weeks had little long-torm effect on
HBYV suppression (Lok et al., 1988). One year after trestment had been initisted, 28% of
the patients receiving the highest interforon dose exhibited a sustsined clearance of
HBeAg but at 24 months that sumber had decreased 10 20% (Lok et al., 1988). Although
spontansous clearance in | out of 9 controls evalusted at the end of 2 yoars. Such small
semple mumbers meke it hard 10 determine an accurate bessline for spomtansous
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second and third years, respectively (Lok et al., 1987). It was found that the probability
of spontaneous HBeAg clearance increased with patient age (Lok et al., 1987). In
addition, reversion to an HBeAg-positive state occurred in 32.3% of the patients who had
cleared HBeAg, but 31.8% of these reversions were only transient in nature (Lok et al.,
1987). The study by Lok and co-workers (1987) emphasizes the importance of adequate
controls and follow-up in order properly to evaluate antiviral treatment regimens
designed for the treatment of a disease that induces such a complicated and changing
serological profile.

Of the many variables that may play a role in establishing the HBV carrier-state,
the mode of transmission and the age of the individual at the time of virus aquisition are
important factors to consider. Most adults with a primary HBV infection clear the virus
and establish lasting immunity. Although only § - 10% of infected adults become
chronic carriers of the virus, perinata' infection leads to an overwhelming 85 - 90%
carriers (Stevens, 1982). There is a strong correlation between chronic HBV infection in
infants and the presence of serun HBeAg in the mother at parturition (Stevens, 1982).
Infection with the virus at an early age may lead to a class of chronic hepatitis that
responds poorly to antiviral drug therapy. The study of Chinese patients by Lok and
associates (1988) revealed that antiviral drug therapy in an ethnic population known to
have a high incidence of perinatal infection with HBV was ineffective (Derso et al.,
1978; Stevens, 1982).

The antiviral activity of interferon is thought to be centrati
(Perrillo et al., 1990; Scullard et al., 1981). In the Perrillo ﬁndy(l?ﬂt)).mwiﬂis

MU/day of interferon correlated with remission of HBV-induced disease, wheress
treatment with | MU/day of interferon gave results that were not statistically different
ftomtbonofthemmds MuilmlinhibicianefHBVIevehinhm

being gained from higher doses (Peters et al., l9l6) cte ',;f' aﬁhm
effemvedonuof.eddiuuum&emofa-mﬁmmm-ﬁvhl

effect requires prolonged trestment (st lesst several months) and the side-effects
associsted with use of this compound are more pronounced at higher doses (Peters et al.,
1986). Adverse effects caused by imterferon include fever, influen like illnoss, fatigue,
thrombocytopenia (Hoofagie et al., 1988; Lok et al., 1968; Peters ¢t al., 1986; Rensut ot
al., 1987). There have also besn several reports linking imterforon trestment with the
development of swtoimmune disorders (Abdi et al., 1986; R3anblom et al., 1991).

n



b. Nucleoside-analogs
1) Treatment with are-A

The purine nucleoside ara-A exerts selective antiviral activity against many DNA
viruses and has proven to be an important clinical agent in the treatment of life-
threatening herpesvirus infections such as herpes simplex encephalitis and neonatal
herpes (Hirsch and Schooley, 1983a and 1983b; Whitley et al., 1980). Preliminary work
with ara-A therapy in chronic hepatitis B patients suggested that this compound could
also have a useful role in the management of HBV infections (Chadwick et al., 1978;
Pollard et al., 1978). Ensuing clinical trials found a consistent, dramatic decrease in
serum DNAP activity dun‘ng m—A tre;tmeﬁt in chronic hep.mu B p;nem; Howcver.

(Blugndmeeul_ 1981 aneul_ 1988, Scullardﬂalq 1981). In lhe:e ﬁu,dieuhere
was a correlation between sustained post-treatment low DNAP activity and an initial low
pre-treatment DNAP activity (Bassendine et al., 1981; Ouzan et al., 1988; Scullard et al.,
1981). The subset of treatment responders also experienced persistent or transient loss of
HBeAg (Bassendine et al., 1981). To certify whether a long-term antiviral effect results
from the use of ara-A will require more in-depth, large-scale studies.

Two major problems that limit the use of ara-A are: 1) the low water-solubility of
ara-A, which necessitates the use of a protracted drug delivery schedule, and 2) ara-A
toxicity. Most drug administration protocols outline a 10-day treatment period with an
ara-A dose up 10 15 mg/kg/day by a 12-hr intravenous infusion of a dilute drug solution
(no more than 450 mg/L) (Bassendine et al., 1981, Sacks et al., 1982; Whitley et al.,
1980). Under these conditions, administration of ara-A requires Ilaqmgllaticn for the
duration of trestment. Another consequence of ara-A therapy is dose-dependent, drug-
induced toxicity that frequently accompanics trestmemt. Usually the toxicity is
miﬁndmhfmmafﬁuldhmmpedmméndnﬁy
reversible following discontinuation of therapy (Bassendine et al., 1981; Sacks ot al.,
1982; Whitley et al., 1980). Therefore, in addition to the physical constraints imposed by
2) Trestment with ave-AMP

EMIQFMMMEAHMWHFAHP
the mo h cokinetics of ara-AMP
h“ﬂ“ﬂn“umMMiﬂ“ﬁ
thuhﬁng:mmdnAhm.nmﬂymm
ws-A and w0 the more biologically sable (1)2 = 3.5 M) metabobiee
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arabinosylhypoxanthine (ara-Hx) (Preiksaitis et al, 1981). Ara-A and ara-AMP are
metabolized and eliminated in similar fashion (Glazko et al., 1978, Preiksaitis et al.,
IDII \thley et Il IQBO) The serum level: of HBV DNA and the HBV DNA

lhenpy multed in return of thgg two mlrkm nf v:rgl r:phc;:tmn to th: pﬁ-lrulmmt
levels (Hoofnagle et al., 1982; Hoofnagle et al, 1984; Lok et al., 1985; Weller et al.,
1982, Weller et al., 1985). In some cases, there was improvement in liver function and
histology following trestment with ara-AMP (Lok et al., 1985; Tyrrell et al., 1988
Weller et al., 1985). For example, in one study, immunochemical evaluation of liver
biopsies before and afier treatment with ara-AMP indicated that 33% of the patients
exhibited complete clearance of HBcAg from hepatocytes (Tyrrell et al., 1988). In this
paper, Tyrrell and co-workers (1988) suggested that improved liver histology in these
patients was due to the removal of HBcAg, a probable target viral protein for the
cytotoxic lymphocyte mediated immune response (Mondelli et al., 1982; Van Den Oord
et al., 1986; Vento et al., 1985). The results of other clinical trials indicate thst ars-AMP
therapy provided no significant long-term benefits to chronic hepatitis B patients (Garcia
et al., 1987; Hoofnagle et al., 1984; Perrillo et al., 1985). The questionsble benefits of
ara-A therapy, as well as its serious, transient and prolonged side-effects, have
discouraged use of this antiviral agent (Garcia et al., 1987; Giulieni-Piccari et al., 1988;
Hoofhagle et al., 1984).
3) Combination drug therapy : ara-A or ara-AMP and interforon

Another approach to anti-HBV therapy has been the use of ara-A or ara-AMP in
combination with the immune-modulator a-interforon (Garcia et al., 1987; Lok et al.,
1985; Scullard et al., 1981). Results from a pilot study comparing trestment with
mm.n&um;mwmmmmmmm“
hhmﬂm“ﬂﬁmm;hﬁﬁﬁﬂuwnm(m
et al., 1981). However, the ara-A-induced side-effects were thought 10 be posentisted by
interferon (Sacks et al., 1982; Scullard ot al., 1981). Evidence provided in a more recent
ﬂﬂﬁmﬁnﬂ?hﬁyh:aﬁﬂﬂﬁﬁeiﬁﬂﬂﬁﬂﬂmm
hnﬁnmrﬁwwﬂn-h“lﬁoqhm(ﬁ-ﬁinﬂ. 1987).
Serious side-effects
kwﬂtd‘ﬁghﬂll (lﬂ;hﬁh—yhﬁwﬁnmm

wological sequeles (Garcia ot al., 1987).

4) m—-u-ﬁgﬁ-b
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polymerase and has been reported to exert a range of inhibitory effects on other viral
DNA polymerases (Elion et al., 1977; Furman et al., 1979; St. Clair et al., 1980).
Although a herpesvirus-encoded thymidine kinase converts the majority of the nucleoside
analog to the monophosphate derivative, cellular enzymes can also catalyze this initial
phosphorylation step and are responsible for subsequent conversions to the di- and
triphosphate forms of the compound (Elion et al., 1977, Fyfe et al., 1978; Keller et al.,
1985). Several clinical trials have examined the effects of acyclovir on patients
chronically infected with HBV, the genome of which encodes a DNA polymerase but not
a nucleoside kinase (Alexander et al., 1987; Smith et al., 1980; Weller et al., 1983).
These studies indicate that acyclovir treatment has only a partial and transient inhibitory
effect on serum HBV DNA polymerase levels (Alexander et al., 1987; Smith et al., 1982;
Weller et al., 1983). In another study, a limited number of patients was subjected to a
treatment regimen of combined acyclovir and a-interferon and compared to that in
which either agent was used alone (Schalm et al., 1985). All three treatments lead to
decreases in serum DNA polymerase levels, but the combination therapy resulted in the
greatest decrease. A gradual drop in serum HBeAg occurred only with the combination
therapy (Schalm et al., 1985). Although follow-up of the patients treated with
combination therapy was not reported, the decrease in DNA polymerase activity in both
the acyclovir and a-interferon alone groups retumed 10 pretrestment levels upon
discontinuation of therapy (Schalm et al., 1985).
¢. Ovher agents

In vitro and in vivo studies indicate that suramin, an agent used in the trestment of
African u'ypmomnws. prcvm the initial infection of F&m ducln ind duck

fibroblasts with HIV and Roumvm respectively (Qﬂ‘ﬁlwpa al, l993.
Mitsuya ot al., 1984; Pescu et al., 1988). In addition, suramin inhibits the reverse
transcriptase activities associsted with these viruses (Petcu et al., 1988). However,
administration of this compound 0 three human patients with severe, chronic active
hepatitis B did not reduce the level of serum HBV DNA polymerase activity during the
drug trestment schedule and resulted in extreme toxicity (Loke et al., 1987). Seversl
DNA-imtercalating agents are moderate inhibitors of HBV DNA polymerase activity in
antimalerial drug quinacrine hydrochioride, did mot have an effect on the HBV DNA
(Bodenheimer et al., 1983).
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The mturnl hon range of HBV is rﬁmmed to man, :lthaugh experimental
transmission of the virus to chimpanzees and gibbons is possible (Bancroft et al., 1977;
Barker et al., 1973). Common laboratory animals such as rats and mice are not
permissive hosts. The discovery of related, naturally occurring animal hepadnaviruses
has lead to the use of rather unconventional animal models in the study of this virus
family (Marion et al., 1980; Mason et al., 1980; Summers et al., 1978). Animals that
have been utilized in antiviral studies directed against the Hepadnaviridae include the
Marmata monax species of woodchuck which can harbour woodchuck hepatitis virus
(WHYV), the Beechey ground squirrel (Spermophilus beecheyi ) which is s carrier of
ground squirrel hepatitis virus (GHBV), and the Pekin duck (Anas domesticus) which is
susceptible to duck hepatitis B virus (DHBV) (Fourel et al., 1990; Hirota et al., 1987;
Kassianides et al., 1989; Lee et al., 1989; Nordenfelt et al., 1982; Ponzetio et al., 1991;
Sherker et al., 1986, Smee et al., 1985; Venkateswaren et al., 1987).

Thaemﬂvmugﬂ:ndmudvmmm wuth theuieofegh p:meuhr
hm:wmmad hq:dmellnhr carcinoma (HCC) bec;u.le in most cases m
infection of the animal leads to the development of HCC by 3 years of age (Popper et al.,
iﬁ?) Iﬁhnﬂimehmnmmdwmddmck viﬁlinfeetinnnmeiﬂyapnuhﬁnl

lﬂdhdﬁmcmfm(ﬂm lSIZ, Tﬁmmtsul !9!!). Tha'efore.hm
course of the disease in the woodchuck and humen are comparable. In addition, in terms
of nucleotide sequence homology, gene number, gene organization, virion morphology,
ndm,an:mmy.dnnmﬂmhpﬁHMWHVﬂHBVnm
similar to each other than cither one is to the avisn DHBV (Cote and Gerin, 1983;
Galibert et al., 1982; Mandert et al., 1984; McCaul et al., 1985; Robinson et al., 1964;
Sliilnnieul 1983; Summers, 1981; Tiollais et al., 1985; Werner et al., 1979). Since
) ,,,"ﬂiﬂdﬁﬁhﬂdﬁgﬁhﬂﬁﬂhﬁﬂﬂﬁhﬁdﬂpﬂﬁ.mm
mﬂhlﬁﬂﬁhﬂnmwmﬁmﬂﬂlm A
mfﬂeﬁﬁuﬂhﬁm model system is later-stage antiviral scresning
of agents that heve shown amti- Ravirus activity in other less costly scresming
systems.
squirrels has boen reported, this model is not of practical importance. The overriding




trapping wild animals in a particular area of northern California (Marion et al., 1980,
Smee et al., 1989).

The DHBV-infected Pekin duck has been used extensively as an animal model for
screening of antiviral compounds (Hirota et al., 1987; Kassianides et al., 1989; Lec at al.,
1989; Sherker et al., 1986). A major difference between the avian DHBV and the
mammalian HBV is the X gene, which is present in the mammalian hepadnaviruses but is
missing from the avian genome (Mandart et al., 1984; Tiollais et al., 1985). Recent in
vitro work has shown that HBV X gene-minus mutants transfected into the human
hepatoma cell line HuH-7, the human hepatoblastoma cell line HepG2, and primary adult
rat hepatocytes produced wild-type levels of viral proteins, replicative intermediates, and
virions in all three cell types (Blum et al., 1992). Therefore, although the highly
conserved mammalian X gene may play a role in virus pathogenicity, it is probably not
an essential element in the HBV life cycle (Blum et al., 1992). Hepatocellular carcinoma
is not found in the Pekin duck although it has been observed in a type of duck obtained
from Chi-tung county in China (Imazeti et al., 1988; Marion et al., 1984 Yokosuks et
al., 1985). Vertical transmission of DHBYV is the major natural route of infection in
domestic ducks, with a significant number of the hatchlings destined to become persistent
carriers (O'Connell et al., 1983; Tsiquaye et al., 1985). This is analogous to the human
situation where perinatal infection is associsted with a high rate of chronic HBV
infection (Stevens, 1982). The DHBV-infected duck is a convenient model system for in
vivo antiviral drug studies since the ducks are easy to breed and maintain and a persistent
infection can be established cither by matemnal transmission or by innoculating newly
WMIMwimDHBVMMﬁommemofp«ﬁmlthm
(Freiman et al., 1988; Marion et al., 1984).

Several in vitro cell culture systems capable of supporting hepadnavirus
replication are now avsilsble for the screening of antiviral agents. Primary cultures of
MWN&MM&HMJMMMUQMW
infocted with DHBV (Bishop et al., 1990; Tuttleman et al., 1986a). Ahematively, duck
WMMWMmhMW&DﬂBVwm
(Pugh and Summers, 1969; Tuttieman et al., 1986b). Active hepadnavirus replication can
also be maintained in primary hepatocyte cultures isolsted from the livers of WHYV-
infected woodchucks (Thézé et al., 1987). In addition, successful is viro HBYV infection
of human hepatocyte cultures has been reported (Gripon et al., 1988; Shimiso et ol.,
1986). Primary cultures of hepstocytes furnish a convemient i view sysem for
temporary propagation of hepadnaviruses. Such nomprolifersting cell culture models
have the potential 10 provide a realistic approximation of chemotherapewtic drug
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interaction with the virus in a normal liver cell environment. On the contrary,
mnifoﬁned cells are further removed from the natural state, with genetic and metabolic
normalities frequently exhibited (Kletzien and Perdue, 1974; Knowles et al., 1980;
Thorens et al, 1990). Under the appropriste conditions, duck hepatocyte primary
cultures can be maintained in a differentiated state for several weeks ( Bishop et al., 1990;
Pugh and Summers, 1989). During this time however, progressive cell de-
differentiation, which can eventually be observed in the hepatocyte preparation as a
m'phalagieil change from polyjéml to fbfoblmici-type eell;, hmnu extended use of

:I !986&)

Several differentiasted HBV-negative cell lines derived from human hepatomas
have been transfected with cloned human HBV DNA (Sells et al., 1987; Sureau et al.,
1986; Tsurimoto et al., 1987). Selection of transfected clones that secrete viral antigens
and infectious virus particles resulted in the establishment of stable cell lines capable of
supporting HBV replication (Acs et al., 1987; Sells et al.,, 1987; Sureau et al., 1986;
Tsurimoto et al., 1987). Characterization of these HBV-positive cell lines indicated that:
1) complete copies of the HBV genome are integrated into the cellular DNA, as well as
present in an episomal form; 2) intracellular replicative intermediates and core particles
can be detected; and 3) three classes of viral RNA transcripts are present in cellular
poly(A) RNA extracts (Sells et al., 1988; Sureau et al., 1986 Tsurimoto et al., 1987).
These HBV-producing, immortalized cell lines have pm\udd another useful in viro
system for assessing the anti-HBV activity nfpmamnl chem apeutic agents (Jansen
et al,, 1993; Korba and Milman, 1991; Lampertico et al., 1991 Uedngul 1989). Itis
mkm%de&mﬁmﬂedhmvﬂemm resentation of the
hﬂﬁhﬁl’ﬂﬂlﬁlﬂhﬂlﬁfﬂgmmfﬁﬁll However, jmencmdphynolopai
including chromosoms aberrations and changes in cell growth, protein
Mﬂiﬂ,nﬂmmmnlm characteristic of tumor-derived cell
lines (Javitt, 1990; Knowles et al., 1980; Simon et al., mz Thorens et al., 1990; Weber,
1977). lﬁﬁwﬁﬂﬁvmmmmnﬁmedlmmm
mﬁumwhﬂhuﬂdhﬁhmmﬂmpﬁwmhm
in vivo,

s Lhﬁn—h

1) The mammalion animel modols
mmﬁﬂﬁamﬂmqu—nhhuma

Wmmﬂhﬂ_ﬂmﬁsm(ﬁ-ﬂidq 1990;

Nordenfek et al., 1962; Ponzetto et al., 1991; Smee ot al., 198S; Venksteswars etal,




1987). Treatment with 20 mg/kg/day of the nucleoside analog araAMP decreased the
level of WHV DNA and activity of WHV and GHBV DNA polymerase in the serum of
chronically-infected woodchucks and ground squirrels (Fourel et al., 1990; Ponzetto et
al., 1991; Smee et al., 1985). In both animal models, discontinuation of arasAMP therapy
resulted in a return to pre-treatment levels of the serum viral markers. In addition, little
or no antiviral effect was ablerved in woodchucks treated for 4 days with $ or 10
mg/kg/dly of lﬂyclﬂwr monop or in ground sqmrreh reeemng a ZI-d:y. 50

(DHFG pnelclmnr) (Pmeul 1991 Smeeel al, 1935) Cmgble mlilbmm
of WHV occurred with a five- to ten-fold lower dose of arasAMP or acyclovir
monophosphate when the drugs were conjugated to lactosaminated human serum
Ibumit (Pmagl 1991). Increased in vivo effectiveness of the coupled versus the
ﬁeefmufﬂ:ehpmyhadumpmm:xlendeﬂhgmhlnymduleaive
entration of the conjugates in the liver (Ponzetto et al., 1991). Fourel and co-
wnrkm (1990) found that treatment of WHV-infected woodchucks with the 2'-
fluorinated  arabinosyl-pyrimidine nucleosides FIAC  (1+(2-deoxy-2-fluoro-P-D-
n:hmnﬁmyl)-s -iodocytosine) and FMAU (1<(2-deoxy-2-fluoro-f-D-
| permanently eliminated WHV DNA polymerase

lﬁmty m:l WHV DNA from lhf. serum. However, FIAC- and FMAU-administration
resulted in severe toxicity, with all 10 animals dying from renal insufficiency or central
mm:ymhxmtymﬁmdné—mﬂ“fﬂbwmgm Ammu

wnuhmumMMMﬁwvmmmm
and transient in nature (Foure! et al., 1990). Recently the substituted arabinosyl
nucleoside drug known as Fialuridin mﬂAUmﬁdinmSﬁeﬂﬂAlnéﬂ
Press, 1993). Of the fifteen humen volumteers involved in the 28-day clinical trial, five
hw&dﬂﬁmﬂhhyhhhmmm-mﬂhﬁ
treatment. Although the pyrophosphate analog trisodium phosphonoformate (also known
nfm)hnmmrdidWVMAﬁmth
MHHIHHQHWVMAMﬂﬁWﬁm
treated suboutansously twice daily with S0 or 66 mg/kg for 6 or 14 days (Nordenfelt ot
al., lmm-m IR?) vm—amnm)mu




9 mg in 0.5 ml; 72 days) to four animals that had a recently-acquired WHV infection
(Venkaateswaran et al., 1987).
2) The avian model

Several nucleoside analogs have been tested for in vivo antiviral activity in
DHBV-infected ducks (Haritani et al., 1989; Hirota et al., 1987; Kassianides et al., 1989;
Lee et al., 1989; Luo, 1991; Suzuki et al., 1988; Zuckerman, 1987). The serum and liver
tissue levels of DHBV decreased in a concentration-dependent manner when $ month-old
ducks infected with DHBV at the time of hatching were treated for 2 weeks with araA
(from 20 - 80 mg/kg/day; i.v.) (Hirota et al., 1987). Discontinuation of therapy resulted
in a rebound of viral DNA levels (Hirota et al., 1987). Southern blot analysis of
intrahepatic viral DNA before and after treatment with the highest dose of araA indicated
that the level of viral cccDNA remained unchanged after drug therapy (Hirota et al.,
1987). Furthermore, preferential inhibition of viral DNA (+)-strand synthesis by araA
was observed, suggesting that the drug-virus interaction may occur st the level of DHBV
DNA polymerase (Hirota et al, 1987). When four or six week-old ducklings
experimentally-infected at the time of hatching with DHBV were trested for 2 or 3 weeks
by intramuscular injection twice daily with 10 mg/kg of the purine nucleoside analog
2,6-diaminopurine 2',3'-dideoxyriboside (4dDAPR), the viral DNA content of the serum
wmﬂyn&wdmakvduwmuebydndahyhmm
(Lee et al., 1989; Luo, 1991; Suzuki et al., 1988). After completion of a two week
“DMRWM..MM&DHBVDNAM&M&&:@
trestment serum samples (Suzuki et al., 1988). However, the reduced serum levels of
MDNA“mhmmaJMpcbdofmmym The
related purine 2',3'-dideoxysdenosine (ddA) was a less effective in vivo inhibitor of
DHBYV when administered at the same dose and with the same trestment schedule (Les ot
al., 1989). NWMWM(M)MWM
of DHBV DNA levels presont in serum and liver tissue of ducks congenitally-i
with DHBV (Shaw ot al., 1991a), modymvaNAfanlﬂthﬁ
tisswe after 3 weeks of trestment was cocDNA (Shaw et al., 1991a). However, withia the
2mmmmm-amdﬁm
intermediatos in the tissus (Shaw ot al., 1991a). This reported potent smiviral activity of
geaciclovir in the avien system is in comtrast 10 the negligible antiviral effect thet
ganciclovic (DHPG) had in GHBV-infocted ground squirrels (Smee ot al., 19850). No
approcisble reduction in serum DHBYV DNA levels was seen in ducks trested for 2 wesks
with 10 mg/kg b.i.d. of the synthetic pyrimidine 2'.3'-dideoxycytidine (d4C) (Luo, 1991).
In contrast, ancher growp reported that 44C administration (10 mg/day) to DHBV-




infected ducks induced a partial antiviral effect that was not sustained after termination
of treatment (Kassisnides et al., 1989). Another pyrimidine analog ¥-azido-}'-
deoxythymidine (AZT) was an ineffective inhibitor of DHBV in ducklings treated for 10
days with 15 mg/kg/day of AZT (Haritani et al., 1989). The observed selective
inhibition of DHBV by purine as compared to pyrimidine analogs indicates that drug
intervention may occur at a unique step in the hepadnavirus replication cycle. One
possibility is that purine nucleoside analogs interact with the virus primer protein which
normally forms the initial, covalent linkage to dGMP, hence blocking synthesis of the
nascent DNA (-)-strand (Lee et al., 1989; Suzuki et al., 1988).

Toxicity studies performed by Tyrrell and co-workers (unpublished results) have
indicated that ddDAPR is nontoxic in ducks treated for 16 weeks with 20 my/kg/day of
the compound. In contrast, animals treated for § weeks with ddA (20 my/ky/day) lost
more than 30% of their body weight, developed peripheral neuropathy, and in some cases
died from the consequences of drug-induced toxicity (Tyrrell and Lemke, unpublished
results). Ducks treated with ddC (10 mg/kg, b.i.d.) suffered from severe toxicity that
often resulted in death after 2 -3 weeks oftreanﬁ:m (Luo. 1991)

(i.p., b.i.d.; 50 or 250 mg/kg; 10 days) to du;klmg; nmeongemully-mfm mth
DHBY lead to a concentration-dependent reduction in DHBV DNA in the serum and in
the liver tissue of treated animals (Sherker et al., 1986). The lower drug dose did not
reduce the viral DNA content of the serum below that of the controls, a result that is in
agreement with a study in which woodchucks were treated with a comparable amount of
this compound (Nordenfelt et al., 1982; Sherker et al., 1986). Treatment of ducklings
with the higher drug dose resulted in undetectible serum and liver tissue levels of DHBV
DNA, but the viral DNA reappeared upon discontinuation of treatment (Sherker et al.,
1986). Southern biot analysis of liver DNA from both the low- and high-dose treatment
groups indicated that inhibition of viral (+)-strand synthesis occurred in both cases,
whumvwd(wmsmaﬁmdmlyhydehﬂsﬂm
Therefore, the antiviral activity of trisodium phos mate may result from
MMJNMMM&:DHEVDNApImﬂm
transcriptase functions of the viral enzyme (Sherker et al., 1986).

The in vivo duck model has been used in & number of combination drug therapy
experiments (Shaw et al., 1991; Zuckerman, 1987). A significant decrease in all viral
mmmhhbﬂnvmﬁﬁwshﬁwiﬁmiﬂv-pﬂw

inhibitor (malidixic acid or coumermycia Al)(hﬂi_, !99!), “ﬁsyéﬁvirﬁr
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suramin given individually, or a schedule of acyclovir followed by suramin, was tested
for antiviral efficacy in ducks congenitally-infected with DHBV, a dramatic reduction in
scrum DHBV DNA polymerase activity was detected during treatment (Zuckerman,
1987). The ensuing rebound of enzymatic activity associated with discontinued therapy
was rapid in animals treated with one drug and extremely protracted for the ducks that
reccived the drug combination (Zuckerman, 1987). In another study, the infection of
Pekin ducks with DHBV was prevented when the animals were pretreated with suramin
(Offensperger et al., 1993).
b. In yitre drug screening
1) Primary cultures of duck hepatocytes

Successful propagation of DHBV-infected primary cultures of duck hepatocytes
has allowed large-scale screening of antiviral compounds. Numerous nucleoside analogs
have been tested for anti-DHBV activity.  The pyrimidine analogs AZT, 2'3-
dideoxythymidine (ddT), and ddC had little or no effect on DHBV DNA synthesis in
virally-infected duck hepatocyte cultures (Civitico et al., 1990; Haritani et al., 1989; Lee
ct al., 1989; Suzuki et al., 1988). Another study found that ddC inhibited DHBV in duck
hepatocyte cultures, but that other compounds resulting from structural modifications of
thymidine, cytidine, and uridine including AZT, 2',3'-dideoxy-2',3'-didehydrothymidine
(d4T), S-azacytidine (5-aza-Cyd), 3'-deoxyarabinofuranosylcytosine (D-ara-C), 2',3"-
dideoxyuridine (ddU), 3'-azido-2',3-dideoxyuridine (AZU), and S-bromo-2'-
deoxyuridine (BDU) were less effective inhibitors at noncytotoxic concentrations
(Yokota et al., 1990). As was observed in WHV-infected woodchucks, phosphonoformic
acid and the fluorinated pyrimidine analog FIAC were potent hepadnavirus inhibitors in
DHBV-infected duck hepatocytes, whereas FMAU and FEAU were less potent inhibitors
of the duck virus (Fourel et al., 1989). In contrast, the purine nucleoside analogs
ddDAPR, ddG, ddA, and 2',3'-dideoxyinosine (ddl) inhibited DHBV in primary cultures
of duck hepatocytes (Civitico et al., 1990; Lee et al., 1989; Suzuki et al., 1988; Yokota et
al., 1990). Other purine analogs found to interfer with DHBV DNA synthesis in
hepatocyte  cultures include the potent inhibitors  (S)-9-((3-hydroxy-2-
phosphonyimethoxy)propyl)adenine (HPMPA) and 9-((2-phosphonyimethoxy)ethyl)-
2,6-diaminopurine (PMEDAP), and the marginally effective agemts ganciclovir,
acyclovir, and ribavirin (Civitica et al., 1990; Yokota et al., 1990). Little or no viral
mﬁuhmihndnmm&e“hudhbﬂ!vmm
(Civitico et al., 1990; Suzuki et al., 1988). However, in one study in which duck
hepatocyles were cocultivated with rat epithelial cells, asraAMP exhibited s substantial



inhibitory effect on DHBV that was not sustained post-drug treatment (Fourel et al.,
1989).

A number of compounds that are active with supercoiled DNA, such as
topoisomerase 1 or II inhibitors and prokaryotic DNA gyrase inhibitors, were found to
inhibit DHBV DNA synthesis and/or production of viral surface antigen in DHBV-
infected duck hepatocytes maintained in culture with human embryonic lung fibroblasts
(Civitico et al., 1990). Southern hybridization analysis of intracellular viral DNA in the
drug-treated cells indicated that some of the compounds reduced the amount of viral
cccDNA detected while others altered the electrophoretic mobility of the DNA
supercoiled species in agarose gel (Civitico et al., 1990).

Hepatocyte infection with DHBV is inhibited by several agents that possess
lysosomotropic properties (Offensperger et al, 1991: Petcu et al, 1988). When
uninfected duck hepatocyte primary cultures were incubated with media containing
DHBYV and suramin, infection of the cells was irreversibly blocked (Petcu et al., 1988).
Similarly, Pekin ducks pretreated with suramin were resistant to DHBV infection
(Offensperger et al., 1993). In both cases, the compound had no effect on the virus when
the drug was added after infection. Similar inhibition of in vitro infection of duck
hepatocytes with DHBV occurred with the lysosomotropic agents ammonium chloride
and chloroquine (Offensperger ct al., 1991). In another study, chloroquine-treatment of
DHBV-infected duck primary cultures grown in co-culture with human embryonic lung
fibroblasts resulted in inhibition of both viral DNA synthesis and surface antigen
pn)ducuon (Civitica et al., 1990).

Potential anti-hepadnavirus agents have been tested in the following hepatoma-
derived cell lines: 1) 22 15 cells - an HBV-producing cell line that was selected
following transfection of the human hepatoblastoma cell line HepG2 with a plasmid
containing multiple copies of the HBV genome (Sells et al., 1987); 2) HB611 cells - a
stable, HBV-producing cell line that resulted from transfection of the human hepatome
cell line Huh6-c15 with a plasmid carrying the viral genome (Tsurimoto et al., 1987);
and 3) D2 cells - a DHBV-producing cell line derived from transfection of the chicken
(Condreay et al., 1990).

Amyﬂmmmhwmmrmmm“mmy,
purine and pyrimidine forms of arabinos lcosides 23.
DXY? sides, and substituted 2',3'-dideoxynucieosi ’dmvﬂ:va(Anb—Sueul
1991 anﬂ:l 1991; Kﬁh:ﬂlﬂlhﬂ. 1991 Lampertico et al., 1991; Matthes
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et al,, 1990; Ueda et al., 1989; Yokota et al., 1991). Variable anti-HBV activity has been
observed in 2.2.15 cells and HB611 cells treated with ara-A or ara-AMP, while ara-C
was inhibitory to HBV DNA synthesis in HB611 cultures (Korba and Milman, 1991;
Lampertico et al., 1991; Nagahata et al., 1988; Ueda et al., 1989; Yokota et al., 1991).
Both ara-A and ara-C were cytotoxic to HB611 cells (Ueda et al., 1989). Inhibition of
HBV occurred in 2.2.15 cell cultures treated with the purine dideoxynucleosides
ddDAPR, ddG, ddA, or 2',3'-dideoxyinosine (ddl) (Aoki-Sei et al., 1991; Korba and
Milman, 1991). In HB611 cultures, moderate to no anti-HBV activity was attributed to
ddA (Ueda et al., 1989; Yokota et al., 1991). The pyrimidine dideoxynucleoside ddC
exhibited moderate to potent anti-HBV activity and 2',3'-dideoxy-2',3"-didehydrocytidine
(D4C) was moderately active against the virus in HB611 and 2.2.15 cells (Doong et al.,
1991; Korba and Milman, 1991; Lampertico et al., 1991; Ueda et al., 1989; Yokota et al.,
1990). In all but one report the thymidine analogs AZT and d4T had very little or no
effect on HBV in HB611 and 2.2.15 cells (Aoki-Sei et al., 1991; Korba and Milman,
1991; Lampertico et al., 1991; Matthes et al., 1990; Ueda et al., 1989). Sub-micromolar
concentrations of the modified pyrimidine dideoxynucleosides 2',3'-dideoxy-3'-
fluorothymidine (3'-FddT), 3'-fluoro-S-methyl-deoxycytidine (FddMeC), 3'-chloro-S-
methyl-deoxycytidine (CiddMeC), and 3'-amino-5-methyl-deoxycytidine (AddMeC)
effectively inhibited HBV production by 2.2.15 cells (Matthes et al., 1990). These
compounds were relatively cytotoxic, with a 0.5 to 1.5 uM concentration of the drugs
resulting in a 50% reduction in cell density after four days of treatment (Matthes et al.,
1990). Moderate anti-HBV activity was reported for 3'-a-fluoro-2' ,3'-dideoxycytidine
(3'-FAdC) in 2.2.15 cells (Doong et al., 1991).
Other purine- or pyrimidine-containing compounds of interest in the field of anti-
HBV research include acyclic and carbocyclic nucleoside analogs, heteroc
dideoxynucleoside analogs, and oxetanosyl-N-glycosides (Chang et al., 1992; Dmnj et
al., 1991; Furman et al., 1992; Lampertico et al., 1991; Nagahsta et al., 1989; Price et al.,
1989, Ueda et al, 1989). A variety of DNA viruses are inhibited by the
phosphonyimethoxyalkyl-group of acyclic nucleoside analogs (De Clercq et al., 1986;
Lmeul I‘H?) Lmv concentrations of the purine phosphonylmethoxyalkyl-derivatives
onyl-methoxy)ethyl)adenine (PMEA), and HPMPA inhibited
HBV DNA m: in HBS]I cells, whereas the pyrimidine derivative (S)-1-((3-
methoxy)propyl)cytosine (HPMPC) required a 26- 10 450-fold
bﬂsmnm:mmm“ﬁemwnkﬂnﬁﬂ
19!)!) ln22 ns&ummgmaﬁmm—hmm
s & reductic intracellular HBV DNA levels (Korba and Milmen, 1991).
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The compound 2-amino-1,9-dihydro-9-[( 14, 38, 4q)-3-hydroxy-4-(hydroxymethyl)-
cyclopentyl)-6H-purine-6-one (2'-CDG), a carbocyclic analog of 2'-deoxyguanosine,
exhibited potem lﬂﬁ-HBV mivity in 2 2 15 cells treated with lub-mncmmllr

al., 1991; Fm:e et nl 1989), Ncs 2,2, 15 cell mmcny re:ulled fmm treatment wuh OA to
19 uM of 2'-CDG, but this concentration range of 2'-CDG was toxic when the drug was
tested in a human bone marrow progenitor cell assay (Furman et al., 1992; Lampertico et
al., 1991; Price et al., 1989). Inhibition of HBV DNA replication occurred in 2.2.15 cells
treated with  2'3'-dideoxy-3"-thiacytidine (SddC) and S-fluoro-2',3'-dideoxy-3'-
thiacytidine (FTC), whereas compounds resulting from a methyl-, chloro-, bromo-, or
iodo- substitution at the S-position of SddC were not effective antiviral agents (Doong et
al., 1991). In addition, 2',3"-dideoxy-3"-thiauridine derivatives representing potential
catabolic products of the S-substituted SddCs did not reduce HBV DNA levels (Doong et
al., 1991; Schinazi et al., 1992). Further work revealed that the cytidine deaminase-
resistant (-)-enantiomers of SddC and FTC were less toxic and more active as HBV-
inhibitors than were the enzyme-susceptible (+)-cnantiomers (Chang et al., 1992;
Furman ct al., 1992). The natural product oxetanocin A (OXT-A; 9-(2-deoxy-2-
hydroxymethyl-B-D-erythro-oxetanocyl)adenine) and the 2-amino and guanine
derivatives OXT-G and 2-amino-OXT-A exhibited anti-HBV activity in HB611 cells
(Nagahata et al., 1988; Ueda et al., 1989). However, the hypoxanthine and xanthine
derivatives of oxetanocin (OXT-H and OXT-X) were not effective inhibitors of the virus
(Nagahata et al., 1988).
When tested in D2 cells, the condensed anthraquinone hypmcm bloeked
production of infectious DHBV particles at a late stage of viral mor
(Moraleda et al., 1993) Although DNA-contgmng virions continuéd to he nhlnd

mevembly mhnkgd by l:lm phmndynme plant plpnem (Mmlﬁh o ll 1993)

The natural products interferon o and B both exhibited dose-dependemt ' ’

HBV DNA synthesis in HB61 | cells (Ueda et al., 1989).

D. Nuclostide Motaboliam

1. Physiclegical nuclestides and nuciestide procursers
Pmnandpmhe;mmﬁml&mﬁnd“,,

living cells. Most intracellular nucleotides are polymerized i
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metabolism, components of group-transfer coenzymes, physiological regulators, and
precursor molecules in the synthesis of histidine and the vitamins riboflavin and folate
(Henderson, 1972a). They also regulate the activity of many of the enzymes involved in
nucleotide metabolism (Henderson, 1972a). Nucleotides are interconvertible with their
nonphosphorylated nucleoside counterparts.  The purine nucleoside adenosine has
diverse biological functions. In addition to its involvement in nucleotide metabolism, it
is a regulator of such processes as neuronal synaptic transmission, coronary blood flow,
hormone secretion, and pyrimidine biosynthesis (Fox and Kelley, 1978).

Intracellular nucleotides can be synthesized de novo in most animal cells.
However, this purine biosynthetic pathway appears to be absent from bone marrow,
blood platelets, leukocytes, erythrocytes, and some brain cells (Fontenelle and
Henderson, 1969, Hoimsen and Rozenbery, 1968; Lajtha, 1958; Murray, 1971; Scott
1962). In addition to de mno synthesis, most tissues can procure nucleotides via a
salvage pathway that re-utilizes nucleosides and nucleobases released from nucleic acid
and nuclentide catabolism within the cell, from dietary sources, and from endogenous
production by other cells in the body, primarily the liver (Murray, 1971; Pritchard et al.,
1970).  Cellular utilization of exogenous nucleosides and nucleobases begins with
plnm.l mcmbrme penneamn by the bechemuh. followed by mbohc conversion of

mes(?m md Clls. IQIS Pmamnn and wm
mo Flagmnneul 1988). Physiological nucleosides and nucleobases that permesate
Mcﬂlﬂmﬂnﬂ&ﬁmﬁmﬁhﬂm“lmﬂhhﬁ ;j’j ibut
neghmbly to ihe mtll amount arm biochemicals

dﬁiﬂﬁg@ﬁ&ghmmmwm;; NBMPM

-mummhmm(mlm Pnumnnd lm
Plagemann et al., 1988). NBMPR-sonsitive nuclecside transporters are present in many
—uﬂeﬂlmgﬂmmm\@yﬁd- p:(ﬁ-n-ﬂl'ﬁm.
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been identified in certain cell lines (Belt and Noel, 1985 Paterson et al., 1987:
Plagemann and Wohlhueter, 1985). NBMPR-insensitive, concentrative, secondary-
active transport processes linking nucleoside transport with a Na*co-transport activity
have been identified in a variety of tissues including mouse enterocytes, rat, rabbit, and
bovine renal brush-border membranes, L1210 mouse leukemia cells, and 1EC-6 intestinal
epithelial cells (Dagnino and Paterson, 1990; Jakobs and Paterson, 1986; Jarvis et al.,
1989; Vijayalakshmi and Belt, 1988). Two distinct Na'-dependent nucleoside
transporting activities have been characterized according to substrate specificity
differences (Dagnino et al., 1991; Vijayalakshmi and Belt, 1988). Multiple nucleoside
transport systems can exist in the same cell type (Belt, 1983; Dagnino and Paterson,
1990; Jakobs et al., 1990). Nucleoside transport systems exhibit broad substrate
speciﬁcity, with both purine and pyﬁmidiﬂe ribo- gnd demyﬁbﬂnucilemide: as well as

1986).
2) Nucleobase transport

Nucleobase transport systems include both equilibrative, facilitated diffusion and
concentrative, Ng*-depﬂi;dem active transport processes (Bronk and Hastewell, 1987;
Domin et al., 1988a; Plagemann and Wohlhueter, 1984). Human erythrocytes contain a
purine nucleobase-specific transporter (Domin et al., 1988a). Depending on the cell
type. nucleobase permeation may involve nucleoside transporters. For example, the
nucleoside transporter in S49 mouse lymphoma cells accepts purine nucicobases as
substrates (Aronow and Uliman, 1986; Plagemann and Wohlhueter, 1986). In two rat
hepatoma cell lines, Chinese hamster ovary cells, and Ehrlich ascites tumor cells both the
nucleoside uridine and the nucicobase hypoxanthine can be transported by the nucleoside
carrier (Plagemann and Wohlhueter, 1984). However, hypoxanthine fluxes in other
Wohlhueter, 1984). In rat small intestine tissue, pyrimidine base fluxes are linked to a
Na*-dependent transport activity (Bronk and Hastewell, 1987).
nuclestides

In most cells, nucleotide synthesis proceeds by way of two scparste  metabolic
sequences: |) the de novo pathway; and 2) the salvage pathway. Although sucleotides,
nucleosides, and nucleobases are the | ,,,'f:immnhdvqe
pathway, these compounds are not the precursors employed in nucleotide bi
de novo. mmmmpm-hmm cond-pr




discussion of purine and pyrimidine de novo biosynthesis and salvage makes use of
information reviewed by Henderlon ( 19725), Hendermn ;nd Paterson ( 1973). Karﬁberg

numbering systems emplayed for the phynalugl:nl purine ;nd pynmldme campaund:
discussed below.
1) De agve Mesynthesis of nuclestides

Purine and pyrimidine nucleoﬂdes are synthesized de novo from chemical
precursors which include CO2, NHj, ribose 5-phosphate, and amino acids. The final
product of the purine biosynthetic pathway is inosinate (IMP; inosine $'-
monophosphate), a compound from which all other purine nucleotides can be derived.
Orotate, the key nucleobase structure formed in pyrimidine biosynthesis, is converted to
the nucleoside monophosphate orotidylate (OMP; orotidine 5'-monophosphate), which
reacts to form uridylate (UMP; uridine 5'-monophosphate). All other pyrimidine
nucleotides can be derived from UMP.
8) Dc neve synthesis of purines

Purine nucleotide biosynthesis begml with enzyme-catalyzed condensation of
glutamine with S-phosphoribosyl 1-pyrophosphate (PILFP), the activated form of ribose
S-phosphate, to form phoqhnnhmylnmne Subsequent  reaction of
phosphoribosylamine with glycine contributes C-4, C-5, and N-7 of the nucleobase
structure, and C-8 is donated as a formyl group by $,10-methenyl-tetrahydrofolate. In
the next reaction, N-3 of the nucleobase is added by the transfer of an amide group from
giutamine. Closure of the imidazole portion of the purine nucleobase moiety is followed
by the addition of carboxyiate (from HCO3™ or CO3) at C-6, and the introduction of
purine nucleobase N-1, donated by aspartate. A formyl group supplied by 10-formyl-
catalyzed cyclization step, yielding IMP.

b) D¢ aeve synthesis of pyrimidines
The de novo route of pyrimidine biosynthesis proceeds by step-wise construction
of the sucleobase orotate, followed by cond ion of orotate with PPRP to form OMP,

and a final decarboxylation step to yield UMP. Synthesis of orotate is initisted by the
formation of carbamyl phosphme from CO3, ATP, and glutamine (or NHj). Th
Mmdmmﬂhmb“bpw
which is then oxidized to form orotate. The pyrimidine mucleotide UMP arises following




phosphates is considered in Section D.1.b.2). Biosynthesis of cytidine phosphates
pmeeedi by iminition af UTP by CTP iyﬂihﬂlg‘ '\aiih gluﬁmine as the nmde dunur
lymheme; wuh thg mﬁhyl group conmbutcd by lhc coenzyme S.Iﬂ—melhg,lene-
tetrahydrofolate.
1) The salvage pathway

Pre-existing purine and pyrimidine nucleobases, nucleosides, and nucleotides may
be reclaimed for use or disposed of through an interconnecting web of metabolic
reactions known collectively as the salvage pathway. Many of the enzymes involved in
these metabolic conversions are regulated by nucleotides. Hence, control of the reaction
network is precise, with enzyme activities adjusted in response to the availability of
specific nucleotides. The complex control mechanisms that operate in intact tissue are
not ﬁmcliongi in studies that utilize cell extracts or purified nu;lemide meialfmlizing

values fnr mlmmes and effecuve concentrations of nuclamde regulum m;y not be
relevant in vivo. The relative importance of a particular arm of the salvage pathway
varies depending on factors such as cell type, the state of cellular differentiation, and/or
phase of the cell cycle (Hordem and Henderson, 1983). Although the following
discussion considers nucleotide salvage pathway reactions in general, the specific
systems in operation ultimately depend on the individual cell.
8) Ribonucleotide synthesis from nuclesbases and ribonncieosides

Several pathways lead to the conversion of nucleobases and ribonucleosides to the
analogous phosphorylated species. Base-specific phosphoribosyltransferases utilize
PPRP in the direct conversion of uracil and the purine bascs adenine, gunme
hypoxanthine, and xanthine to the comesponding ribonuclcoside mon
Pmunhnum&imdevnedeTanbyhmm
utilize ATP as a phosphate donor. Adenosine kinase is responsible for the conversion of
adenosine to AMP. Less is known about the direct phosphorylation of guanosine and
inosine by kinases. Uridine and cytidine are converted to UMP and CMP, respectively,
by the action of uridine-cytidine kinase, an enzyme that is specific for ribonucieosides.
lndﬁmiammvmafmlmUMmemvnI’mﬂm
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guanylate kinase, and pyrimidine nucleoside monophosphate kinase, which
transphosphorylates CMP and UMP (Agarwal et al., 1971; Orengo and Maness, 1978;
Tsuboi, 1978). The phosphate donor in these kinase-catalyzed transphosphorylations is
ATP, although in some cases other deoxy- or ribonucleoside triphosphates can function
in this capacity.  Nucleoside diphosphate kinase catalyzes a phosphotransfer reaction
between a nucleoside diphosphate substrate and a nucleoside triphosphate donor. This
widely distributed, active enzyme exhibits broad substrate specificity, accepting purine
and pyrimidine nucleoside di- and triphosphstes, with cither ribose or deoxyribose
sugars.

Animal cells produce most of their ATP by mitochondrial oxidative
phosphorylation. Exchange between adenine nucleotides located in the cytoplasm and
within the mitochondria occurs by way of the ATP-ADP antiporter which is situated in
the inner mitochondrial membrane (Harold, 1986). Mitochondrially-generated ATP
enters the cytoplasm where the chemical energy conserved in this nucleotide is
distributed throughout the other purine and pyrimidine nucleotide pools by kinase-
directed phosphoryl group transfers.

b) Desxyribonucieotide synthesis

The major route for the formation of deoxynucleoside triphosphates is by
reduction of ribonucleoside diphosphates to the corresponding deoxynucleoside
diphosphate by ribonucleotide reductase, an enzyme that reduces ADP, GDP, CDP, and
UDP. Deoxynucleoside diphosphates can then be readily converted to triphosphates by
nucleoside diphosphate kinase or, alternatively, dephosphorylsted to the monophosphate
form. The sequential addition of phosphate groups to deoxynucleosides can be achieved
by the action of cellular kinases. Both adenosine kinase and deoxycytidine kinase can
convert deoxyadenosine to dAMP, although in this case the more physiologically
relevant enzyme may be adenosine kinase (Sarup and Fridland, 1987; Uliman et al.,
1981). Deoxycytidine kinase is also responsible for the conversion of deoxycytidine to
dCMP, cytidine to CMP, and deoxyguanosine to dGMP (Detta et al., 1989; Kremitsky et
al, 1976; Sarup and Fridland, 1987). Thymidine kinase will phosphorylste
deoxynucleosides, specifically thymidine and deoxyuridine, but mot deoxycytidine.
Adenyiste kinase converts JAMP 10 dADP, while guanylste kinase phosphorylates
dGMP 10 the corresponding nucleoside diphosphate (Agarwal et al., 1971; Tawboi, 1978).
Pyrimidine nucieoside monophosphate kinsse converts dCMP to dCDP (Orengo and
Maness, 1978). Phosphoryistion of dTMP to ATDP, sad JUMP 10 dUDP is catalyzed by
nucicoside diphosphates to triphosphates.



¢) Interconversion of nucleotides

The three phosphorylation levels of ribo- and deoxyribonuclectides are
metabolically connected by phosphorylation and dephosphorylation reactions that are
discussed in Section D.1.b.2) a), D.1.b.2)b), and D.1.b.2)d). Purine ribonucleotide base
moiety interconversions occur at the monophosphate level, with IMP functioning as the
pivoul compﬂuﬁd Symhe:ii of‘ AMP from IMP is a two-:tep prm;en Ina reminn

adenylosucunntc Thu reaction is followed by th: conversion uf adenylmucclmlc to
AMP and fumarate by adenylosuccinate lyase. Conversion of AMP to IMP is
accomplished by adenylate deaminase, an enzyme that also exhibits activity with JAMP.
Two reactions are involved in the formation of GMP from IMP: 1) the intermediate
compound XMP is synthesized from IMP by the combined action of inosinate
dehydrogenase and the elecuun acceptor NAD'; and 2) the substrates XMP and
glutamine (or NH3) are used by guanylate synthetase to form GMP. Guanylate reductase
catalyzes the conversion of GMP to IMP. Pyrimidine ribonucleotides are interconverted
by amination of UTP to form CTP. Catalyzed by CTP synthetase, this reaction utilizes
gluumine as llie’ amine donor. Recyeliﬁg cytidine pbcf@h;tes to nridine emmdl

deaminase to faﬁn undme

Base moiety interconversions of adenine and guanine deoxyribonucleotides do
not occur. However, pyrimidine deoxyribonucleotides may interconvert through
deaminstion and methylation reactions.  Specifically, deamination of dCMP by
deoxycytidylate deaminase yields dUMP, and methylation of dUMP by thymidylate

synthetase gives dTMP. Another pathway for the formation of dUMP involves
deamination of deoxycytidine by cytidine deaminase to yield deoxyuridine, which can be
converted to JUMP by thymidine kinase.
d) Nuclestide casnbolism

Various en:yma are involved in the ﬁuhﬂim of mlemde: Enzyme—

h _,ncﬂnlyﬂbynﬁhnhcm
"'m&nlﬁnm
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AMP and ATP from two molecules of ADP. Nucleoside monophosphates are converted
to nucleosides by nucleotidases and phosphatases.  Nonspecific acid and alkaline
pholph;' psphatases :ccept’ nuclemide manopho Sphiléi with gny bue miety and wiih 2, 3‘

t,he fgrmer ngclemldm; more active m;h AMP, whlle the latter type ot‘ enzyme is
selective for GMP, IMP, and xanthylate (xanthine $'-monophosphate; XMP).
Nucleotidases and phosphatases also catalyze the dephosphorylation of pyrimidine ribo-
and deoxyribonucleotides.

Enzyme-catalyzed deamination reactions are involved in the catabolism of purine
and pyrimidine compounds in animal cells. The purine nucleosides adenosine and
deoxyadenosine can be catabolized by adenosine deaminase (ADA) yielding
hypoxanthine nucleosides, while adenylate deaminase acts upon AMP and dAMP,
converting these adenine nucleotides to IMP and dIMP. However, adenine deoxy- and
ribo-nucleotides may utilize distinct catabolic pathways in vivo, as is seen in human T-
lymphoblastoid cells where the breakdown of dATP proceeds mainly via the ADA
pathway and catabolism of ATP usually involves the action of adenylate deaminase on
AMP (Barankiewicz and Cohen, 1984). Guanylate reductase converts GMP to IMP, and
hydrolytic deamination of guanine to xanthine occurs by the action of guanine
deaminase. Deamination of the pyrimidine nucleosides cytidine and deoxycytidine by
monophosphate dCMP is converted 1o dUMP by dCMP deaminase.

In animal cells, reversible glycosidic bond cleavage of the ribo- and
good substrates for PNP of microorganisms, adenosine phosphorolysis in animal cells is
a minor degradative psthway (Hammer-Jespersen, 1983; Henderson, 1985). Instead,

enosine deaminase converts adenosine and deoxyadenosine to hypoxanthine
Mﬂﬁnhﬁlymmwm In addition, the adenine-
mmmr-umﬂmmgmm
fun_jllﬂ'gﬂdlﬂ? mvely which can be dephosphoryt ne
I) thymidine mm&gﬂhdMMﬂm-i
deoxywridine; and 2) wridine phosphorylase which acts on wridine, dooxywridine, and
thymidine. Bna m of d-nyeylih and :yﬂu doss mot ocowr.
However, des 104
Mﬂﬂmwﬁmlﬂyw hdﬁﬂﬂﬂ.ﬁ
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nucleobases, phosphorolysis of deoxyribo- and ribonucleosides yields deoxyribose |-
phosphate and ribose 1-phosphate, respectively, compounds that are channeled into
energy-producing reaction sequences.

The breakdown of purine and pyrimidine bases involves either oxidation or
reduction of the nucleobase. The purine bases hypoxanthine and xanthine are converted
by xanthine oxidase to uric acid, the end-point of purine metabolism in man, higher
primates, birds, reptiles, and insects. The urinary end-product of other mammals is
allantoin which arises from the action of uricase on uric acid. In some biological systems
lihnioin il eanvmed to the endspradnm illmloit;: acid, urea, or :mmnnil thohnm

double bmd fnllawed by oxld:uve clenv;ge of the ring structure. Thc resulting pmdum
are catabolized to B-amino acids, NH3, and CO3. The P-amino acids are utilized in
other metabolic reactions.
2. Nucieoside analegs

Nucleoside analogs are used chemotl putically in the treatment of some viral
infections and cancers. Drug developmem programs continue to explore this fmly of
mﬂ: in the search for effective -mwral qenu ‘l‘lmw ucl s must

ﬂmdﬂmdmwnlwmmm Dlﬂpa'ﬁﬂianluwiﬂigmn{i
therapy of adult non-lymphoblastic leukemias. Leukemic white cell sensitivity to ara-C
mhtamthn{mﬂuxm-ﬂwnhhmdmm
ctormined by the number of NBMPR binding sites per cell (White et al.,

1987 \Neyeul 1982; Wlleyeul 1983; Wiley et al., 198S5).

8. Cellular permestion of nucies ‘

Cﬁlﬂmnﬂmmﬁnﬂm&mﬂemﬂgm&ﬂ“m
passive diffusion, facilitated diffusion processes, active transport, or 8 combination of
these pathways. Mmllmmm:mmwlwwof
physiologic as well as synthetic nucleosides. Nucleoside substrates that are not accepted
hhmlﬂﬁ,fﬁlﬂd&ﬁﬂﬁm-ﬂ*mm-i
mucleoside analogs such as orotidine, 6-azauridine, and 3-deazauridine (Bekt and Welch,
lﬂ! Ca--dﬁum, 1972 Dﬁlq-H:leyail 1984). Nucleoside structwre

ﬁﬁnbhﬂhi‘*ﬂuﬁﬂﬂﬁudﬁ? or 2'-hydroxyl groups on
h““m(kﬂhlm Gati ot al., 1984; Taubs and
liﬂu. Im) A comy

f,j’ﬂmﬁﬁahmrﬂiﬂr-




Ado and 2'-dAdo exhibit comparable kinetic parameters, loss of the 3-hydroxyl group
greatly reduces the efficiency of 3'-dAdo transport (Plagemann et al., 1990). However,
removal of the 2-hydroxyl substituent, and changes to the nucleobase moiety of
nucleosides are well tolerated by facilitated diffusion-type transporters (Cass and
P:!cﬂnn 19‘72) In mammalian celll. fnmycin B, a C-glycoside in@:iﬁe mﬂog with a

insensitive nuclamlde tﬂnipoﬂen. nwell as famnegf the concentrative Na -depen
nucleoside transport systems (Vijayalakshmi and Belt, 1988). However, Na* -depmdem
nucleoside transport in L1210 mouse leukemia cells exhibits increasing insensitivity to
purine compounds with, respectively, F-, Br-, and Cl- substitutions at the C-2 position of
the base (Dagnino et al., 1991).

Facilitated nucleoside transport systems exhibit stereoselectivity (Dagnino et al.,
1991; Gati et al, 1989; Mahony et al., 1992). For example, Na*-dependent adenosine
transport in L1210 mouse leukemia cells is specific for the naturally-occurring D-
enantiomer of adenosine, whereas the unphysiological L-counterpart is not a substrate for
this transporter (Dagnino et al., 1991). In human erythrocytes, enantiomeric selectivity
occurs in the entry of carbovir (Hda{hyhxynﬁhyl)cyclmﬂ-?—a&lﬂ-ylhmme).
the carbocyclic analogue of ddG, which enters these cells by way of the nucleobase
casvier and, 10 a lesser extent by the nucleoside transporter (Mshony et al., 1992).

The acyclic nucleoside analog acyclovir enters and exits human erythrocytes by
way of the purine nucleobase carrier (Mahony ct al., 1988). The human erythrocyte
mmmﬂnmnmmeﬂmmyiﬁbmlm
guanosine analog ganciclovir, and carbovir, lMgmﬂm(Myaﬂ
1992; Mahony et al., 1991). In addition, the nucleoside transporter comtributes to
ganciclovir and carbovir permestion in human erythrocytes (Mahony et al., 1992
Mahony et al., 1991). A bination of nucleobase transport and passive diffusion is
involved in S-fluorouracil fluxes in human erythrocytes (Domin and Mahony, 1990).
maumm:—mnﬂﬁemm“m}m
(2-&;@:' ribofura '

im:hm(lmdﬁﬂm)dnﬁmw&m
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1988b Plggemgn nnd Waﬂ‘mdm 19891. ZI' merman et al,,. I987). Similarly, lhe l,nﬂux
of d4T (the 2'.3'-unsaturated homologue of ddT) into human lymphocyte H9 cells
proceeds by way of passive diffusion (August et al., 1991). Characteristics of ddT, d4T,
and AZT influx that indicate a passive diffusion mode of entry include: 1)

nconcentrative influx; 2) nonsaturable influx that is a linear function of the permeant
emmman, 3) mlemmvny of the mﬁm to nucleoside Inmpaﬁ mhlblm nnd 4)

mlpoﬂcr mbm (Augun et gl., 1991, Dumm et :I l988b Zlm et al
1987). Expeditious cell membrane permeation of these thymidine analogs may be
attributed to the inherent chemical lipophilicity associsted with nucleosides containing
reduced number of hydroxyl groups on the ribose moiety and, in the case of AZT, the
addition of a substituent that is a poor acceptor and a non-donor of hydrogen bonds. The
octanol partition coefficient (a ratio of the nucieoside concentration in octanol to the
nucleoside concentration in a balanced salt solution) values for dddT, AZT, ddT, d4T,
and dThd are 2.6, 0.98, 0.25, 0.18, and 0.085, respectively, indicating thet these
thymidine analogs are considerably more lipophilic than the parent compound dThd
(August et al., 1991; Plageman and Woffendin, 1989a; Zimmerman et al., 1987).
Similarly, fluxes of the purine dideoxynucleosides ddA, ddl, and ddG appear to
be mainly non-mediated in the mammalian cell systems examined (Agarwal et al., 1989;
Ahlnwﬂhed IQI‘I Buseo et al., 1990; Plagemann and WofTendin, 1989a). Emtry of
ddA into L1210 and P388 mouse leukemia cells and human erythrocytes is unaffected by
nucleoside transport inhibitors or by an excess of other nucleosides (Plagemann and
WM IQIQC). A small component nfddA pmnatimofpmphnlhhnﬂ

(A-!wilel:l Im) Mﬂulvdyhﬁhpdﬁlﬁlwofﬂ(mm
coefficient = 0.609) would account for its rapid, nonmediated cellular entry, permenting
—m id m Iy (P_” pIng -awm* Iﬂﬁ) Eﬂyﬁmﬂﬁﬂﬂ

m)hmwmmm“nhmmh
not play a role in ddA or ddl permestion of these cells (Abluwalia &t al., 1987).
Similarly, wptake of ddG by H-9 T-lymphocytes is wot affected by an excess of the
nucleoside transport inhibitor NBMPR (Busso ot al., 1990). CEM and Mok-4 coll
permention by ddA is 4- 10 6-fold more rapid then that of ddi, reflecting the disparsse

55



octanol partition coefficient values for these two agents (ddA = 0.603; ddl = 0.068)
(Ahluwalia et al., 1987).

The pyrimidine dideoxynucleoside ddC is a substrate for the facilitated nucleoside
mnsponet in humm erythrocytes, culmred hnmin T-imhoblnu nnd two mouse

cell permeation by ddC is only l%ueﬂ’iclgmuthat of lhcnlmrll mbnnteg afthe
nuclcoside transporter (Plagemann and Woffendin, 1989b). Although ddC has a
relatively low octanol partition coefficient (0.048), non-mediated permeation contributes
to ddC fluxes in human erythrocytes and mouse leukemia cells (Plagemann and
Woffendin, 1989b).

b. Intraceliniar metabolism of nuclesside analogs

In most cases, intracellular phosphorylation of nucleoside-type agents is a
prerequisite to their antiviral activity (De Clercq, 1993). This essential process is usually
accomplished, with varying degrees of efficiency, by the cellular enzymes that function
in physiological nucleotide metabolism. The nucleoside analog is often subject to the
action of other enzymes that are present in the vast cellular network of metabolic
psthways. Of crucial importance to the success or failure of an antiviral agent is the
relative affinity of catabolizing enzymes for the drug. As mentioned previously, the
enzyme composition of a cell and the apperent enzyme activities may vary depending on
the cell type. Therefore, the phosphorylated derivative of an antiviral drug may
accumulate in one cell system while the same agent may follow a different metabolic
pathway in another. For example, the observed selective toxicity of ara-G in several T-
cell lines as compared to B-lymphoblasts may be due to differential rates of ara-GTP
catabolism in the two cell types (Verhoef and Fridland, 1985).

Many nucleoside analogs are converted to the S'-monophosphate congeners by
cellular kinases. lacdhd&ymmhmm&l‘:nm
10 the monophosphate derivative by deoxycytidine kinase (dCyd kinase) (Balzarini et al.,
1987; Kierdaszuk et al., 1992; Starmes and Cheng, 1967; Ulmenn ot al., 1988).
Confllicting reports have emerged with respect %0 ddA phosphorylstion by dCyd kinass,
-mmwahnihﬁl(ﬁiniiﬂ 1977,
Carson ot al., 1960). In several studies, partially p

al., 1987, Coomey ot al., 1987; Johneon et al., 1988). ln—ﬂ-ﬁn,p-iﬂdi_
u—kr-andcnmm;,f, ting activity with the
dideoxynucieoside substrates d4C, Mﬁﬁ(h-ﬂil_.iﬂ) More recently, a
mmdmmm_m#qﬂm




efficient phosphorylation of several cytosine dideoxynucleosides but was unable to
phosphorylate the purine nucleoside analogs ddA, ddl, and ddG (Kierdaszuk et al.,
1992). However, a nonstringent substrate specificity was apparent for purified calf
thymus dCyd kinase which phosphorylates numerous purine and pyrimidine nucleosides
and analogs thereof (Krenitsky et al., 1976). Experiments with kinase-deficient
lymphoid cell lines and purified or partially purified dCyd kinase from several sources
indicate that dCyd kinase accepts as substrates the purine snalogs ara-A, 2-chloro-2',3'-
dideoxyadenosine (2-CiddA), 2'-fluoro-2',3'-dideoxyarabinosyladenine (2'-F-dd-ara-A),
and ddG as well as the pyrimidine compounds ddC, ara-C, S-fluoro-2',3'-dideoxycytidine
(5-FddC), S-bromo-2',3'-dideoxycytidine (S-BrddC), 2',3"-dideoxy-3'-fluorocytidine (3'-
FddC), and 3'-azido-2',3"-dideoxycytidine (AZC) (Bondoc et al., 1992; Datta et al., 1989;
Haertle et al., 1988; Masood et al., 1990; Sarup and Fridland, 1987; Verhoef et al.,
1981). Studies utilizing - partially purified adenosine kinase from the human T-
lymphoblast cell line CCRF-CEM or from Chinese hamster ovary cells and experiments
with normal and kinase-deficient lymphoblasts indicate that adenosine kinase can
phosphorylate ddA, ara-A, ribavirin, and tiazofurin (2-B-D-ribofuranosylthiazole-4-
carboxamide) (Fridland et al., 1986; Johnson et al., 1988; Page and Connor, 1990;
Saunders et al., 1990; Verhoef et al., 1981). In another report, mono-phosphorylation of
guanosine, 3-deazaguanosine, tiazofurin, and the natural substrate nicotinamide riboside
was demonstrated using partially purified nicotinamide riboside kinase from Chinese
hamster ovary cells (Saunders et al., 1989). Pnnﬁed cytosolic thymidine kinase from H9
cells converts the pyrimidine nucleoside analog AZT 10 AZT-MP with kinetic parameters
similar to that obtained with dThd (Furman et al., 1986). 3'-FddT, AZT, and t0 a lesser
extent ddT, are competitive inhibitors of dThd phosphorylation by a cell extract of
Molv4F cells (Balzarini et al., 1988). Less efficient phosphorylation occurs with the
substrate 34T in cell-free extracts of H9 cells and with thymidine kinase purified from
H9 cells (Marongiu et al., 1990).

The role of mitochondrial kinases in the phosphorylation of nucleoside analogues
has been examined in several studies. Although carbovir can enter the misochondria of
buman lymphoid cells, no phosphorylsted compound has been detected within these
organciles (Boadoc et al., 1990). In addition, mitochondrial dGuo kinase purified from a
dCyd kinase- and adewosine kinaso-deficient CEM cell line was unable 1o phosphorylate
carbovir (Bondoc et al., 1990). Purified bovine mitochondrial dGuo kinase exhibits strict
phosphate-accepior substrate specificity, with dGwo, dino, ara-G, snd 8-a2s-dGuo, but
not dAdo, Ado, Guo, acyclovir, 6-thio-dGuo, or dCyd accepted as substrates (Parks and
Ives, 1968). Both purified cysoplasmic and mitochondrial dCyd kinese from peripheral
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chronic lymphocytic leukemia cells catalyze the phosphorylation of ddC, with a higher
substrate affinity measured for the mitochondrial enzyme (Starnes and Cheng, 1987).
Selective mitochondrial toxicity has been implicated in the delayed cytotoxicity observed
in T-lymphocytes treated with ddC and the eventual peripheral neuropathy experienced
by humans treated with ddC (Chen and Cheng, 1989; Chen et al., 1991).

In some cases, the conversion of nucleoside analogs to their monophosphate
derivatives does not involve the action of kinases. Utilizing IMP as a phosphate donor,
cytosolic S'-nucleotidase from human lymphoid cells, rat liver, or Chinese hamster ovary
cells can act as a phosphotransferase to phosphorylate inosine and gusnosine analogs
such as ddl, ddG, ara-G, carbovir, acyclovir, ganciclovir, and tiazofurin, as well as
inosine, guanosine, and deoxyguanosine, to their corresponding nuclemde
monophosphates (Fridland et al., 1986; Johnson and Fridland, 1989; Keller et al., 198S;
Saunders et al., 1990). EvndenoeauuemdutddAunotambﬂrﬂeﬁ:rﬂie
phosphotransferase in CEM cell extracts (Kierdaszuk et al., 1992). In CEM and Molt-4
cells, the major, although indirect route from ddA to ddAMP involves conversion of ddA
to ddl, followed by S'-nucleotidase-catalyzed formation of ddIMP from ddl, and
subsequent conversion of ddIMP to ddAMP by the sequential action of adenylosuccinate
synthetase and adenylosuccinate lyase (Ahluwalia et al., 1987; Johnson et al., 1988).
Partislly purified rabbit adenylosuccinate synthetase converts ddIMP to
dideoxyadenylosuccinate, although this conversion occurs at only 2% of the rate obtained
for IMP conversion to adenylosuccinate (Ahluwalia et al., 1987).

Other cellular enzymes have been implicated in the conversion of certain
nucleoside analog monophosphates to their di- and triphosphorylated forms. An in vitro
enzyme assay has shown that direct conversion of ara-AMP to ara-ATP can occur by the
action of PRPP synthetase, an enzyms that normally functions in the psthway of IMP and
UMP biosynthesis through the reversible transfer of pyrophosphate from ATP to ribose-
S-phosphate, forming PRPP (Balzarini and De Clercq, 1990). Although AMP and the
mmmnm 7ms'w(m S‘-

uGMP.lMP.XMP.CMP..dUMPmm(M“D;C!&q.lmm
and De Clercq, 1991a; Sabina et al., 1984). Very low levels of PMEA and its
phosphoryisted derivatives are found in humen MT-4 cells that have been exposed 10 the
drug for 24 br (Balzariai et al., 1991b). The monophosphates of buciclovir ((R)-9-(3.4-
dihydroxybutyl)guanine; BCV), ganciclovir and acyclovir can be phosphorylated 10 their



acyclovir- diphosphate to the triphosphate level can occur by the action of two glycolysis
pathway enzymes, phosphoglycerate kinase and pyruvate kinase, and less efficiently by
nucleoside diphosphate kinase (Smee et al., 1985a; Stenberg et al., 1986). Inefficient
anabolism of AZT-MP to AZT-DP is brought about by thymidylate kinase (dTMP
kinase) purified from H9 cells (Furman et al., 1986). Thymidylate kinase exhibits even
lower affinity for the substrate 3'-azido-2',3'-dideoxyuridine monophosphate (AZU-MP)
(Zhu et al., 1990).

Nucleoside analog modification by catabolic pathways can lead to drug
inactivation and the formation of harmless or toxic metabolites that are eventually
removed from the biological system. Catabolic reactions that compete with anabolic
activation of various nucleoside analogs include deaminations, phosphorolytic cleavages,
and dephosphorylations. The nucleoside analogs ara-A, ddA. and ddDAPR are
deaminated by ADA (Balzarini et al., 1987; Carson et al., 1988). Similarly, ddAMP
appears to be converted to ddIMP by AMP deaminase (Carson et al., 1988). Purified
human cytidine-deoxycytidine deaminase (Cyd-dCyd deaminasc) does not deaminate
ddC (Starnes and Cheng, 1987). Partially purified Cyd-dCyd deaminase from peripheral
human acute myelocytic leukemia cells has little effect on the cytidine analog 1-f-D-
arabinofuranosyl-S-azacytosine (ara-S-aza-Cyd), but causes the deamination of 2'-deoxy-
S-azacytidine (S-aza-dCyd) and ara-C (Townsend et al., 1985). Partially purified human
liver cytidine deaminase converts araC, S-aza-Cyd, 6-azacytidine, and several S-
substituted cytidine analogs to their corresponding uracil derivatives (Wentworth and
Wolfenden, 1978). In addition, partially purified human cytidine-deoxycytidine
deaminase accepts (+)BCH-189 and (+)FTC as substrates but is unsbic to deaminate
the corresponding (-) enantiomers (-)BCH-189 (or 3TC) and (-)FTC (Chang et al., 1992;
Furman et al., 1992). Both ddG and ddI can be catabolized to the appropriate base and a
dideoxyribose phosphate sugar through the action of PNP (Ahluwalia et al., 1990
Cooney et al., 1987). However, the guanosine analog ara-G is resistant 10 PNP (Cohen et
al., 1983). Very low bacterial thymidine phosphorylase activity is detectable with the
dideoxynucleosides ddU and ddT (Balzarini et al., 1988).

E. Purpese of the Present Study

The purine nucleoside analog ddDAPR is an effective inhibitor of DHBV
replication both i vitro and in vivo (Lee et al., 1989; Suzuki ot al., 1988). In DHBV-
infected duck hepatocyte primary cultures, a similar level of viral inhibition is achisved
with comperable concentrations of ddG (Les et al., 1989). In comtrast, pyrimidine
wucleoside analogs are less effective inhibitors of the vires in duck hepatocyses (Lee ot



al., 1989; Yokota et al., 1990). The current project was initiated to examine the

metabolic fate of these purine nucleoside analogs in duck hepatocyte primary cultures.
This body of work was undertaken with the following direction in mind:

1. The first step of the project was to determine whether the intravenously administered

drug ddDAPR is deaminated to ddG by blood.

2. A comparison would then be made of the intracellular metabolism of ddDAPR and

ddG, in both DHBV-infected and uninfected duck hepatocyte primary cultures.

3. If ddDAPR is converted to ddG by blood, then further characterization of intracellular

metabolism in duck hepatocyte primary cultures would focus on ddG and would

examine: a) time-dependent metabolism of ddG; b) the intracellular longevity of

mctabolites formed: and ¢) the inhibitory effect of various physiological nucleosides on

the formation of ddG metabolites.

4. The intraccllular metabolism and antiviral effectiveness of ddG would be examined in

the HBV-infected human cell line 2.2.15 and the metabolic profile obtained from this

human cell line would be compared with that found in the avian cells.

5. As a comparison to ddG metabolism and antiviral effectiveness in avian and human

cell cultures, the intracellular metabolism and antiviral potential of the ineffective DHBV

inhibitor ddC would also be examined in duck and human cells.
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CHAPTER 2
IN VITRO AND IN VIVO METABOLISM
OF ddDAPR IN BLOOD
L. INTRODUCTION

The nucleoside analog 2,6-diaminopurine 2',3'-dideoxyriboside (ddDAPR) is a
potent inhibitor of duck hepatitis B virus (DHBV) in both in viro and in vive test
systems (Suzuki et al., 1988; Lee et al., 1989). In addition, this agent exerts selective
antiviral activity in HIV-infected T4-lymphocytes (MT-4 cell line) (Balzarini et al.,
1987a). The metabolic stability of ddDAPR in biological tissue is unknown. However,
In viro work indicates that ddDAPR is a substrate for beef intestine adenosine
deaminase (Figure 2.1), exhibiting a relative initial velocity of 0.042 with respect to the
natural substrate adenosine (Balzarini et al., 1987b; Pauwels et al., 1988). Although
ddDAPR is a relatively poor substrate for adenosine deaminase, it can act as a
competitive inhibitor of the natural substratc adenosine, indicating that the two
compounds interact at the same active site of the enzyme (Balzarini et al., 1987b). These
in vitro results indicate that it would be possible for deamination of ddDAPR to occur in
a biological system. Biological modification of the compound could result in drug
activation, leading to conversion of the parent nucleoside into the antivirally active form
of the drug.

In vivo studies investigating the antiviral effect of ddDAPR in ducks persistently
infected with DHBV indicate that intramuscular administration of 10 mg/kg drug twice a
day leads to a rapid clearsnce of serum DHBV DNA, with no detectable viral DNA
present in animals treated for 2 weeks (Lee et al., 1989). However, in these experiments,
was not measured (Lee et al., 1989). The body of work represented by this thesis began
with a study of the metabolic fate of ddDAPR in blood.



Figure 2.1 - Conversion of ddDAPR to ddG by adenosine deaminase. Deamination of
ddDAPR by adenosine deaminase (ADA) yields the purine nucleoside ddG. Studies
presented in this thesis utilize [3H]—Ilfbeled ddDAPR and ddG radiolabeled (*) at the 2'-
and 3'- positions of the nuclecside ribose moiety.
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Il. MATERIALS AND METHODS
A. Materials

Mini-scintillation vials were purchased from Fisher Scientific, Nepean, ON.,
EcoLite liquid scintillation solution was obtained from ICN Biomedicals, Inc., Irvine,
CA., and sodium pentobarbitol was supplied by M.T.C. Pharmaceuticals, Cambridge,
ON. Centricon-3 filters  were from Amicon Canada Ltd., Oakville, ON.
Tetrabutylammonium dihydrogen phosphate (TBAP) was purchased from Aldrich
Chemical Company, Inc., Milwaukee, W1., methanol was from J.T. Baker Cemical Co.,
Phillipsburg, N.J., and potassium phosphate monobasic (KH2PO4), potassium chloride
(KCl), and potassium hydroxide (KOH) were from Fisher Scientific, Nepean, ON.
Water was purified using a Milli Q water purification system (Millipore, Mississauga,
ON.).

The nucleoside analogues 2,6-diaminopurine 2',3'-dideoxyriboside (ddDAPR) and
2',3'-dideoxyguanosine (ddG) were purchased from Terochem, Edmonton, AB. The
ldemnne i lﬂnhiur I'-daaxwofmyan (DCF)wngamgiﬁﬁﬁm Drs.
Pharmacology and Dept. of Biochemistry,
nqsawely. Ummty of Alhnu. ln most cases, ﬂnlhﬂinhr nucleoside stock solutions
were prepared in water or saline and were filter-sterilized (0.22 um Millex-GV sterile
filker unit, Millipore, Mississsuga, ON). An accurste concentration of each stock
m“mwmhmmﬁ;ﬁm&hm
solution at the appropriste lambdagmgy for the particular nucleoside (Fasman, 1975). The
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dot hybridization (Lee et al., 1989). The DHBV-infected and uninfected animals were
maintained in separate quarters.
S. Human Bleed

Human blood was collected from a blood donor volunteer into a heparin-
containing Vacutainer. The blood was drawn by qualified medical personnel.
B. In Vitre Drug Metabelism ia Bleed
1. In Vitro Conversion of ddDAPR te ddG by Duck Whele Bleod

Blood was drawn from ducklings (1, 16, or 19 day-old) and collected in heparin-
or sodium citrate-containing Vacutainers. The blood was incubated at duck body
temperature (42°C) with [3H}ddDAPR (16 - 30 cpm/pmole; SO - 67 pM) In
experiments that employed 2'-deoxycoformycin (DCF), the blood samgp '

preincubated for 1S min at 42°C with or without | uM DCF, followed by mcubnmn with

[3H]ddDAPR for the appropriate times. At various times, 100-ul samples were
transferred to 2 mi of 90°C water and heated for 2 minutes. The precipitated protein was
removed by centrifugation and the supernatant solution from each sample was filtered
through a Centricon-3 filter (centrifuged at 5400 x g for 3-$ hr, 10°C). The filtrate was
lyophilized, reconstituted in 100 pl of water, and analyzed by ion-pair reverse-p
HPLC as detailed in section I1.D. of this chapter.
2. In Visre Conversien of 4dDAPR te ¢dG by Human Whele Biced

Freshly drawn, heparinized human blood was incubsted at 37°C with 50 uM
[*H]A4DAPR (16 cpm/pmole). The blood was sampled at various times and the samples
were processed and analyzed as detailed in section B.1 above.
C. in Vive Drug Metabolism in Bleed
1. ln Vive Conversion of ¢4DAPR te ¢dG in the Duck Circulation System

A four-week old duckling (3 kg) was anesthetized by i.v. administration of
sodium pentobarbital (approximately 10 mg/kg body weight) 1o maintsin adequate
anesthesia. The animal was injected with 1.25 mi of 0.02 M [PH)dDAPR (3.68
cpm/pmole; 2 mg [PH)AADAPR/Kg body weight) in buffered saline vis a canulsted left
wing vein. At various times, 1-mi blood samples were withdrawn from a canulated right
wing vein, the blood was transferred 10 2 ml of 90°C water and boiled for 2 minutes.
The samples were then processed and amalyzed as described in Section B.1 of this
chapeer.
D. HPLC Anslysis of the Bleed Extracts

Fresze-dried samples were reconstitwted in 0.1 mi of fikered water and a known
volume (70 - 95 pul) of the sample was then amalyzed by ion-peir reverss
chromatography using & Varian 5000 Liquid Chromatograph and Cbm n-




System 401 with a 3 ym C-18 column (Excalibar or Supelcosil LC-18-T; 15 cm x 4.6
mm i.d.) preceded by a S-um Supelcosil LC-18 guard column (2 cm x 4.6 mm id.).
Separation of nucleosides and nucleotides was accomplished using a gradient mobile
phase separation developed by Stocchi et al. (1987), with minor modiﬂcnﬁonl The two
solvent systems consisted of Buffer A: 0.1 M KH2PO4 - 8 mM tetrabutylammonium
dihydrogen phosphate (TBAP), pH 6, and Buffer B: 100% methmol The 30-min
elution program began with 100% Buffer A for 2.5 min, at which point Buffer B was
introduced and linearly increased to 9% by 5 min. This was followed by a linear increase
in methanol composition to 18% by 10 min, and finally reaching 30% methanol by 13
min. The program continued with isocratic elution until 25 min, and there the
composition was returned to the initial conditions within 30 min. The column was
equilibrated with Buffer A for | hr before the first run of the day and subsequent runs
were separated by a 30-min equilibration period with Buffer A. Sample analysis was
performed at room temperature and absorbance was monitored at 254 nm. A flow rate of
| mU/min was maintsined and during sample analysis eluate fractions (usually 0.2
mi/vial) were collected directly in mini-scintillation vials. Following the addition of 2.5
mi Tritosol (Pande, 1976) or EcoLite liquid scintillation solution, the radiosctivity of
each fraction was quantified by scintillation spectrometry.




1.In Fﬁuﬁnﬂrﬂnﬂﬁﬂﬂiﬁiﬁhmm

diluted (15) with 1 water, and heated for | min at ¢ 920C. Fnllo‘nng mmmm to
remove precipitated protein, the supernatant was freeze-dried, reconstituted in 10%
methanol, and analyzed by reverse-phase HPLC according to the conditions outlined in
leencnllD nghmI Results from these initial experiments indicated that both 1-
ind 5-min incubation periods were sufficient to convert the radiolabeled ddDAPR 10 a
compound with an HPLC elution time identical to that of the ddG standard.

A more detsiled examination of ddDAPR modification by duck blood is
piﬁhmeableZl Fﬁﬂoﬁmhmﬁmnduﬁlh:p.edh@dinhﬁiﬁ-
scutainers, and incubated at duck body tempersture (42°C) in vitro with S0
pu(i‘ﬂ)ummusmmm Atvm;tmepmnhﬂl-mldmuofuﬂph
ion-pair reverse-phase HPLC. Tﬁkzlillmﬂﬂnm“ﬂym
mmmmwmm Within 1 min, 95% of the ddDAPR was converted to the

mination product ddG. After 10 min of incubation ddG accounted for 97% of the
CPMWM&:M HPLCmdymd‘r-ilumrwmm-d
with <1% of the sample radioactivity eluting with retention times comparable to that of
obtained for the 10 min incubstion sample is shown in Figure 2.2A. W:[H}iﬂ
product resisted further modification by duck blood despite continued incubation st 42°C
for 60 min. The total pmoles of ddG product recovered in the 60 min incubation semple
was 94% of the ddG that was contained in the 10 min sample, and the 10 and 60 min
samples contained, respectively, 31-147;&-&;;;’";]&1&&&-
dideoxyriboss phosphete and guanine products associsted with glycosidic b '
lfmdﬁ_l(ADA)hl_nﬁhﬁhmm&
ddDAPR 10 ddG in duck blood, then inclusion of the ADA ishibitor DCF in ddDAPR-
ontaining blood semples should reduce the amount of ddG recovered in the samples.
spendent conversion of ddDAPR w0 4G by dusk
ihﬂmv-iﬁh. Mﬂﬁqhmp-—inﬂwﬁﬁwﬁmlm

Mhdﬁuﬂmu'it




Table 2.1

METABOLISM OF ddDAPR IN WHOLE BLOOD
1) in vitro duck blood - Blood samples taken from a 1- or 19-day old duckling were
incubated with S0 uM [PH}ddDAPR (16 cpm/pmole) at 42°C. At the indicated times
aliquots were removed, hot water extracted, and the extracts analyzed by HPLC as
described in Materials and Methods. Since the blood samples obtained from the one-day
old and 19-day old animals yielded identical results, the data reported here represents
combined values obtained from the two age group samples.
2) in vitro human blood - Freshly drawn blood was incubated with 50 uM [3H]ddDAPR
(16 cpm/pmole) at 37°C. At the indicated times samples were removed, extracted,
the extracts analyzed by HPLC.




Figure 2.2 - Comparison of ddDAPR conversion to ddG by duck blood and human
blood. Heparinized blood samples incubated in viro for 10 minutes with S0 uM
[*H}ddDAPR were extracted and the extracts analyzed by ion-pair reverse-phase HPLC
as detailed in Materials and Methods. A) Duck blood incubated for 10 minutes at 42°C
and B) human blood incubated for 10 minutes at 37°C. The percentage of total sample
radioactivity recovered in each peak is indicated.
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(16 - 30 cpm/pmole; S0 - 67 uM ddDAPR) in the presence or absence of | uM DCF.
The results presented in Figure 2.3 illustrate that samples incubated for 10 min with and
without DCF contained, respectively, 93% and 96% of the tot;l sample radioactivity in
the form of ddG. Blood samples lﬂcubgted for 1 min with [ H]}ddDAPR + DCF had
converted 21% of the [PHJ4dDAPR to [3H)AAG, whereas 97% of the total sample
radioactivity was associsted with ddG in analogous 1-min samples without DCF (Figure
2.3). However, in a similar experiment (results not shown), conversion of ddDAPR to
ddG was essentially complete after 1 min under both conditions, with 93% ssmple
radioactivity present as ddG in the DCF-containing samples compared with 95% ddG in
samples without the inhibitor. In addition, 1 uM DCF did not appreciably retard the
conversion of ddDAPR to ddG in samples taken at time points under | min.

The effect of sample processing on the radiolabel recovery was minimal as can be
sec by Control A and Control B in Figure 2.3. HPLC analysis of an untrested
(3H}ddDAPR m.pne (Control A) indicated that 97% of the CPM were recovered as
ddDAPR. When a [ H]}ddDAPR sample (Control B) was diluted in saline instead of
blood, incubated for 600 sec, and processed in the same manner as the experimental
samples, 92% of the CPM were recovered as ddDAPR.

(16 cpmvpmole) at the human body tempersture of 37°C. At various times samples were
removed, extracted, and the extracts analyzed by HPLC. /a vitro conversion of ddDAPR
to ddG was found to occur in human blood, with 79% of the radiolsbeled ddDAPR
mvﬁdt@dﬂﬁwﬁhﬁn IOﬁn(TﬁhilmdFiﬁﬁZiE) Ahmhhndwle

&m&quﬁMMﬂmbﬁm lnmtnlhe
results obtained from duck blood, a 10-min incubstion of ddDAPR with humen blood
Mmmydxﬂhwmmemm
sponding t0 that of guanine and the free ribose moieties (Figure 2.2).
l.hlhhlﬁhhﬁ.hﬁﬂ

Rapid conversion of ddDAPR 10 ddG was cbserved in blood samples taken from
cpm/pmole) per kilogram body weight. Figure 2.4A presests the HPLC separstion
pﬂhhnmﬂdﬁmhﬁiﬁﬂ_ﬂdlﬂﬁmdh
animal with [3H)dDAPR. Oue minute afier injection, 95% of the sample radioactivi
“pmihﬁ-ﬂm pﬂkﬂimﬂm-hﬁum




Figure 2.3 - In vitro metabolism of ddDAPR in freshly drawn duck blood. Fresh duck
blood from three 16 day-old ducks was pooled in a tube containing buffered sodium
citrate as an anticoagulant. Aliquots (0.1 ml) of the blood were preincubated at 42°C for
1S min with or without 1 uM of the adenosine deaminase inhibitor 2'-deoxycoformycin
(DCF). The samples were then incubated for various times at 42°C with 67 uM
[3H)4dDAPR (30 cpm/pmole). At the appropriste times the resction was terminated by
the addition of 2 ml hot water, followed by heating for 1.5 min in a boiling water bath.
Precipitated protein was removed by centrifugation and the supernatant samples were
Iyophilized, resuspended in a small volume of water and analyzed by reverse-phase
HPLC according to the following specifications: 1) Spectra Physics 8000 HPLC; 2)
Whatman partisil-10 ODS column; 3) column temperature = 42°C; 4) flow rate = |
ml/min; S) s three solvent system: Buffer A: 0.1 M KH2POy, pH 4.8; Buffer B: 100%
methanol; Buffer C: 00! M KHyPO4 - S mM tetrabutylammonium dihydrogen
phosphate (TBAP), pH 4.9; and 6) a 65 min gradient mobile phase separation program:
Time BufferA BuffeeB BufferC

0 0 0 100
10 0 0 100
18 0 10 90
30 15 15 70
40 3s 25 40
ss 45 30 25
65 0 0 100
Absorbance was monitored at 254 nm and 0.5-m! cluate fractions were collected and
quantified by scintillation spectrometry.

A preincubation ssmple of the [SH]ADAPR stock solution is identified as
Control A. Control B represents a sample of saline-diluted [*H)ddDAPR stock solution
thet was incubated for 600 sec and processed in the same manner as the experimental
samplos. All of the control and experimental samples were analyzed by HPLC and the
opm recovered as ddDAPR and as 4G are expressed as a percentage of the total
radiosctivity recovered during the HPLC separation. The recoveries of ddDAPR and
ddG are indicated by black bers and hatched bers, respectively. Pamel A illustrates the
time-dependent conversion of (H}4DAPR to [*H)44G upon ddDAPR incubstion with
duck biood in the sbesnce of DCF. The times courss shown in panel B represents the
incubstion of duck blood + ddDAPR ia the presence of 1 yM DCF. Pamel A does not
have a 10-sec time point and panel B is missing the S-sec sample.
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Figure 2.4 - In vivo metabolism of [3H}ddDAPR in a one month old Pekin duck. An i.v.
injection of [3H)ddDAPR (6.25 mg in 1.25 ml buffered saline; 3.68 cpm/pmole) was
administered via the wing vein of a four-week old duck. One-ml! blood samples were
withdrawn from a cannulated vein and the samples were processed and analyzed
according to the Materials and Methods. This figure illustrates the HPLC elution profiles
of the radioactivity present in duck blood extracts obtained from A) a 1-min time point
blood sample, and B) a 25-min time point sample. The percentage of total sample
radioactivity recovered in each peak is indicated.
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stream of the animal (Figure 2.4B). Following i.v. administration of [3H)-ddDAPR, the
total radioactivity in the blood declined over time in a biphasic manner (Figure 2.5). A
rapid initial or o- phase of isotope elimination from the blood was followed by a more
protracted B- phase of elimination. Time-point values for the blood concentration of
radiolabeled product were fitted to the biexponential equation:

Co= Ae ™ + Be™” (Equation 1)
using Enzfitter, a nonlinear least squares curve-fitting program. In the equation, Cp, = the

constants for, respectively, rapid and slow disposition, and A and B are the zero-time
intercepts associated with the a- and B-phases. The concentration curve illustrated in
Figure 2.5 is a computer-generated fit to the data using Equation 1. The calculated rate
constants yiclded elimination half-life values of 1.65 min for the a-phase and 26 min for
the B-phase. The half-life values obtained in this study for ddDAPR distribution and
climination in the Pekin duck, as well as half-life data for other nucleoside analogs
derived from animal models are summarized in Table 2.2. The biphasic kinetics of
ddDAPR elimination from duck blood following an i.v. bolus injection was similar to the
climination kinetics reported for other nucleoside analogs in a variety of species (Chabot
et al., 1983; Kelley et al., 1987; Schinazi et al., 1992; Wientjes and Au, 1992).

1ns



Figure 2.5 - In vivo distribution and elimination of [JH)ddDAPR in the duck An i.v.
injection of [3H)ddDAPR (6.25 mg in 1.25 ml buffered saline; 3.68 cpm/pmole) was
administered via the wing vein of a four-week old, 3-kg duck. At various times, 1-mi
blood samples were withdrawn from a cannulated vein and the blood samples were
processed according to the procedure described in Materials and Methods. Values for the
blood concentration of radiolabeled product at various times after injection were fitted to
the biexponential equation (Equation 1) using Enzfitter, a nonlinear least squares curve-
fitting program. The concentration curve illustrated is the resulting computer-generated
fit to the data. The results obtained from this animal indicated that ty/2¢ =1.65 min and
t1/2 @ = 26 min.
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IV. DISCUSSION
The dideoxynucleoside ddDAPR has been tested both in vivo and in vitro for
activity against the duck hepadnavirus DHBV in ducks and duck hepatocyte primary
cultures, respectively (Lee et al., 1989; Suzuki et al., 1988). The work presented in this
chapter clearly indicated that ddDAPR in concentrations similar to those used in testing
for in vivo antiviral activity was rapidly converted to ddG by duck blood. In the
experiments herein, conversion of ddDAPR to the purine dideoxynucleoside ddG was
essentially complete after 1 min of exposure to duck blood, both in vitro and in vivo. In
vitro conversion of ddDAPR to ddG also occurred in the human blood samples that were
tested. Human blood catabolizes 10 uM adenosine through the action of ADA and PNP
to hypoxanthine with a t}/2 of <15 sec for the disappearance of adenosine (Dawicki et
al., 1988). m:denonnemﬂogddAuﬂptdlymvmedmddl in human blood during
i.v. infusion of the compound (Hartman et al., 1990). Analysis of serum samples taken
from AIDS patients during ddA infusion revealed the presence of the deamination
product ddi but did not detect the parent drug (Hartman et al., 1990). In the present
study, deamination of ddDAPR was slower in the human than in the duck blood samples.
However, kinetic characterization of ddDAPR deamination by both human and duck
blood would allow an accurate ¢ :,i"’j’gmafdnmmmrm:nﬁgmm
Since a sample of lysed human blood gave the same results as blood in which the cells
had not been disrupted, the observed slower conversion of ddDAPR to ddG by humen
blood is probably not mediated by intracellular compartmentalization of the drug or the
ADA (Balzarini et al., 1987b; Pasuwels et al., 1988). Presumably ADA is responsible for
the conversion of ddDAPR to ddG in duck and human blood. However, the presemt
equivocal results with respect to the effect of the ADA inhibitor DCF on ddDAPR
deaminstion in blood samples fail to clarify this issue. Comversion of ddDAPR to ddG
by duck blood was retarded by the presence of 1 yM DCF in one instance, but it had little
effect on ddDAPR deamination in another experiment. It is possible that a higher
noentration of DCF was nesded 10 saturste the ADA in the samples. The sumber and
kmofjf,"j”’f"liMﬁmmm&ﬁﬁm
wnavailability of this inhibitor. At the drug concentration wsed, DCF binding 0 ADA
and 10 other blood proteins may have rendered the inhibitor inaccessible 10 the total
the sucleocside transport inhibitor NBMPR 0 plasma proteins and erythrocytes in whole




NBMPR required to inhibit transport in whole blood than is required in preparations of
isolated cells (Dawicki et al, 1988). In addition, slight differences in experimental
design mly ha've mtﬁbmed to the inconlinem remln inciudiﬂg l) iﬁhibimr

0 934 md 0,943 uM DCF were the c-llculmed concentrations uled in the leeond
experiment; 2) blood volume present during the incubation: in the first experiment, 0.1-
ml aliquots of blood were incubated in separate tubes, whereas in the second experiment,
0.1-ml samples were removed at the appropriate times from each of 2 incubation tubes
containing 0.5 or 0.6 ml of blood obtained from 2 different animals; and 3)
anticoagulant: the blood used in the first experiment was collected in a Vacutainer that
contained buffered sodium citrate, whereas in the second experiment, Vacutainers with
heplnn were ntiliigd Tbe vnrininn' in DCF menmiﬂn lnd blmd volume to whmh

excess. ﬁemmnofﬁﬂDCFmﬂiemlﬂmynmhvebmmﬂiclemmmhlbil
all of the ADA molecules present. In addition, it is possible that the activity of ADA
could be affected by heparin or sodium citrate. MgmnanafADAmwitymgd
without increasing amounts of DCF in both duck and human blood sam
mﬁmdtepmeeafndhelpmmguymedmveﬂffmmm
different tissue sources. EIMaﬂ(IM)hvemﬁedﬂmmmm
DCF exhibit transiently lower plasma levels of ddi following intraperitoneal injection of
ddAueMmmmﬂ:mMmﬂiﬂiemhnbmr
product ddG exhibited resistance to further degradation in this environment. After 10
and 60 min of incubation, the total amount of ddG product present in duck blood samples
remained constant. Conversion of ddDAPR to ddG was incomplete after 10 min of
incubstion in human blood. However, human blood incubated for 10 min contained
in duck blood samples incubsted for 10 min. High activity levels of the catabolic
m?ﬂrnmhmm (Agarwal et al,, 1971). The apparent
,,,filﬁﬂdﬁﬂﬁfhhﬁ;ﬁﬂdﬂﬂﬁbﬂﬂlﬁﬁbﬁm

systems suggests that these nucleoside analogs are more susceptible 10 catabolism by the
m&mﬂﬂhwmmﬂm

Following i.v. sdministration of [H)ADAPR, the isotopic coment of duck
mm-lm_r mﬁrqud(qm-lﬁﬁﬂum 26 min)




analysis of the samples confirmed that the radiolabeled species detected in all samples
was ddG rather than the parent compound ddDAPR. Distribution of ddG from the blood
to other tissues probably occurs by passive diffusion along concentration gradients.
Biphasic elimination of ddG from the blood best fits a 2-compartment kinetic model
(Riegelman et al., 1968).

The results presented in this chapter indicate that ddDAPR was rapidly converted
in blood to the more biologically stable compound ddG. Therefore, the previously
reported in vivo antihepadnaviral effect of ddDAPR in Pekin ducks is more likely to be
due to ddG or a metabolite of this nucleoside rather than to the parent drug ddDAPR
(Lee et al., 1987; Suzuki et al., 1988). Furthermore, in the duck, the pharmacokinetic
profile of ddDAPR content of the blood over time suggests that the resulting metabolite
ddG was rapidly distributed to and eliminated from other tissues of the body.
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CHAPTER 3
METABOLISM OF DIDEOXNUCLEOSIDES IN DUCK HEPATOCYTE
PRIMARY CULTURES
L INTRODUCTION

exhibited by the members of this virus family. Mu:hofwhnukmw,ﬁmm“m
was determined through use of the convenient Pekin duck animal model in the study of
DHBV. In lieu of an in vitro human test system capable of propagating HBV,
pharmacological agents were screened both in vivo and in virro for antihepadnaviral
activity using the duck model. At the time that the following studies were initiated, in
vitro drug screening utilized DHBV-infected duck hepatocyte primary cultures.

Potent inhibition of DHBV replication occurs in DHBV-infected duck hepatocyte
primary cultures treated with ddDAPR or ddG (Lee et al., 1989; Suzuki et al., 1983)
Infected hepatocytes treated for 18 days with 0.004 - 40 uM of ddDAPR or ddG
exhibited a dose-dependent decrease in the amount of detectible intracellulsr DHBV
DNA (Lee et al., 1989). The identical dose-response curves generated from trestment of
hepatocytes with these compounds indicated that little or no viral DNA could be detected
when a dose of 4 or 40 M was used. The purine dideoxynucleosides ddA and ddl were
leupotm.nhibimlcsovaluaofo.ﬂmo&m.mvdy.umadnm
ICsg of 0.28 uM for both ddDAPR and ddG (Lee et al., 1989). In cor , the
Mmmddcmddﬂmmﬁecnvemﬁhmafmemmh
concentration range tested (Lee et al., 1989).

The work presemted in Chapter 3 was initisted to characterize the intracellular
metabolism of ddDAPR and ddG in duck hepatocyte primary cultures. The results from
Chapter 2 indicate that, in blood, ddDAPR acts as a prodrug for ddG. Therefore, the
characterization studies presented in Chapter 3 focus on the intracellular metabolism of
ddG. The ability of duck hepstocytes 10 metabolize the ineffective anti-DHBV agent
ddC was examined as a comparison to the effective antiviral agent ddG.




II. MATERIALS AND METHODS

A. Materials
1. General Supplies

Medium Eagle (MEM) for suspension cultmu, L-15 medmm with glummne. FEHIGI“I!!
G, and Streptomycin sulfate were obtained from Gibco BRL, Burlington, ON., and the
serum supplement NuSerum IV was purchased from Collaborative Research, Inc.,
Bedford, MA. Tetrabutylammonium dihydrogen phosphate (TBAP) was purchased from
Aldrich Chemical Company, Inc., Milwaukee, WI. The following mpphes were
obtained from Sigma Chemical Co., St. Louis, MO.: ethylenediaminotetraacetic acid
(EDTA), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), cnllqnm
type 1V, hydrocortisone 21-hemisuccinate, insulin, trypsin (Type 1 from bovine
pancreas), and the nucleosides 8-aminoguanosine (8-NH2Guo), 2'-deoxycytidine (2'-
dCyd), 2'-deoxyguanosine (2'-dGuo), 2'-deoxyadenosine (2'-dAdo), guanosine (Guo),
adenosine (Ado), and thymidine (dThd). The nucleoside anslogues 2,6-diaminopurine
2'3'-dideoxyriboside  (ddDAPR), 2',3'-dideoxyguanosine (ddG), and 23
dideoxycytidine (ddC) were purchased from Terochem, Edmonton, AB., while 2'.3'-
dideoxyguanosine S'-triphosphate (ddGTP) and 2'.3'-dideoxycytidine S'-triphosphate
(ddCTP) were purchased from Pharmacia (Canada), inc., Baie d'Urfe, PQ. Formycin |
(FB), 2'-deoxycoformicin (DCF), and NBMPR were gifts from Dr. A.R.P. Paterson,
Dept. of Pharmacology, University of Alberta, and Dr. C.E. Cass, Dept. of Biochemistry,
University of Alberta. Sodium pentobarbitol was supplied by M.T.C. Pharmaceuticals,
Cambridge, ON., and calcium chloride (CaCly), perchloric acid (I‘CA). m
chloride (KCl), potassium phosphate monobasic (KH2PO4), magnesium chloride
(MgCly), phosphoric acid (H3POy), glucose, and mini-scintillation vials were purchased
from Fisher Scientific, Nepean, ON. Methanol was purchased from J.T. Beker, Inc.,
Phillipsburg, N.J., EcolLite liquid scintilistion solution was obtsined from ICN
Biomedicals, Inc., Irvine, CA., mﬂmwk“qﬁdhﬂﬂm
Gibbstown, NJ., Alamine 336 was from Henkel Co., Kankakee, IL., Freon TF was from
Du Pont Canada Inc., and Centricon filiers (3 and 10) were from Amicon Caneda Ld.,
Qukville, ON. Drs. A.R.P. Paterson and C.A. Cass provided the paraffin oil (Saybott
viscosity 125-135) and silicome S5O oil. Water was pwrified wsing a Milli-Q water
all tissue culture reagents.




2. Nuclesside and Nucleotide Solutions

Standard solutions containing the mono-, di-, and triphosphate forms of ddG or
ddC were prepared by treating | mM of the corresponding triphosphate for 1.5 minute at
30°C with 0.4 mg potato apyrase (Sigma Chemical Co., St. Louis, MO.; sctivity/mg: 1.9
units $'-ATPase, 0.56 units 5'-ADPase, and 0.01 units 5'-AMPase) in 25 mM succinate
(pH 6.5) and S mM CaCly. This reaction mixture was diluted (1:4) in 100°C water,
boiled for 2 minutes, filtered through a8 3000 molecular weight cut-off Centricon-3 filter
(Amicon Canada Ltd., Oakville, ON.), and filtrate aliquots were stored at -20°C.
Millimolar nucleoside stock solutions were prepared in water or saline and were filter-
sterilized. An accurate concentration of each stock solution was determined as described
in Chapter 2. The stock solutions were stored at -20°C and were utilized in the
preparation of solutions containing micromolar concentrations of nucleosides and/or
nucleoside analogs. Most of the physiological bases, nucleosides, and nucleotides
utilized in these studies were generously provided by Dr. A.R.P. Paterson.
3. Radiechemicals

[z'.a' 3H)2,6-disminopurine 2'.3'-dld=pxynbnnde ((*H)4ADAPR; 45 Ci/mmol)
and 23 H]Z'.J *-dideoxycytidine ([ H]ddc 48 Ci/mmol) were obtained from
Moravek Biochemicals Inc., &u. CA. and [2'3'- H]Z.J-dldamymne [3H};HG)
meym[H]ddDAPkf«lSmmnmmwnh
adenosine deaminase (Sigma Chemical Co., St. Louis, MO.), followed by Centricon-3
filtration and subsequent purification of the filtrate by HPLC (C-18 column, 10 -
3$memlme,memﬁddﬂ3mﬂnymHDAPR
eluting at 14 and 22 min, respectively). HPLC-purified [2,8- H]-B-D-ldnﬂniizm
methanol/water was provided by Dr. A.R.P. Paterson. Pmﬁd.[ H}-labeled nucleosides
muﬁwdxm/moldnnnﬂ:ﬂmmﬂdmuby
Wmac-lldmﬂﬁmmmm NEN Research
Products, Markham, ON. supplied [1,2-*H)polyethylene glycol ((PHJPEG), while 3H20
(100 mCi/ml) was from ICN Radiochemicals, Costa Mesa, CA.
4. Experimental Animals

Fertilized Pekin duck eggs were obtained from a duck colony maintsined at the
MdMFmdmﬂhnSﬁmhﬂ(@ﬂd@m

n Grove, CA.) u 8 ) mately 28 days).

mmmwmmmrummdmvmw
dot hybridization (Les et al., 1989). The DHBV-infected and uninfocted animals were

meintained in separate quarters.
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B. Cell Cultures

Primary cultures of duck hepatocytes were prepared from two week old DHBV
uninfected ducklings using a modified method of Tuttleman et al. (1986). Over the
course of this project, minor changes have been made in the primary culture cell
preparation procedures. The methods described below represent the evolved procedure.

The liver of a sodium pentobarbital anesthetized animal (approximately 0.5 mikg
body weight; 65 mg/ml) was perfused aseptically with medium entering through an 1.V,
catheter positioned in the right ventricle of the heart. The perfused fluid exited through
an opening in the portal vein. A 200-ml volume of warm MEM containing 0.5 mM
EGTA and 20 mM HEPES was pumped (13 ml/min) through the liver, resulting in a
rapid blanching of the liver tissue. An additional 200 ml of medium suppiemented with
0.5 mg/ml collagenase (type 1V) and 2.5 mM CaCly was passed through the liver. Afier
treatment with the collagenase-containing medium, the liver tissue was soft and on the
verge of disintegration. The liver was carefully removed and washed in approximately
20 ml of L-15 medium containing 15 mM HEPES, $0 1U/ml Penicillin G, 10 pg/mi
Streptomycin sulfate, 1.2 pg/ml insulin, 1.7 pg/ml glucose, and 1.1 x 10> M
hydrocortisone 21-hemisuccinate. Henceforth this medium will be referred 10 as
supplemented L-15. The liver tissue was dissociated into a cell suspension by gentle
mechanical teasing in two successive S0-ml volumes of supplemented L-15 medium.
The cells were filtered through sterile nylon mesh (60 um mesh size), collected in 2-4
sterile 50-ml polycarbonate centrifuge tubes, and allowed to settle for 20 minutes. The
cells were washed 3 times with L-15 medium, allowing the cells to settle for 20 minutes
after each wash. The cells were combined in one tube and resuspended to a final volume
of 45 ml with supplemented L-15 medium containing 10% NuSerum IV (NSIV). A
hemocytometer and the trypan blue dye exclusion method were used to quantify the
viable cells in the preparation (Procedure described in section §1.D.2.a., Chapter 3). The
cells were diluted in supplemented L-15 medium + 10% NSIV to a cell concentration of
S x 10° cella/mi and S-mi aliquots of this suspension were pipetted into 60-mm tisswe
cultare dishes (2.5 x 105 cellvdish). The medium was changed following 4-5 b
incubation in a 42°C humidified incubstor. Thercafier, the medium was changed every
other day.
C. Didesxynucicsside Drug Metabelism Studies
1. Motabelem of [2'.3'-3H}-dideoxynuciossides in Primary Cultures of Dusk
Hepatecytes

Tritiem-lobeled ddDAPR, ddG or ddC (4 M)fiaqs; spproximately 6 x 109
opmvdish, 450 - 900 cpm/pmole) in supplemented L-1S medium was sdded 10 60-mm



tissue culture dishes containing a known number of duck hepatocytes (usually 2 x 106.3
x 10% cells) in supplemented L-15 medium with 10% NSIV. The sumples were
incubated at 42°C for various times (0 - 48 hr). At the appropriate times, the incubation
medium was removed and the cell monolayers were washed 3 times with excess dPBS.
Cell extracts were prepared as described below.
2. Preparation of a Het Water Extract of the Duck Hepatocyte Primary Cultures
Washed cells were lysed and extracted by the addition of 2 ml H30, followed by
a 2-min incubation in a 90 - 95°C water bath. Maximum deproteinization of each
sample was accomplished by filtration of the extract through a Centricon-3 filter
h:emrifuged at 5400 x X § for 3-§ hr. ID“C) The ulmﬁhered nmplen were then ffee:e-

subsequent HPLC mly,m was calculat:d bnad on nmple vulmncii
3. HPLC Analysis of the Coll Extracts
Freeze-dried samples were reconstituted in 0.1 ml of filtered water and a known
vdm(?O-PSﬂ)afﬁen@lewﬁenMyudbym-pirm
stography as detailed in Chapter 2, section 11.D. A flow rate of 1 ml/min was
ﬂmmnnedmddlmngmlemﬂymﬂls-ml cluate fractions were collected dlrmly in
mini-scintillation vials. Following the addition of 2.5 ml Tritosol (Pande, 1976) or
EcoLite liquid scintillation solution, the radioactivity of each fraction was quantified by
Duck hepatocyte primary cultures (48-hr cultures) were incubated at 42°C with 4
uM [3H]défj (450 - 900 cpm/pmole) in supplemented L-15 with 10% NSIV. After §
hours incubation the modium was removed, the cells were washed with PBS, and were
ﬂbwﬁmnmhem&g-ﬁuﬁﬂm Anvmmm m“eﬂl
Mhﬁu:yhpmmlﬁa(ﬂ-huhn)mhﬂﬂdﬁhﬁ
smemted L-15 medium - 10% NSIV containing 4 yM [PH)44G (450 - 900
M)ﬂHMImmﬂlpmmm&ﬁt?-
dCuo, 2'-dAdo, Z-deoxyimocsine (2'-dimo), Ado, or Guo. The effect of the bases
hypoxanthine (Hx) and guanine (Gua) was also examined, sithough Gua was wtilized ot 2
concentration of 8 uM due 10 its lisnited agueous-eniel mmm
inkibitor 2'-deoxycoformycia (DCF) (1, lﬂ.ﬁzluﬂ)wu-ﬂ!ﬂhh; cubatio




samples containing 100 uM adenosine and 100 uM 2'-dAdo, and in the corresponding 4
#M ddG controls. In these samples, the cells were pretreated for 45 minutes with DCF
before the addition of the test drugs. The effects of 100 uM of the nucleoside analogs
formycin B (FB) and 8-aminoguanosine (8-NH2Guo) on ddG phosphorylation were also
tested. In all cases, the cell samples were extracted after $ hours of incubation and the
extracts were analyzed by HPLC.
D. Other Precedures
1. Determination of Intraceliular Water Volume

Trypsin-detached cells (5 x IOS) were incubated with either 3H20 (to estimate
total cell pellet-associated water) or [PHJPEG (to measure extracellular water space) in
microfuge tubes containing a 0.15-ml layer of oil (Silicon $50/paraffin oil, density = 1.0}
g/ml). The cells were centrifuged through the oil, the supernatant layer was removed,
and the tubes were rinsed twice above the oil layer with water. After removal of the oil,
the pellets were dissolved in 0.5 ml 5% Triton X-100, 8 mi of Tritosol was added and the
tritium content of the pellets was determined.
2. Dys Exciusion Methed te Determine Coll Viability

An estimate of the number of visble hepatocytes in a fresh preparation of primary
cultures was determined by enumerating the trypan blue dye-excluding cell pnpulllm
in a representstive sample of the preparation. A 50-ul sample of the concen cell
suspension was incubated for 5 min with 0.95 ml of 0.04% trypan blue in FBS A-I'-"
volume of this suspension was applied to a hemocytometer and eight grids (16
Wﬁd)mmﬁdna 10 X magnification. Typically, a total of 200 - 300 cells

The number of viable hepatocytes in a culture was estimated according to the
followinjprﬂain l) mmghmmmmsam;
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trypan blue solution), 4) A sample of the cell dilution was tramsferred 10 a

I1.D.2.a.).

3. Determination of Pretein Concont
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ml of 0.5 M KOH for 30 min at R.T. with gentle agitation. The cells were detached from
the plate surface, the mixture was neutralized with 0.625 ml of 1.0 M HC| and mixed by
gentle trituration. Protein concentrations were measured by the Bio Rad protein assay
(Bio-Rad Laboratories, Mississauga, ON) according to the manufacturer's instructions
with bovine serum albumin as the standard protein.

4. Fixation and Stainiag of Cell Menelayers
Cell cultures grown in 60-mm tissue culture dishes were fixed directly onto the

plastic dishes and stained using a commercially available differential staining kit (Diff-
Quik Stain Set) that produces an effect similar to that of Wright-Giemsa stain. Medium
was removed from the 60 mm tissue culture plate and the cells were washed with § ml of
warm PBS. The wash was removed and 2 ml of fixative (1.8 mg/L triarylmethane dye in

was then replaced by 2 ml of Solution | (1 g/L xanthene dye) and was incubated for 45
sec. Following the removal of Solution 1, 2 ml! of Solution I (1.25 g/liter thiazine dye
mixture, 0.625 g/L Azure A, and 0.625 g/L methylene Blue) was added, incubated for 45
sec, and removed. The stained cells were rinsed S times with 4 ml of water, air-dried by
inverting the dish on a paper towel, and the plates were stored indefinitely at room
temperature. The fixed, stained cells were photographed at 10X and 40X magnification
using an Olympus photographic system (model PM-10 AD) which consisted of an
exposure control unit and a8 BH-2 microscope with an attached C-35 AD camera.
S. ldentification of Radiclabeled Metabelites in Extracts from ddG-Trested Duck
Hepatecytes

Extracts from ddG-trested hepatocytes were subjected to potato apyrase
according to the procedure described in 11.A.2. of Chapter 3, except for the following
modifications: 1) Theee lyophilized, ddG-treated cell extract samples were reconstituted,
combined. and preincubsted for S min at 30°C in a 0.4-ml final reaction volume
containing 0.025 M succinate buffer, pH 6.5, 1.25 x 104 M ddGTP, and $ mM CaCly;
2) "0"-time sample - Upon the addition of 4 mg of apyrase, a 0.18-ml sample of the
reaction mixture was diluted into 2 mi of prebeated water, heated in a boiling water bath
for 2 min, and transferred 10 an ice bath; 3) S min sample - After S min of incubstion at
30°C, a 0.18-ml sample of the reaction mixture was processed according 10 the
procedure described for the “0"-time sample; 4) The samples were filered through
Centricon-3 filkers, the filirates were lyophilized, and stored at -20°C; 5) The samples
were reconstituted in a small volume of water and analyzed by HPLC according 0 the
moethod described in section 11.C.3 of this chapeer.
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6. Determination of the Degree of SH Labeling in the Ribose vs Base Molety of
I*H)ddG

Four 0.03-ml aliquots of a reaction mixture containing 0.001 M [SH}ddG (13 -
16 cpm/pmole) were incubated at room temperature for 2 or 25 hr with or without 0.1
Mfinal H3PO4. The acid-treated 0.03-ml aliquots were neutralized with an equimolar
amount of KOH and the untreated samples received the equivalent volume of H70.
8. Thin layer chromatography (TLC) analysis of samples

Using a calibrated glass capillary tube, a S-uL volume of each sample was applied
to a small silica gel TLC plate (Silica gel 60, F254, plastic backed, 3 cm x 7 cm) and
allowed to air-dry. The plate was run twice in SSE solvent, allowing the plate to dry
after each run. SSE solvent consisted of ethyl acetate + isopropanol + H20 in a 4:1:2
proportion (This mixture was combined by several cycles of vigorous shaking followed
by settling, and after allowing the layers to separate overnight, the top (organic) layer
was collected and stored at room temperature for an indefinite amount of time). The
plate was examined under short-wave ultraviolet light and the visible spots were circled
with pencil. The plate was sprayed with $% sulfuric acid in ethanol, placed on a hot
plate (100°C), and heated until the ribose portion of each sample became visible as a
brown spot. Each sample lane of the plate was cut into 6 sections and the pieces were
placed in scintillation vials. Total count samples were prepared by spotting duplicate $-
uL aliquots of each sample onto 1-cm? picces of silica gel plate, and, in addition, two $-
uL aliquots of each sample were pipetted directly into scintillation vials. Twelve
milliliters of scintillation cocktail was added to each vial and the radioactivity in each
sample was quantitated by scintillation spectrometry.
b. HPLC enelysis of samples

A 10-uL. volume of each sample was analyzed by reverse-phase chromatography
using a Varian 5000 Liquid Chromatograph with a 3-um C-18 column (Supelcosil LC-
18-T; 1S cm x 4.6 mm i.d.) preceeded by a S-um Supeicosil LC-18 guard column (2 cm x
46 mm id) The 25-minute gradiemt mobile phase separation program began with
100% water for 3 minutes, st which point methanol was introduced and lincarly
increased to 5% by 10 minwtes. This was followed by a linear increass in methanol
composition to 30% by 20 minutes. The methanol composition was then reduced,
returning the column to initial conditions by 25 minutes. Sample analysis was performed
at room temperature, sbeorbance was monitored at 254 am, and a flow rate of | mi/mia
was maintsined. During sample amalysis, eluate fractions (0.4 or 0.5 mi/vial) were
collected in mini-scimtiliation visls and, following the addition of EcolLits liquid
scintiliation flwid, the radioactivity of each fraction was quentified by scintiliation

132



counting.
7. Comparison of Extraction Methods for the Extraction of Nucleosides and
Nuclestides From Duck Hepatecyte Primary Cultures

Duck hepatocyte primary cultures were prepared as described in section 11.B. of
this chapter. Immediately before extraction of the cells, each 60-mm tissue culture dish
was washed by dunking the plate in 1 liter of ice-cold dPBS and the plate was drained on
a paper towel for 15 seconds before extraction. The following extraction procedures
were performed:
a. Hot water extraction

The washed cells were lysed and extracted by the addition of 2 ml of room
temperature H20, followed by immediate incubation of the plate for 2 minutes in a
90°C water bath. The extract was filtered through a Centricon-10 filter (5000 x g; 3 hr;
4°C) and the filtrate volume was measured and stored at -20°C.
b. Celd water extraction

The washed cells were extracted with the addition of 2 ml of ice-cold H20,
followed by incubation in an ice bath for S minutes. The sample was processed
according to the procedure described for hot water extraction (Chapter 3, section
11.D.7.2).

¢. 60% Meshanol extraction (4 min)
To the washed cells was added 2 ml cold 60% methanol (the methanol was

chilled in an acetone-dry ice bath). The tissue culture dish was put on a metal tray and
incubsted for 4 minutes in a -20°C freezer. The extract volume was measured,
transferred to a glass conical tube, and stored at -20°C.

4. 60% Methaneol extraction (30 min)

The cell monolayer sample was treated in the same manner as described in
section 11.D.7.c. sbove, except that the sample was incubated in a -20°C freezer for 30
minutes.
¢. 70% Methanel - 25 mM TrisHCl, pH 7.4

Two ml of cold 70% methanol - 25 mM TrisHCl, pH 7.4 (chilled in an acetone-
dry ice bath) was added 10 the sample plase. The plate was placed on a metal tray and
incubated ia 8 -20°C freszer for 30 minutes. The sample was processed as described in
section 11.D.7.c. above.

f. &4 M Porchieric acid (PCA) extraction

The washed celis were detached from the plats by a S-min incubstion at 37°C
with 1.5-ml trypsin solution. The cells were transferred 0 a2 microfugs twbe and
contrifuged at 12,000 g x | min. The cell pelist was washed with PBS, extracted for 20
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min on ice with 0.1 ml of cold 0.4M PCA, and centrifuged (12,000 g x | min). The
supernatant fraction supplemented with 1 pl of the pH indicator Bromcresol Purple
(0.1%) was neutralized by the addition of an equal volume of 0.5 M Alamine/freon.
Following a 15-min incubation at room temperature, the extract was centrifuged (12,000
g x 1 min) and the upper layer was collected and stored at -20°C,

[ A IIPL(?(:M ifm

remlpemlad ina ﬁn:ll valume nf H2Q The extracts were mlyzed by ion exchinge
ehmmnlomphy using 8 Whatman Partisil 10 SAX column (25 cm x 4.6 mm id.)
eceeded by a gulrd mhmm picked with \Vhatmm pelhcullr anion exchlnger

eluilmprojﬂmmlh 025MKH1PQ4 DSMKCI pH 45 uunglﬂcwmenfi
ml/rmn Dunngunpleuulym.theelmwsmﬂomdh:b”nlﬂm

m@lemundtucﬂeuh&em ATP/ADFrltm TheATP/ADF vdue:ﬁmnﬂievm:
samples were compared to assess the guality gftheexmstmpmed\ﬂ with the
ATPIADPmMm“nfﬁmHmmlﬂgnuclemﬂe;f entrations in the extract
were representative of the in vivo ratios.
8. Adenesine Uptake Messurements in Duck Hepatocyte Primary Cultures

The composition of solutions utilized in this section is itemized in Appendix IlI.
qu-fm:malmmﬂgmfuzmgsﬂCmmlpuncsbafm
adenosine uptake was initiated eiﬂier st room temperature, following a 15-min
equilibration at ambient temperature y maintained at 37°C. Fuu-q:lgnm
trested with DCF, ﬂmw&emﬁﬁhh’i;; 2 inhibitor.
lmﬁﬂymmmmmsnnonomﬁﬂmuus - 37 cpmyipmol)
in sodium buffer, the sample plate was washed twice with 2 ml of sodium buffer
washed l}ym‘,,,f[7&#h3m,vemuél.llﬁﬂlL)M’ cold

M TCA for 20 min on ice, the extract transferred 10 a microcentrifuge tube in an ice bath,
2 4°C room. The extracts were transferved 10 glass tubes (13 x 100 mm) containing 1.5



ml 0.5 M alamine/freon, and the tubes were vortexed for 15 sec and centrifuged (1000 x
g 2 min) in a cold table top centrifuge. A 1-ml volume of the aqueous layer was
transferred from each tube to a 10-ml glass conical tube, and the extracts were stored at -
20°C until they were lyophilized. The percent recovery achieved after sample processin
was determined by eompnnng the amount of radioactivity left in 4 samples treated vnth
0.4 M TCA containing [ H}adenosine with the known amount of TCA:[3H]1denoﬂﬂe
added to the 4 plates. Lyophilized extracts were reconstituted in 0.05 ml water
immediately prior to sample analysis by thin layer chromatography (TLC) or HPLC.
8. Determination of the radiolabeled nucieoside and nucieotide content of hepatocyte
extracts by TLC

Fifteen microliters of extract plus | uL of a standard mixture (1 uL contained 4 x
10°8 moles each of Ado, Ino, AMP, ADP, and ATP) was combined in a microcentrifuge
tube and spotted, 5 uL at a time, onto a plastic-backed polyethyleneimine cellulose TLC
plate (Polygram MN CEL 300 PEI/UV2s4, 20 x20 cm; Macherey-Nagel, Diren,
Germany) that had been prewashed with water and 50% methanol. The microfuge tube
was rinsed with 10 uL of water and this volume was applied to the plate in the same
manner. A duplicate sample of each extract containing standards was applied to a | inch
SOSinﬂipieeeafplnenﬂwnuﬂmdﬁeminnhemﬂ mlafr:dimﬁivityin

lhe::mle-h:dgdplm“fmdﬂelopedtgmﬂnml.smcfthetapmmOQOSMm
acid and then redeveloped for 10 cm with 2.6 M (NH4)2804 (Rg = 0.73, 0.58, and 0.22
for lm Adn and adenine nucleotides, respectively). To resolve the nucleoside mono-,
i hates, another set of samples and plates fitted with filter paper wicks
(Whm#l)mdevﬁwdnm:ﬂnmmmm -ﬂmmkvehpdma
popwise manner wit i ‘jtymgofﬂ:eplﬂe: \ nent | - ascending

LﬂhlmnlOmﬁmdehmﬂDevﬁml Oﬁummﬂﬁﬁ
LiCl to within 1.5 cm of the top (Rp = 0.59, 0.25, and 0.056 for AMP, ADP, and ATP,
mvﬁy) Mﬁnmvﬁwﬂnhmehﬁ.hmm
muﬁdwﬁpﬁkﬂﬂmﬁ
with gentie mixing, the pH was adjusted 10 approximately pH 8 with 0.06 ml of 12 N
HCI.-ilzilaanmnIndH. The radiocactivity in each sample was quantitated
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b. HPLC analysis of hepatocyte extracts

A 0.05-ml volume of cell extract supplemented with standards (0.89 x 107 to 3.6
x 10°® moles each of Hx, Ino, Ado, AMP, ADP, and ATP) was analyzed by reverse-
phase HPLC according to the following specifications: 1) Spectra Physics 8000 HPLC:
2) Whatman partisil-10 ODS column; 3) column temperature = 42°C; 4) flow rate = |
ml/min; 5) a 3 solvent system: Buffer A: 0.1 M KHPOy4, pH 4.75; Buffer B: 100%
methanol; Buffer C: 0.02 M KH2PO4 - S mM TBAP, pH 4.8; and 6) a 65-min gradient
mobile phase separation program:

Time Buffer A Buffer B Buffer C

0 0 0 100

10 0 0 100

15 0 10 9%

30 15 15 70

40 k). 25 40

5 45 30 25

65 0 0 100

rbance was monitored at 254 nm and 0.5-ml cluate fractions were collected and
quantified by scintillation spectrometry. Both the internal standards and an independent
analysis of a standard mixture were used to identify the radiolabeled metabolites.
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iIl. RESULTS
A. Grewth Cenditions and Properties of Duck Hepatocyte Primary Cultures

Prior to beginning the drug metabolism studies, a series of experiments was
performed to optimize the growth conditions of duck hepatocyte primary cultures. The
results reported in sections II1.A.1 through II1.A.3 below were obtained from
experiments conducted by Darlene McClure, Andrew Ng, and mylelf under the
guidance of Dr. C. Cass and Dr. A.R.P. Paterson. The incubation temperature study
reported in section 111.A.4 was the result of my efforts. Two people were mvnlved in the
preparation of duck hepatocyte primary cultures. Beginning with section 111.A 4, the
experiments reported in this chapter relied on hepatocyte isolation and culture set-up
performed by Jy Huang and myself.
1. Evaluation of Cell Number, Intracellular Water Velume, and Pretein Content of
Cultures

Isolation of hepatocytes from the liver of 2 week-old ducklings typically yielded
5.5 x 108 (2 0.8 x 105; n = 5) cells/liver. When 24-hr duck hepatocyte primary cultures
were analyzed for total milligrams of protein and total number of cells per 60-mm tissue
culture dish, there was a positive correlation between these parameters as they increased
in value (Figure 3.1B). Similarly, an increase in protein content of 24-hr monolayer
cultures was associsted with an increase in the total intracellular water content of the
cultures (Figure 3.1A). As can be seen in Figure 3.2B, primary cultures of duck
hepatocytes experienced a time-dependent decrease in the population of viable cells. In
this particular experiment, the hepatocyte population decreased with a t]/2 of 4.6 days
(Figure 3.2B). Time-dependent attrition of the cell population is in contrast to the
uniform protein content maintained in the cell cultures (Figure 3.2A and B). Over a span
azmummwmwmﬁm I37t¢200iﬁ

this time period. The mul ialneellnlu water vﬂm cf M qunncym
mmdnulmfotl-lomwiluioﬂuum cells (mean £ S.E.,n =
19), with values ranging from 1.99 10 6.57 uL/10°% cells. Intracellular water volume
measurcments determined for |- aad 2-day cultures were, respectively, 3.71 £ 0.40
uL/105 cells (n = 8) and 3.81 £ 0.63 uL/10° cells (n = 5).

2. Adonssine Uptake by 34 Hr Cultures

an exogenous supply of sdencsine was examined as & measure of the integrity of cell
24-br duck hepatocyse primary cultures were incubated at room temperature or at 37°C
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Figure 3.1 - Relationship of cell sample protein content to cell number and intracellular
water volume in 24-hr duck hepatocyte primary cultures. Hepstocyte monolayers

and intracellular water volume according to the methods described in Chapter 3, sections
ILL.D.1, 2, and 3. Panel A) Relationship of the total protein content of each culture with
the intracellular water content of each dish. Panel B) Relationship of the total protein
content of each sample with the total number of cells present in each culture. Each point
represents the mean value caiculated from 3 to 4 replicate samples. The data were
obtained from single experiments for each protein concentration-to-cell number or
protein concentration-to-intracellular water volume value shown.
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Figure 3.2 - Time-dependent alterations in the total protein content and number of viable
cells present in a population of duck hepatocyte primary cultures. Hepatocytes obtained
from the livers of two 13 day-old Pekin ducklings were plated at an estimated 1.6 x 10°
celly/plate and incubated at 37°C. Panel A) The protein content of hepatocyte
monolayers was determined in cultures incubated for extended periods of time. Panel B)
The population of visble hepatocytes was enumerated for monolayer samples maintained
in culture for 1 to 18 days. In Panels A and B, each point represents the mean value
obtained from 3 or 4 replicate samples. Media changes are indicated by arrows.
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with 10 pM [3H)Ado (37 cpm/pmol) (Table 3.1). Analysis of cell extracts by TLC
indicated that after a 1-min exposure at room temperature, approximately 50% of the
extract radioactivity was recovered in the form of nucleotides, while Ado and Ino were
present at much lower levels (Table 3.1). Of the radiolabeled nucleotides found in cells
incubated for | min with Ado, approximately 80% were in the form of ATP, while 13-
14% and 3% were present as ADP and AMP, respectively (Table 3.1). When untreated
cell samples were extracted with TCA containing a known quantity of [3H]Ado, the
recovery of radioactivity post-extraction and extract processing was estimated to be
70.6% £ 1.9 (n=4). Radiolabeled nucleotide levels continued to increase in hepatocytes
exposed to adenosine for extended periods of time. HPLC analysis of an extract from
duck hepatocytes incubated for 2 hr with 10 uM adenosine (132 cpm/pmole) in the
presence of 1 uM DCF resulted in 89% of the sample radioactivity present as nucleotides,
while 0.3%, 0.4%, and 1.2% co-eluted with, respectively, adenosine, inosine, and
hypoxanthine intemnal standards. In addition, an unidentified metabolite eluting 2 min
prior to AMP contained 6.6% of the sample radioactivity and was detected as a large
peak by UV absorbance monitoring. The intracellular accumulation of adenine
nucleotides following a 2-hr exposure to adenosine was 3609, 512, and 59 |mmUl(D6 cells
of ATP, ADP, and AMP, respectively. Using these concentration values, the ATP/ADP
ratio was 7.
Tissue Culture Plates and in Media Contalning Serum Supplements
for 7daysan60-mnmeﬂmplﬁﬁ:hdllﬁmvemﬂm an-'il)nrnﬁ
negative (Nunc) charge to the growth surface. For example, cells maintained comparable
amounts of protein. The mean (1 S.D.) mg protein/piate m&ﬁﬁhhy
period was 2.10 £ 0.19 for the negatively-charged and 2.08 £ 0.17 for the positively-
charged surface. Tissue culture plates with a net nogative charge (Nunc) were used in all
Mmamm in L-15 medium supplemented with a)
S%feulcalf (FCS). h) 10% Nu-Serum, a commercial serum product
MMMﬂ—Mﬂmuﬂ 10% Nu-Serum IV (NSIV), 2
low-serum formulation containing 25% FCS plus the additives described in b) above.
The cell viaﬁlﬁymf enersted and sample protein concontrations measured over a 7-
day time period did not differ for the 3 growps of samples. Th-iln.ilm
economical NSIV replaced FCS as a modium supploment in all future experine







4. Morphelogical Comparison of Cultures Grown at 37°C versus 42°C
Duck hepatocyte primary cultum obtained from the liver of a DHBV-negative, 2

week-old duck were sceded at 1.4 x 109 cells/60-mm dish and incubated at cither 37°C
or 42°C for 39 days. During this time, representative monolayer cultures were
periodically fixed and stained according to the procedure outlined in Chapter 3, section
11.D.4. Within 4 hours of plating, the cells attached to the tissue culture dish surface and
the medium was changed. Figure 3.3 presents a visual comparison of 1, 2, 4, 8, IS nnd
39 day-old monolayers grown at the 2 temperatures. In both samples, cell aggrey is

spparent at 26 hr and is more defined afer 2 days in cultue. During the f{m 2 days in

p’muln‘ epﬂheh;l cell :gg,reg:te: wlnle c,olony-fmﬂmmn in 37“C gmpl:: (Flgur;- 3.3.
A and C) appeared to be retarded. The number of cells per plate from both incubation
conditions was the same at 26 hr (1.06 x 108 and 1.02 x 10 cells for 37°C and 42°C
samples, respectively) and similar at 4 days (0.39 x 10° and 0.54 x 10 cells for 37°C
and 42°C samples, respectively). The characteristic polygonal morphology of liver cells
was apparent in both sets of cultures through days 4 to 6 (Figure 3.3, E and F; 6-day time
pﬂlﬂtnotdiuwn),ﬂdﬂzﬂiﬂiﬂll dissolution of the organized mosaic of cells is \nlihlem
the 37°C, J-dlyuﬁle As can be seen in Figure 3.3, G and H, drastic degeneration of
ﬂie culture morphology occurred by 8 days in culture, with the 37°C mnmlayw
appearing fibroblastic and the 42°C samplc presenting less defined, irrogular-shapod
cells. W:Mmedlmﬁdqymm:nnz-&ypamdﬂhvﬂvdh
i sratures produced cells that
mlﬁl mmmmuﬂhuﬂhﬁdﬁrihy:ﬁh(ﬁmii A
- H). Continued maintenance of the cell cultures resulted in progressive degeneration of
the cells (Figure 3.3,1-L). Unlum:gnmd,ﬂgmmmnmm
WZhyﬂMWmﬁmhmm:ﬂ“C
B Ce: ;;,;-mmm
Nnmnlly. nucleot nucleosides, nucleoti
m from cells wilh a pmté- precipitamt such as pa:hkmc sad (PCA) or
Moroscetic acid (TCA). The acid extracts must then be newtralized %0 prevemt
hﬁiﬂﬂnﬂ‘hﬂnﬁ:ﬁﬂ:“w Purine 2'-deoxymuciecsides and 2'3'-
A ', are ﬁwidly m&k o M im of the

ides and relsted compounds are

rﬁmsnp(Yﬁk.lﬁl) mmma&m“
more resistant 10 acid-induced hydrolysis. The acid-lability of ddG was tested by tresting
(8-3H)44G sampies for 20 min snd 4 br with 03M TCA. HPLC amalysis of




Figure 3.3 - Comparison of duck hepatocyte primary cultures grown at two different
incubation temperatures. Duck hepatocytes were obtained and plated as described in
Materials snd Methods. The plates were incubated at either 37°C or 42°C in an
humidified environment. At various times, plates were removed from the incubators,
stained, and photographed according to the procedure outlined in Materials and Methods.
The cell monolayers presented in this figure are shown at 10X magnification. A) 26-hr
incubation, 37°C; B) 26-hr incubation, 42°C; C) 2-day incubation, 37°C; D) 2-day
incubation, 42°C; E) 4-day incubation, 37°C; F) 4-day incubation, 42°C; G) 8-day
incubation, 37°C; H) 8-day incubation, 42°C; 1) 18-day incubation, 37°C; J) 18-day
incubation, 42°C; K) 39-day incubation, 37°C; and L) 39-day incubation, 42°C.












alamine/freon neutralized samples revealed that, after a 20-min exposure, approximately
50% of the ddG had cleaved, releasing the radiolabeled guanine base. Less than 1% of
the ddG remained intact following a 4-hr exposure to the acid environment.

Alternate nucleotide extraction conditions yielded a poorer quality of nucleotide
extraction from duck hepatocyte primary cultures than the acid extraction procedure. In
the acid extraction process, hepatocytes were first trypsin-detached from the tissue
culture plate and concentrated by centrifugation before being exposed to a small volume
of PCA. Following neutralization of the acid extract, the sample was stored at -20°C.
An ATP/ADP value of 1.14 was calculsted after HPLC analysis of the extract. Direct
application of 2 ml of 0.4 M PCA to hepatocyte monolayers, neutralization with an equa!
volume of 0.5 M alamine/freon, and lyophilization of the extract resulted in a syrupy
concentrate that could not be analyzed by HPLC. Tbeotherexm:aneuﬁd;mmd
involved direct application of 2 ml of the appropriate extractant solution to hepatoc)
monolayers. Thcmlungexwacumn&mdinvolmbylyophﬂiﬁimhefm
chromatographic analysis was performed. Hepstocyte monolayers trested with H20 for
2 min st 90°C yielded an ATP/ADP value of 0.374 £ 0.044, whereas exposure to ice-
cold water for S min resulted in a value of 0.019 £ 0.021. Similar to the hot water
extraction results, a sample trested with S0 mM Tris - 2mM MgCl, pH 7.2 for 2 min &t
90°C produced a ratio of 0.32. Extraction of cells with 60% methanol for 4 min or 30
min st -20°C produced individual ATP/ADP values that varied wildly for replicate
samples. Hepatocytes extracted with 60% methanol for 4 min produced a mesn (n = $)
ATP/ADP ratio of 1.09 £ 1.44, with values ranging from O to 3.63, while extraction for
30 min yielded a ratio of 0.119 £ 0.23 (a = 4). A comparison was made of duck
hepatocyte primery cultures incubated for S br with 4 uM isotopically-dilued ddG and
extracted by either the hot water method or by trestment with 60% methanol on ice for 4
min. Figure 3.4. illustrates thet although similar amounts of ddG were recovered under
both conditions, there was a difference in both the amounts and proportions of the
radiolabeled metabolites recovered. A comparatively small quantity of 440G mucleotides
was recovered in the methanol extract. However, the methanolic condition resulted in
d4GTP recovery in excess of d4GDP and ddGMP, while the hot water extract contained
dideoxymuclectides in the proportion of ddGMP > ddGDP > ddGTP. The best ATP/ADP
ratio obtsined for a mon-acid extraction method, a value of 2.59 £ 0.415 (» = 3), was
achieved when hepatocytes were extracted with 70% methanol - 25 mM Tris, pH 7.4 for
30 min at -20°C. When these results were compared with the hot water extraction data,
the two procedures yisided similar amounts of ADP but differed in the amount of ATP
recovered. Unfortumstely, the 70% methancl-2$ mM Tris condition was not examined




Figure 3.4 - Comparison of two methods employed in the extraction of nucleosides and
nucleotides from duck hqm:cyu primary cultures. Duck hepatocyte primary cultures
(48-hr cultures, 2.80 x 10 celly/plate) were incubsted at 42°C for $ hr with 4 yM
[3H]ddG (665 cpm/pmole) in L-15 medium supplemented with 10% NSIV. The cells
were: A) Hot-water extracted according to the method outlined in Chapter 3, 11.C.2.; or
B) Ex&iﬂedfoerinmieeﬁﬁ@ldﬁOﬂﬂﬂnml followed by extract filtration
(Centricon-10 filter), and lyophilizstion. The dried extracts were reconstituted in 0.1 ml
water and 0.09 ml of each sample was analyzed by ion-pair reverse-phase HPLC. Each
point in the HFLC elumn pmﬁie m an elm nmple collected for 0.2 min

ldmdﬂuﬁmcfﬁeuﬁdnbddnﬂhlmgdﬂﬂ?. ddGDFlndddGTqum
on the basis of having elution times identical to those of ddGMP, ddGDP, and ddGTP
standards. The percentage values noted for each of the major peaks shown in panels A
and B indicate the percent of the total eluted radioactivity that was contained in the
WVgﬁfhmﬂHMEmrwlmmﬂe:mmmm
(The mean (£ S.D.) percent of the total counts recovered in 4 replicate samples of hot
water extracted cells was 58 (£ 3) for ddG, 20 (£ 2) for ddGMP, 14 (£ 2) for ddGDP, and
3.7(20.7) for ddGTP, while duplicate samples of methanol-extracted cells resulted in an
average percent of 82 for ddG, 3.5 for ddGMP, 3.5 for ddGDP, and 5.1 for ddGTP).
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until late in the thesis work. Although inefficient in terms of ATP/ADP values, the
reproducible hot water extraction procedure was adopted as the extraction method for
removal of acid-labile nucleosides and nucleotides from duck hepatocyte primary
cultures.

Subjection of [8-2H]ddG in H20 (pH 6.0) 10 8 97°C water bath for 1 min did not
result in appreciable degradation of the nucleoside. A $-min exposure of [8-3H)ddG to
the elevated temperature caused an 8.5% reduction in the radiolabeled ddG peak. This
was accompanied by a slight increase in the guanine product and an increase in the
radioactivity associsted with the column void volume that was approximately double that
found in the control sample. When a sample of ddGTP in water was lyophilized,
rehydrated, and analyzed by HPLC, breakdown of the ddGTP was apparent by the
ddGTP/ddGDP value of 25 compared to a ratio of 67 for the untrested standard.
However, there was no difference between the ddGTP/ddGDP value obtained for the
sample that was lyophilized and a sample that was heated for 2 min st 90°C before
lyophilization.

HPLCmdingmdnmdﬂﬁbdinmimllB nfChptai FipnBS

nucleobase, mclooddes.ndwcleonk: ﬁumhkpﬁmm&mmyﬂhm
pair reverse-phase HPLC provide for a charge- 80
hmmhMmﬂﬁmmtﬁw&-ﬁf
corresponding nucleosides and bases. The elution profile shown in Figure 3.5 illustrates
the typical early recovery of a base (Hx), followed by a grouping of nuclecsides (ino,
nucleotides (GMP, AMP, GDP, ADP, GTP, and ATP) cluted in an order that correlates
increasing column retention time to an increasing number of phosphate groups.
1. Conversien of ¢DAPR te ¢4G in Duck Hepatacyte Primary Cultures
MJMMuﬂimmwhﬂhﬂw

ﬂyﬁﬂdeﬂhﬁ:!—gmﬂhﬂhm
diluted ddDAPR in media indicated that significant conversion of ddDAPR 0 4G hed
ooourred, thet is, (9% of the total counts in the sample were ﬁ:—ihdﬁvﬁﬁ
retention time of the ddG standerd and 74% of the sample radioactiv

-wh-ﬁdhuww Wyﬁﬁﬁﬁiﬁii—i




Figure 3.5 - lon-pair reverse-phase HPLC separation profile obtained for a mixture of
base, nucleoside, and nucleotide standards. The standard mixture was separated
according to the procedure outlined in section I1.D. of Chapter 2. The sample was
resolved on a 3 ym C-18 column (Excalibar Spheresorb ODS, 15 cm x 4.6 mm id.)
MbyaSumSupelcoﬁlLC-ISMeoImm(Zan:Aémid):ﬁdmegﬂlm

graph. mmeOfmwmwme@lmminﬂﬁmDJmSiﬂm!ﬂ
of each of the following components: hypoxanthine (Hx), inosine (Ino), guanosine
(Guo), guanosine monophosphate (GMP), 2'3'-dideoxyguanosine (ddG), dﬁmane
(Ado), 2,6-diaminopurine 2'3'-dideoxyriboside (ddDAPR). adenosine monophc
(AMP), guanosine diphosphate (GDP), guanosine triphosphate (GTP), mne
diphosphate (ADP), and adenosine triphosphate (ATP).







found to contain 58% ddG and 38% ddDAPR.

From the sbove results and the data presented in Chapter 2 it is apparent that
deamination of ddDAPR occurs in duck hepatocytes and blood. The possibility of
further metabolic conversion of the resulting mieleaiidg analog ddG was investigated in
wwwngmﬁmufduekw Hepatocyte primary cultures incubated for
ShrdeuM[ H}ddG (451 cpm/pmole) were hot water extracted and the extracts were
resolved by HPLC. Analysis of the cell extracts revealed an array of UV344 absorbing
D nents (Flm 3 GA). whlledn ridloﬂwe content ofthe mle was aunﬂned tod

36C exhlmed elutmn nmﬂ ldmm:ll mﬂiagofddﬁ ddGMP ddGDP, mdddGTF
standards. As can be seen in Figure 3.6B, distinct separation of the guanine ribo- and
dideoxyribonucleotide standards was achieved by the HPLC methodology employed. In
the typical analysis shown in Figure 3.6C, mepﬁmmlﬁnde&lﬁeu@mﬁ

mxiﬂéyﬁ%afﬁeﬁﬂlhmmﬂnbkmmyﬂhh[
metabolites correspc o th di-, and sphates of ddG npmd
mﬁmﬂlyﬂﬁ. lmndliﬁmcaivdyafhwm“mﬂﬂm
sample. Using data from 6 experiments, the mean (+ S.E.) percent of radioactivity
recovered as ddG and its metabolites was 59.2 (£ 2.8) ddG, 18.5 (£ 1.5) ddGMP, 11.7 (¢
1.3) ddGDP, 3.03 (£ 0.49) ddGTP, and total dideoxynucleotides (ddGMP + ddGDP +
ddGTP) were 33.2 (1 2.6).

Identification of the radiolabeled motabolites as nucleotides was accomplished by
subjecting ddG-treat ,eﬂlmmnmﬂmwms
ATPase, S—Mﬂf—%nmhamﬂl@-ﬁl \Vtg-cmhn
sample), & S-min exposure resulted in a decrease in the cpm recovered in the ddGTP and

omﬂummmhuﬂmumnzammh“dh
total counts in the ddG peak remained similer (65.7% and 64.1% for the "0"-time and $

mia —Iu.mﬁﬂy)
medium (407

m)hsnz?hpﬂﬁimpmumnﬁm




Figure 3.6 - lon-pair reverse-phase HPLC analysis of cell extracts from duck hepatocyte
primary cultures treated for § hrwith[ H}ddG. Duck hepatocyte primary cultures (48-hr
cultures) were incubsted at 42°C for S hr with 4 uM isotopically diluted ddG (665
cpm/pmole) in L-15 medium supplemented with 10% NSIV. The cells were hot-water
extracted and the extracts were analyzed by HPLC as outlined in Materials and Methods.
A) The cell extract absorbance profile was monitored at 254 nm. An arrow indicates the
peak contributed by 0.7 nmoles of ddGTP standard that was added to the cell extract
immediately before HPLC analysis commenced. B) A scparation profile was obtained
for lhe fallowmg mixture of standards: guanine (Gua), guanosine (Guo), guanosine
hate (GMP), 2'3'-dideoxyguanceine (ddG), 2' S'dﬂeuxymnz
e (ﬂGMP), gummme diphosphate (GDP), ?&‘dihXj" ANOS
osphate (GTP), and 2'.3'-dideoxyguancsin
pﬁﬂkmmm HPLC -uiyii-oftln ﬁll

triphosphate. C) A radiograp
extract. Each point in the HPLC elution profile represents an eluate sample collected for
0.25 min (flow rate = | ml/min) and the radioactivity in each ssmple is expressed as
opav'10° cells. In this typical clution profile, ddG comprised 56% of the total clused

radioactivity while the corresponding mono-, di-, and s contributed 23%,
IZ&-&SG‘K,mﬁly !dﬁuﬁemﬁufﬁ”j’j beled boli

idmﬁummofmm,mnr mdddGTP’fi ards.






overlapping elution times. However, the pmol/10® cells of ddG, ddGDP, and ddGTP
formed from ddDAPR increased over a 27-hr incubation period, eventually reaching the
same dideoxynucleotide levels that were achieved during a S-hr incubation with ddG
(Table 3.2).
3 Cﬁpcﬂsn Cf the anili- Q[ ddG and iiDAPR in DHBV-infected versus

Exmre of both lmmfected and DHBV-mfected duck hepatocyte cultures to 4

[ H]4dG (451 cpm/pmole) for 5 hr resulted in the formation of similar quantities of

d:lG metabolites (Table 3.2). The total amounts of dideoxynucleotides (ddNTDs) formed
after a 5-hr exposure to ddG were 8.8 pmol/10% cells for the uninfected tissue and 10.2
lfwmllll')6 cells in tbe DHBV-po:itive cnlture: In bmh cascs, the dd(.: mﬂibulile pool
after § hours uf exposure :nd decr:umg thcreaﬂ:r (anur: 3.7). Inan expenmgm using
11 day-old DHBV-positive and DHBV-negative hepatocyte cultures (data not shown), a
similar pattern of time-dependent accumulation of dideoxynucleotides was seen.
However, the amount of radiolabeled nucleotide metabolites detected in both the infected
and noninfected tissues was less than in the 15-day cultures. Infected and uninfected
hepatocytes treated with 4 M [PH}ddDAPR (407 cpmvpmole) generated comparable
amounts of ddG metabolites (Table 3.2). However, the accumulation of radiolabeled
metabolites generated from ddDAPR was delayed when compared to ddG-treated
samples. After a 27-hr incubstion with 4 uM ddDAPR, the total amoust of
dideoxynucieotides recovered in the uninfected and infected sampics was 8.2 and 8.3
pmol/10° cells, respectively.
4. Time-Depondont m of 644G in Duck Hepeatecyte Primary Cullures

The intracellular wiation ol‘ddmxymlemdamm-ﬁdd.DHBV—

dliﬁmlheﬁdmx pmlm Cellnmnhmllﬂdrﬂhlm
[3H]ddﬁ(665@wmnlﬂfwvmnm=pmoﬁmeﬂﬁdﬂdﬂﬂdby
HPLC. U*ﬂmwm nfdiletddﬁmmnl
ddGMP, 1.2 uM ddGDP, 0.4 uM ddGTP, and 3.4 uM total dideoxynucicotides when a
_adlwlne(iimmjnfiﬂwm"cﬂ:ﬁnd In this
nt, the intr centration of ddG remained constant at 3.9 uM betwesn
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Figure 3.7 -Time-dependent metabolism of ddG in DHBV-negative and DHBV-positive
duck hepatocyte primary cultures. Duck hepatocyte primary cultures were prepared from
the livers of 15 day-old ducklings that were either DHBV-negative or DHBV-positive.
Forty-eight hour cultures were incubated with [BH]ddG (451 cpm/pmole) for 0 10 27 hr
at 37°C. Cell monolayers were hot-water extracted, the extracts processed, and analyzed
by HPLC according to the procedure discussed in sections 11.C.2. and 11.C 3. of Chapter
3. The radiolabeled products were quantitated in terms of pmolg/m“ cells. Intracellular
accumulation of dideoxynucleotides is indicated as follows: 1) ddGMP, uninfected (=@~

cells; 3) ddGTP, uninfected (—A~) and infected (= = A ~ =) cells; and 4) total ddG
nucleotides (ddGMP + ddGDP + ddGTP), uninfected (- - @ - +) and infected (+ =@ - *)
cells. The data points represent single or duplicate determinations (n = 2 for DHBV-
uninfected, 5-hr time point and DHBV-infected, 3-hr time point) from one experiment.
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Figure 3.8 - Time-dependent conversion of ddG to the corresponding phosphorylated
metabolites by duck hepatocytes. Duck hepatocyte primary cultures (48 hr cultures)
were incubated at 42°C for various times with 4 uM isotopically diluted ddG (668
cpm/pmole) in supplemented L-15 medium with 10% NSIV. The cells were extracted
and the extracts analyzed by HPLC as outlined in Materials and Methods. The
phosphorylated products were resolved by HPLC analysis and were expressed as pmoles
per one million cells. The level of ddGMP (0), ddGDP @), and ddGTP (A) as well as
the total amount of dideoxynucleotides (A) (ddGMP + ddGDP +ddGTP) recovered at
each time point is indicated. Each time point represents the average of two
determinations, and all samples were obtained from the same cell preparation. Deviation
from the mean is indicated by error bars. Time course data obtained from other cell
preparations indicated the same relative patterns for dideoxynucleotide pool
accumulation. However, the absolute amount of product formed, in terms of pmole/lo"
cells was variable.
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2 and S hrs of incubation. However, cell samples incubated for 10 and 26 hr contained,
respectively, 4.3 and 5.5 uM ddG in the extracts. Other cell preparations showed similar
levels of ddG accumulation. The mean (£ S.D., n = number of experiments)
concentration of intracellular ddG calculated from several experiments was 3.2 uM (¢
0.5:n=2)at05hr, 3.7uM (£ 1.0;n=4) at | hr, 4.0 uM (£ 0.7 n = 3) at 3 hr, 3.3 uM (
208, n=7)atShr,and 5.2 uM (£ 0.6; n = 4) at 26 hr. After a S-hr incubation of duck
hepatocytes with 4 uM ddG, the spent medium contained an estimated 3.5 uM (n = 2
samples) ddG. In addition, 97% of the total radioactivity recovered in the sample of
spent media was associated with ddG, while all other labeled products represented less
than 0.5% of the total radioactivity. When ddG in fresh medium was incubated at either
4°¢: or 42°c for § hﬁ without eeu;, 97% of the mnpie r-dimivity was recavereﬂ as

eell; wuh 4, gM ddG fpr up to 26 hr lﬂd to an evgmu! deerug in the meuboln!: puul
sizes, with the total dideoxynucleotide concentration decreasing from 4.0 uM at 10 hrs o
2.6 uM at 26 hrs of incubation. Data from multiple experiments indicated that the mean
(2 S.D.; n = number of experiments) concentration of total dideoxynucleotides recovered
at 3 hr was 2.1 yM (1 0.8; n = 7), while 26 hr of incubation with 4 uM ddG resulted in
1.9 uM (2 0.6, n = 4) of intracellular dideoxynucleotides.

The longevity of the ddG nucleotides generated in duck hepstocyte primary
cultures was examined following a S-hr preincubstion of the cells with 4 uM [*H)ddG.
T ining medium was removed, the monolayers were washed with PBS, and
fresh, M—ﬁenﬁmmdﬂd Removal of external ddG lead to a dramatic

eduction in the amount of cell-associsted ddG nucleotides (Figure 3.9). intracellular
wamm&mllmmmm“mnm;f 0 first
order kinetics. Amf*";;t’;plntoﬁheéﬂ::huwmansgynelddtm
values of 1.6 hr, 1.6 hr, 1.7 hr, and 1.6 hr for ddGMP, ddGDP, ddGTP, and total
dideoxynucleotides (ddNTDs), respectively. When this experiment was ropested with
In the experiment illustrated in Figure 3.9, replacing the ddG medium with fresh medium
0.09 uM after 30 min in the fresh medium.
6. Kffect of Various Nuclossides and Nucioshases en 446G Motabellam
|-mmmmmumbyhmﬁ




Figure 3.9 - Intracellular stability of radiolabeled dideoxynucleotide pools in duck
hepatocytes treated with [H)ddG. Duck hepatocyte primary cultures (48-hr cultures)
were incubated at 42°C for various time periods with 4 uM [PH]ddG (668 cpm/pmole) in
L-15 medium supplemented with 10% NSIV. After 5 hours of incubation the ddG-
containing medium was removed (indicated by arrow) and replaced with drug-free
medium. At various times thereafter, the cell samples were extracted and analyzed by
HPLC as described in Materials and Methods. The levels of ddGMP (0), ddGDP (),
ddGTP (A), and the sum of the three dideoxynucleotides (A) recovered at each time point
are indicated. The dideoxynucleotide levels are expressed as pmoles/ 100 cells and all but
the S-hr time point represent the average of two determinations. The S-hr time point
standard deviation. For all other points, the error bars indicate deviation from the
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insight into the enzyme pathways employed in the phosphorylation of this purine
nucleoside analog. Duck hepatocyte primary cultures were incubated at 42°C for $ hr
with 4 uM ddG plus 100 uM of a potentially competing nucleoside or nucleobase. The
results from this study are compiled in Table 3.3, with the amount of ddG and ddG
nucleotides (ddGMP + ddGDP + ddGTP) recovered in cell extracts expressed as a
percent of the control (4 uM ddG without a competitor) value. Analysis of cell extracts
revealed that the ddG nucleotide levels achieved when the incubstion medium was
supplemented with 100 yM 2'-dCyd were no less than the levels attained with ddG
llnne A;:commﬂn. duck hepnocmpﬁmmlmmwmmdmlh 4pM dd(;‘

Extracts fmm the ddC-m:ub:tﬁd eell: were fmmd to contain mono-, dl- and tri-
pho:phltefmofddC(FlgureJ !OA) Hawver,thepreunceuﬁhene meubolnel was

Ahhmghl‘dcwh:dmmeﬁmm:hefmmafdﬁnulﬂma
depression in the levels of phosphorylated ddG metabolites was observed when an excess
of 2'-dGuo, 2'-dIno, or 2'-dAdo with or without DCF was included in the medium along
with ddG (Tsble 3.3). Simultaneous exposure of cells to 100 uM of both 2'-dGuo and 2'-
dAdo in addition to 4 uM ddG did not produce an additive effect on the inhibition of
ddG phosphorylation. In these experiments, cells trested with 2'-dAdo without DCF
showed more inhibition of ddG metabolite formation than cells incubated with 2'-dAdo +
DCF. However, the results from cells treated with dino indicated that the reduction in
dideoxynucleotide pools was not as pronounced as with 2'-dAdo. A marked decrease in
nm&ﬂGwaﬁmmmmmﬂﬁm
umqu:miuahlhymuhae:&-fddminhrehnvemofdmim
mmmdmﬁeedlumﬁﬂezz) Whﬁltheleunhbhm
guanine was supplied at a concentration liscernible pattern of ddG
Mﬁiﬁﬁmwwﬁgxm&em-mlyﬂeﬂlnm Sml.ly. lmm
Hx had no apperent effect on ddG nucleotide pool sizes. The dideoxynucleot GMI
ﬂdnﬁﬁﬂﬂﬂekvﬂ:ﬁhdhaﬂhh“ﬁﬁm+lmmmm
uM DCF were also tested at 24 yM DCF, with no difference detected in the resuits

1647
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Figure 3.10 - Inhibition by 2'-deoxycytidine of the formation of ddC metabolites in duck
hepatocytes. Duck hepatocyte primary cultures (48-hr cultures) were incubated at 37°C
in L-15 medium supplemented with 10% NSIV containing: A) 4 pM [PH]ddC (460
cpm/pmole) or B) 4 uM [3H}ddC (460 cpmpmole) + 100 uM 2'-dCyd. After § hours of
incubation, the cells were extracted and the extracts were analyzed by HPLC. Each point
in the HPLC profiles represents an eluate sample collected for 0.25 min (1 ml/min flow
rate). The levels of ddC and metabolites thereof contained in the cell extracts have been
quantitated as pmoles/105 cells. Arrows indicate the elution times obtained for ddCMP,
ddCDP, and ddCTP standards that were run in a separate analysis. When the pmole/10°
eells for Ell;h of the indiciiled peab was gver:ged from two umple: for each treatment

mmnedlnmhafmemﬂelpmdmgpeshm P:ncIA) 933 024'7 0740 0784
and 2.09 |:nm|ulello6 celll, and the total amount af the three nuclefmdﬁ was 1.52

the mnl amount c)f lhe three. nuslemde: was 0.359 p,m,olgl 106 aell:.
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7. Comparison of ddG versus ddC Metabolism in Duck Hepatocyte Primary
Cultures

In virro and in vivo studies have shown that DHBV is inhibited by ddG but not by
ddC (Lee et al., 1989 Luo. 1991. Suzuki et al., 1988). The results presented in this
thesis indicate that anabolic phosphorylation of ddG occurs in duck hepatocyte primary
cultures. As a comparison to ddG and to augment the antiviral data obtained for dd(, the
heretofore unknown intracellular fate of ddC was explored in duck hepatocytes.  Figure
3.10A illustrates HPLC separation of an extract from duck hepatocytes treated for § hr
with 4 uyM [3 H]ddC (460 cpm/pmole).  Although the parent nucleoside ddC represented
60% of the total radioactivity recovered in this sample, 1.4%, 3.8, and 4.6"y of the
radioactivity eluted with the same retention times as the standards ddCMP, ddCDP, and
ddCTP, respectively. In addition, an unknown metabolite representing 4% of the total
radioactivity recovered in the sample had a retention time similar to that of ddC'TP.
Unlike the ddC nucleotide products, this unidentified compound was not affected by an
excess of 2'-dCyd in the 4 yM ddC incubation medium (Figure 3.108). Duck hepatocyte
primary cultures treated with 4 M [FH]ddC for 0 to0 73 hr were analyzed for the
intracellular content of ddC and ddC nucleotides. Figure 3.11 illustrates that a tinie-
dependent intracellular accumulation of ddC occurred, with the internal concentration of
ddC reaching the external concentration of 4 puM afier approximately 48 hr. The
intracellular level of total ddC nucleotides (ddCMP + ddCDP + ddCTP) also increased,
reaching a maximum between 24 and 48 hr of incubation with ddC (Figure 3.11). Using
a mean (n = 19) intracellular water volume of 3.84 ul/ 108 cells and a mean pmole/ 108
cells of total ddC nucleotides calculated using the 24 and 26-hr time points of Figure
3.11, the intracellular concentration of total dideoxynucleotides was 1.4 uM. In contrast,
the maximum intracellular level of ddG nucleotide achicved after S hr of incubation was
2.1 uM (£ 0.8; n=18), while a concentration of 4.0 uM total dd(i nucleotides was
detected after 10 hrs in the experiment shown in Figure 1.8.

When cells treated with ddC for 24 hr were subsequently incubated in drug-free
medium, the intracellular dideoxynucleotide pools decreased with respect to time
according to first order kinetics (Figure 3.12). A semi-logarithmic plot of the data
yielded t}/ values of 3.5 hr, 4.2 hr, 5.4 hr, and 4.4 hr for JdCMP, ddCDP, ddCTP, and
total dideoxynucieotides (ddCMP + ddCDP + ddCTP), respectively. According to these
data, intracellular ddC nucleotide pools decreased at & 2- to 3-fold slower ratc than did
the ddG nucleotide levels reported in section 111.C.S. Afier 2 hr in ddC-free medium, the
internal ddC had been reduced from an initial concentration of 3.4 uyM 10 0.15 yM. In
comperison, results presented in Figure 3.9 and section 111.C.S. of this chapter indicate

7



Figure 3.11 - Time-dependent conversion of ddC to the corresponding phosphorylated
metabolites by duck hepatocytes. Duck hepatocyte primary cultures (48-hr cultures)
were incubated at 37 or 42°C for various times with 4 uM [3H]ddC (460 - 854
cpm/pmole) in L-15 medium supplemented with 10% NSIV. The cells were extracted
and the extracts analyzed by HPLC a» outlined in Materials and Methods. The
phosphorylated products were identified by HPLC analysis and are expressed as
pmolcs/lOb cells. The intracellular levels of ddC (@) and ddC nucleotides (A) (ddCMP +

other experiment. The 26 hr data were obtained from a single sample and the 5-hr time
point represents duplicate samples from each of 2 experiments. Deviation from the mean
(standard deviation when n = 4) is indicated by error bar-. The lines drawn were fitted

by eye.
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Figure 3.12 - Intracellular stability of radiolabeled dideoxynucleotide pools in duck
hepatocytes treated with [SH]ddCi Duck hepatocyte primary cultures (48-hr cultures)
were incubated at 42°C for various time periods with 4 uyM [3 H]ddC (854 cpm/pmole) in
L.-15 medium supplemented with 10% NSIV. After 24 hours of incubation, the medium
was removed (ddC removal indicated with arrow) and replaced with drug-free medium.
At various times thereafter, the cultures were extracted and analyzed by HPLC as
described in Materials and Methods. The levels of ddGMP (0), ddGDP (D), ddGTP (A),

indicated. The dideoxynucleotide levels have been quantitated as pmoles/ 109 cells and
cach time point shown represents the mean of two replicate samples (n = 4 for the 24 hr
time point). All measurements were made with cultures from the same liver preparation.
Error bars indicate deviation from the mean (standard deviation when n = 4),
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that 30 min after duck hepatocytes were supplied with fresh medium following a 5 hr
incubation with 4 uM ddG, the intracellular ddG level declined from an initial
concentration of 3.9 uM to 0.09 uM.

8. Comparison of ddG Metabolism in Duck Hepatocytes, Rat Hepatocytes, and
CEM Cells

Duck hepatocyte primary cultures (48-hr cultures), rat hepatocyte primary
cultures (72-hr cultures), and actively proliferating cultured human lymphoblastoid CEM
cells were incubated with 4 yM [3H]ddG (451 cpm/pmole) for several time periods at
37°C.  Extracts from cells treated with ddG for as little time as possible ("0"-time)
contained radiolabe! ¢ ddG, as well as a small peak of radioactivity that had a short
retention time (2 to 4 min) when analyzed by HPLC. The radioactive content of this
carly eluting product(s) represented 2%, 7%, and 2% of the total radioactivity in the
extract of duck hepatocyte, rat hepatocyte, and CEM cell extracts, respectively. Analysis
of rat hepatocyte extracts following a 27 hr-incubation with ddG revealed the formation
of multiple radiolabeled peaks, with very little ddG remaining (Figure 3.13B). The
radiolabeled extracts from CEM cells treated with ddG for 5 hr contained a large amount
of radioactivity eluting from 2 to 6 min, followed by a sizable ddG peak and 2 possible
not result in significant quantities of ecarly-cluting radiolabeled metabolites (Figure
3.13A). However, the duck cell extracts contained substantial quantities of ddG, and 3
peaks of radioactivity that elute with the same retention times as ddGMP, ddGDP, and
ddGTP standards.

Although the tritiated ddG employed in these experiments was labeled in the
ribose portion of the nucleoside molecule, a small amount of the label was associated
with the nucleobase moiety. Acid hydrolysis of a sample of the [3H]ddG stock, followed
by HPLC scparation of the neutralized reaction mixture indicated that 94% of the
radiolabel was attached to the pentose sugar, while 6% was associated with the guanine
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'+ Comparison of ddG metabolism in duck hepatocytes, rat hepatocytes, and

siis  A) Duck hepatocyte primary cultures (48-hr cultures) were incubated at

+ ¢ rwith4 uM [SH]ddG (451 cpm'pmole) in L-18 medium supplemented with

NSIV A hot-water extract was prepared from the cells. B) Percoll gradiem
isoiat=d rat hepatocytes were prepared by Emmanuel Awumey (a graduate student under
supervision of Dr. A.R.P. Paterson, Dept. of Pharmacology) from the collagenase-
caved liver of a Sprague-Dawley rat (200-250 g animal). Cells were plated in 60-mm
ttssue culture dishes at a cell density of 2 x 106 cells/plate and incubated in 1.-15 medium
sapplemented with 10% NSIV at 37°C. A hot water extract was prepared from 72-hr rat
hepatocyte primary cultures that had been incubated with 4 M [‘H]ddG (451
cpn.’»mole) for 27 hr at 379C. C) Actively proliferating CEM cells were cultured at
37°C in roller bottles in MEM supplemented with 10% fetal calf serum in 5% CO3.
Cells (generation number 23) were harvested, resuspended in a small volume of MEM
with 10% FCS, and 2-ml aliquots containing 2 x 109 cells were incubated in a total
volume of 4 ml growth media with 4 uM [3H]ddG (450 cpm/pmole) for 5 hr in an
humidified, 37°C, 5% CO3 environment. The samples were centrifuged (1000 x g, 3
min) in a 49C table top centrifuge, the cell pellet was hot water extracted, and cell debris
was removed by centrifugation. The duck hepatocyte, rat hepatocyte, and CEM cell
extracts were processed and analyzed by HPLC according to the procedure outlined in
section 11.C.2 & 3 of this chapter. Panels A, B, and C present the radiographic profiles
obtained from HPLC analysis of the cell extracts, with the radioactivity in cach sample

standards are indicated by arrows. The position of ddG is also noted.
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IV. DISCUSSION

Previous work kas shown that the purine nucleoside analog ddDAPR inhibits
DHBYV both in vivo and in virro (Lee et al., 1989: Luo, 1991; Suzuki et al., 1988).
Conversion of ddDAPR to ddG by duck blood was evident in the results presented in
Chapter 2 of this thesis. In Chapter 3, metabolism of the pro-drug ddDAPR and its
subsequent deamination product ddG was explored using duck hepatocyte primary
cultures. Optimization of cell culture conditions and selection of an appropriate cell
extraction methodology prefaced the study of dideoxynucleoside metabolism in these
cells.

A. Growth Conditions and Properties of Duck Hepatocyte Primary Cultures

Primary cultures of duck hepatocytes experienced a consistent loss in cell
viability over several weeks in culture. At 24 hr in culture, the protein content of a cell
sample was correlated with the number of cells present. However, as the number of
viable cells decreased with increasing time in culture, the protein content of the sample
remained constant. Therefore, in terms of sample quantitation, cell number was a mure
meaningful reflection of culture status than was protein content. A mean intracellular
water space of 3.8 pL/lQé cells was obtained for duck hepatocytes. However the range
of values among cultures was quite variable, evidently reflecting the fragile nature of
hepatocyte primary cultures. In comparison to duck hepatocytes, the estimated
intracellular water volume of Percoll-fractionated rat hepatocyte primary cultures is 4.5 -
5.5 uL/ 105 cells (Personal communication, Emmanuel Awumey, 1989).

After 24 hr in culture, duck hepatocytes retained the ability to salvage and
metabolize adenosine. Following a 1-min exposure of cells to [ZH)Ado, more than onc-
half of the cell-associated radioactivity consisted of nucleotides, Ado, and Ino.
Radiolabel incorporation into other probable metabolites such as hypoxanthine, xanthine,
and uric acid was not examined. After a 2-hr incubation, 89% of the total sample
r:dmmwny was present as adenine nucleotides, suggesting that, under these conditions,
phorylation was the major anabolic fate of internalized adenosine.

Duck hepatocyte primary cultures retained morphologic characteristics of liver
tissue for less than one week under the growth conditions used in this thesis. Cells
incubated at the avian body temperature of 42°C were more prompt 1o establish
monolayers than their 37°C cohorts, suggesting that cell recovery from the initial
isolation process and monolayer formation in the in vitrv environment was assisted by
the warmer Iemﬂmie Hmver. by 8 d:ys in cuh\lre cells maintain jer |

futmm(lladmdkffam lm) ummnmmmmw
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primary cultures are unable to divide, they undergo progressive dedifferentiation, become
agranular, and progressive biochemical dysfunction quickly leads to cell death (Reid and
Jefferson, 1984). Increased viability of hepatocyte primary cultures has been achieved
by a variety of culture conditions, including modified cell attachment surfaces (collagen
substrata, floating collagen strata, extracellular matrix substrata), medium additives (1-
2% dimethyl sulfoxide (DMSO), insulin, hormones, serum-free medium), and co-culture
of hepatocytes with another cell type (Enat et al., 1984; Guguen-Guillouzo et al., 1983;
Isom et al., 1985; Michalopoulos and Pitot, 1975). The medium additive DMSO is
reported to maintain hepatocyte primary cultures in a differentiated state for at least 6
weeks, to confcr upon duck hepatocyte cultures the ability to supp@ﬂ DHBV repiicati@n

hcpatoc.ytes to infection with DHBYV for up to 2 week; (Ggllg etal, 1989, l:;om et al,
1987, Pugh and Summers, 1989). However, the possibility of DMSO-induced
membrane perturbations discouraged the use of this compound with duck hepatocyte
primary cultures to be used in drug uptake studies.
B. Comparison of Extraction Methods

Nucleobases, nucleosides, and nucleotides are normally extracted from biological
tissuc using perchloric acid or trichloroacetic acid. Typically. a ratio @f the amount of
ATP/ADP values of approximately 7 indicating adequste preservation ;nf lwer cell ATP
levels during the extraction procedure.  The susceptibility of purine 2',3-
dideoxynucleosides to acid-catalyzed hydrolysis of the molecular N-glycosidic bond
necessitated the use of an alternative extraction condition in the experiments performed
in this thesis. After comparing several types of extraction conditions, the inefficient, but
reproducible, hot water extraction procedure was selected as the best method for removal
of bases, nucleosides and nucleotides from duck hepatocyte primary cultures treated with
the acid-labile dideoxynucleosides When compued to PCA e:trsmn remlt;, Ihe Iid

KAamwofmeWmm&umIem
procedure not optimal. Dmctexm:onof[ H]Ado-treated hepstocyte m - i
04MTCAprodwedcellexm:mﬁATP/ADPvﬂmmﬁumSlta? The
mechanical manipulations involved in trypsinization of a fragile cell type may have
resulted in a loss or breakdown of intracellular nucicotides in the PCA-treated hepatocyte
samples. Acid extraction of tissues such as liver can yield ATP/ADP values below 1,
although higher ratios are attainable (Perrert, 1986; Smith et al.,, 1977). Variable
extraction results were obtained when duck hepatocytes were exposed to 60% methanol.




However, treatment with 70° methanol - 28 mM Tris (pH 7.4) preduced high,
reproducible ATP 'ADP ratios, suggesting that maintenance of a stable pH environment
may be crucial to nucleotide preservation during methanol extraction. Although the 70"
methanol - 25 mM Tris condition yielded superior extraction results to the hot water
method, it was not tested until late in the thesis work. If it had been used. this methanol
extraction method might have produced cell extracts containing nucleotide ratios that
were a closer approximation to the actual intracellular nucleotide composition.

Exposure of [8-‘H]dd(; to a 97°C water bath for § min resulted in a slight
decrease in radmlabeled ddG and an increase in lhc. amount of tritium- Inhcled pmduu

represents trmated water formed by H-H atom cx;han;.e bﬂwevzn Ih() and lhc ‘Il
located at the 8-position of the purine base. In most experiments, this H-YH exchange
would be of no consequence since the ribose-labeled dideoxynucleoside IE‘J‘;‘HMd(i
was employed.

C. Drug Metabolism in Duck Hepatocyte Primary Cultures

Conversion of ddDAPR to ddG was evident in duck hepatocyte primary cultures
treated briefly with ddDAPR in ecither cell culture medium or water. These results, as
well as the results from Chapter 2 indicate that, in the avian system, ddDAPR acts as a
short-lived prodrug for the more biologically stable nucleoside analog ddG. In terms of
commercial production, ddDAPR is the more economical of the two related agents. In
addition, the greater lipid solubility of ddDAPR relative to ddG may provide for more
rapid diffusion of ddDAPR into cell; (Robins ct al., 1989). However, in Pekin ducks it is
likely that expeditious plasma membrane permeation of the more lipid soluble ddDAPR
is pre-empted by deamination of ddDAPR by blood tissue enzymes.

Intracellular metabolism of ddG was characterized in DHBV-negative duck
hepatocytes for two reasons: 1) infected and noninfected hepatocyte monolayers treated
with [3H)ddG or [*HMMDAPR produced similar quantitics of radiolabeled ddGMP,
ddGDP, and ddGTP. and 2) due to a high demand for DHBV-positive ducks in the
laboratory, DHBVrnepnve lnll'lll.ll were more nvmllble fnr use.

An i "
lhmeeafhg mhohﬁn Aﬂeneve-l hﬂll'iﬁfl,f”, ﬂie m!sml lnd exlemll
ddG concentration of the cells had reached apparent equilibrium, with a portion of the
intracellular nucleoside mlog converted 10 phosphorylsted derivatives. In cultures
ﬁlmm“mlhﬂﬂz JpM:ﬂESmish Rmnf
dideoxynucleotides from ddG-trested duck hepatocytes varied from one cell preparation




to the next, making it difficult to determine precisely the internal dideoxynucleotide
levels achieved. Other rescarchers have reported similar variability in the recovery of
ddG nucleotides from cell extracts obtained from replicate experiments (Ahluwalia et al.,
1990). For example, Molt-4 cells treated with 5 uM ddG for 5 hr contained 0.126 to
0.265 pmole/10% cells of ddGDP and 0.055 to 0.120 pmole/10® cells of ddGTP
(Ahluwalia et al., 1990). In comparison, duck hepatocytes exposed to 4 uM ddG for § hr
contained 1.5 to 4.5 pmole/10° cells of ddGDP and 0.29 to 1.4 pmole/10® cells of
ddGTP in cell extracts obtained from 7 separate experiments.

Potential hepatocyte enzymes involved in ddG phosphorylation were examined
by providing the cells with altenate enzyme substrates in the presence of ddG. In
addition to direct substrate competition for an enzyme active site, nucleoside additives
and their metabolites may affect nucleoside analog metabolism by competing for uptake
or by functioning as cellular enzyme regulators. Therefore, the results from these types
of studies are often difficult to interpret.

I.: auman lymphoid cells, dCyd kinase is thought to be instrumental in converting
dGun to dGMP ( Samp and Fﬁd!and 1987) Puﬁfed dCyd kinase frorn humm leukemic

km,n;: is mvelved in ddG mbohsm (Banduc et nl,, 1992)g Howe,ver, the mlhhty af
excess 2'-dCyd to affect ddG anabolism in duck hepatocyte primary cultures suggested
that, in these cells, dCyd kinase does not participate in the initial step of ddG
phosphorylation. Evidence for a functional dCyd kinase in duck hepatocyte cultures is
provided by the observation that intracellular phosphorylation of ddC was blocked by 2'-
dCyd.

Under conditions in which the hepatocyte adenosine deaminase (ADA) was
blocked by DCF, an excess of adenosine produced almost complete inhibition of ddG
nucleotide formation from ddG. In addition, the total adenine nucleotide pool size
increased by S5-fold under these conditions. The results could indicate substrate
competition at the level of Ado kinase, sn enzyme that can be generalized as having: 1)
high activity in liver; 2) a low Ky, for Ado; and 3) a high Ky, for 2'-dAdo (Carson et
al., 1977. ltnemuky et al., 1974; Miller et al., 1979). Although the natural substrate

ine i ha isted by purified adenosine kinase, the guanosine amalog

¢ rels -nucieoside tiazofurin are substrates for this enzyme (Fridiand
eul lﬂé Mlllereul 1979' S:_dg:gﬂ 199& Wlllueui 197!) It unﬂh




DCF-treated cells. a $0°o suppression in ddG phosphorylation was seen in the presence
of the Ado kinase substrate 2'-dAdo.  This incomplete inhibition could result from a
competitive interaction between two low attinity substrates of Ado hinase.  The reported
high Ky of 2'-dAdo for Ado hinase suggests that a concentration of 100 pM Y-dAdo
would be insufficient to saturate the enzyme, leaving a population of these
macromolecules free to interact with alternate substrates (Miller ot al, 1979). Although
the adenine nucleotide pool size did not change in the presence of excess Y-dAdo, an
increase in the characteristically low intracellular concentration of deoxvadenosine
nucleotides would have gone without detection.

Results from the current study indicated that dideoxynucleotide tormation n
hepatocytes was inhibited to a greater extent by 2'-dAdo without DCE, than by 2'-dlno,
the immediate product of 2'-Ado deamination. This result is surprising if 2'-dAdo, a
normally good substrate for ADA, is readily deaminated in duck hepatocytes (Balzarini
et al., 1987: Ma and Fisher. 1968: Pfrogner, 1967). If efficacious deamination of 2'-
dAdo occurs, both 2'-dAdo and the resultant deamination product 2'-dino should have the
same overall effect on ddG phosphorylation. Another relevant catabolic product of
nucleoside metabolism, Hx, did not affect ddG nucleotide pool sizes. A pivotal
compound in nucleotide metabolism, Hx is released by catabolism of Ino or dino and is
cither degraded to waste products or linked to the adenine and guanine nucleotide
pathways by conversion to IMP. That Hx had no effect on dd(i metabolism or on the
intracellular levels of GMP and adenine nucleotides suggests that the observed effect of
2'-dAdo and 2'-dino on ddG metabolism does not involve their reutilization through the
Hx salvage pathway described.

Guanosine analog metabolism to monophosphate derivatives has been explored in
several cell culture systems. In CHO cells, 3-deazaguanosine is converted to its
monophosphate form by nicotinamide ribonucleoside kinase, while tiazofurin
phosphorylating activity in these cells is associated with Ado kinase, nicotinamide
ribonucleoside kinase, and a S'-nucleotidase (Saunders ct al., 1989; Saunders et al.,
1990). Similarly, human lymphoblastoid cells contain an Ado kinasc and a §'-
nucleotidase that phosphorylate tiazofurin (Fridland et al., 1986). Partially purified $'-
nucleotidase from human T lymphoblast cells catalyzes the conversion of ddl, dﬂﬁ lnd
carbovir to their monophosphate forms, while highly purified rat liver 5'-nucleoti
accepts as substrates acyclovir, ganciclovir, and ara-G, as well as Ino, Guo, ndﬂ[nn
(Bondoc et al., 1990; Johnson and Fridland, 1989; Keller ct al., 1985). An ATP-
activated, soluble S'-nucleotidase that preferentially utilizes IMP, GMP, and their deoxy-
congeners as phosphate donors and accepts Ino, dino, Guo, dGuo, and reisted analogs as




phosphate acceptors has been purified from a wide variety of sources, including human T
cells, human placenta, chicken liver, and rat liver (Itoh et al., 1978; Johnson and
Fridland, 1989; Keller et al., 1985; Spychala et al., 1988).

Substrate inhibition results obtained from duck hepatocyte cultures indicate that,
in addition to Ado kinase, other enzymes could contribute to ddG phosphorylation.
Modest inhibition of ddG nucleotide formation occurred when either Guo, 2'dGuo or 2'-
dino was provided in a 25-fold molar excess to ddG. Presumably, these nucleosides
could act as substrates for a 5'-nucleotidase as well as for a cellular nicotinamide
ribonucleoside kinase. To assess the potential involvement of either of these two
enzymes in hepatocyte phosphorylation of ddG, competition of ddG with an excess of
ribavirin or nicotinamide riboside should be examined. In the case of nicotinamide
ribonucleoside kinase as a possible candidate for ddG phosphorylation, inclusion of the
natural substrate nicotinamide riboside should cause a reduction in ddG nucleotide pools.
In CHO cells, the 3-deazaguanosine nucleotide pool was reduced 6-fold by the presence
of an equimolar concentration of nicotinamide riboside (Saunders et al., 1989). If §'-
nucleotidase is responsible for the conversion of ddG to ddGMP, then an increase in the
intracellular IMP pool size induced by inhibition of IMP dehydrogenase by the
monophosphate derivative of ribavirin should ultimately result in an increased yield of
ddG nucleotides. Anabolism of ddG and ddl in a human T-lymphocyte cell line is
reported to be initiated by a cytosolic 5'-nucleotidase (Ahluwalia et al., 1990; Hartman et
al., 1991). When Molt-4 cells were exposed 1o [PH)-lsbeled ddG, ddA, or ddl in the
presence of ribavirin, the cells contained elevated levels of radiolabeled ddG and ddA
nucleotides (Ahluwalia et al, 1990; Hartman et al., 1991). In another study,
phosphorylation of ddG by several human lymphoid cell lines was attributed to both
dCyd kinase and a cytosolic 5'-nucleotidase (Bondoc et al., 1992). However, contrary to
the results obtained with duck hepatocytes, accumulation of ddGTP in CEM or Molt-4
cells treated with S or 10 uM ddG was enhanced by 100 uM 2'-dAdo, uneffected by 100
uM 2'-dGuo, and antagonized by 100 uM 2'-dCyd (Bondoc et al., 1992). Similar
substrate inhibition results were reported for ddA-treated Molt-4 cells: 100 uM 2'-dAdo
enhanced the formation of ddATP, whereas 100 uM 2'-dCyd effected a decrease in
ddATP levels (Cooney et al., 1987).

Dideoxycytidine is ineffective as an antiviral agent when administered to either
DHBV-infected Pekin ducks or primary cultures of duck hepatocytes (Lee et al., 1989;
Luo, 1991; Suzuki et al., 1988). Despite this inactivity, duck hepatocytes convert a
mofthemndhl:d&mdﬂtm&emumwﬁmuf




ddC nucleotides achieved was less than that of ddG. both analogs yielded similar
nucleotide concentrations (1.4 uM and 1.9 pM for cells treated with 4 uM ddC or ddG,
respectively) after a 26-hr incubation. These results indicate that the inability of ddC 10
inhibit DHBV is not due to an inability of hepatocytes to phosphorylate ddC. However,
the results give no indication of the relative intracellular availability of ddC and ddG
nucleotides. For imtance. ieieetive intm:ellular cnmpaﬁmlalizalian or utiliz:linn of
Alternatively, as suggested by Suzukl and cc!wm'lser: ( 1988). ddC may exert its nnnv:ral
effect through a unique interaction with the viral primer protein.

In vivo experiments with Pekin ducks have indicated that ddC' is extremely toxic,
often resulting in animal death 2 to 3 weeks into treatment, whereas ddDAPR the
prodrug of ddG is well tolerated by these animals (Luo, 1991). In humans, peripheral
neuropathy has been observed in patients after prolonged (1.5 - 3 months) treatment with
ddC (Yarchoan et al., 1988). Both mitochondrial and cellular toxicities are associated
with inhibition of mitochondrial DNA synthesis in ddC-treated human T lymphoblastic
cells (Chen and Cheng, 1989). Furthermore, ultrastructural abnormalities are reported to
occur in the mitochondria of human T lymphoblasts treated for 12 days with 4 uM ddC
(Lewis et al., 1991). Starmes and Cheng (1987) have shown that although ddCTP is a
competitive inhibitor of dCTP for the purified human DNA polymerases a, B, and v, the
K; values obtained for ddCTP inhibition of the three enzymes indicate that DNA
polymerase y is the most sensitive of the three enzymes to this agent. These data support
the proposal that selective mitochondrial toxicity in ddC-treated cells is a result of a high
affinity of mitochondrial DNA polymerase for ddCTP (Chen et al., 1991).

Hepatocytes retained ddC nucleotides for a longer time (t)/2 = 4.4 hr) following
the removal of external ddC than they did ddG nucleotides (t)/2 = 1.6 hr) when
exogenous ddG was withdrawn. Dideoxycytidine nucleotides that are biochemically
employed could contribute to a slower mobilization of the intracellular stores of ddC
metabolites. When the time-dependent, intracellular accumulation of exogenous ddC and
ddG is compared, more rapid equilibration of the internal and external concentrations
occurs with the more lipophilic ddG, suggesting that lipid-solubility may play a role in
plasma membrane permestion of these compounds (Plagemann et al., 1988; Robins et al.,
1989).

It is clear that the outcome of ddG metabolism is highly dependent on the cell
type. A comparison of ddG metabolism in duck and rat hepatocytes revealed a very
&ﬁaﬂmaofﬂwlmm&ﬂemm Cﬂdmnfﬂ?-nnfﬁﬁ




for much of the radiolabel recovered in rat hepatocyte cell extracts. Duck hepatocytes
produced micromolar quantities of ddG nucleotides. In comparison, phosphorolytic
cleavage of ddG, followed by reutilization of guanine in the formation of adenine and
guanine mono-, di-, and triphosphates appeared to be the primary anabolic result in rat
hepatocytes treated with ddG. The human T-lymphoblastoid cell line CEM did not
produce detectible quantities of dideoxynucleotides when treated with ddG. However,
the presence of glycosidic bond cleavage products in cell extracts indicates that
catabolism of ddG was the fate of a large portion of the intracellular ddG in these cells.
Since 8 small percentage of the [3H1 label in ribose-labeled ddG was associated with the

liberated guanine probably accounted ﬁ:r the two dnscrete r,ldmlnbeled pelh hgvmg
clution times similar to AMP/GDP and ADP/GTP. Bondoc and co-workers (1992)
reported the detection of low ddG nucleotide levels (dJdGDP + ddGTP = 222 pmol/10°
cells) in CEM celis treated for 6 hr with 10 pM ddG. ln mher humm Iynphold eell
ribonucleotides was drastically reduced in the presence of an excess nf the hypomthme:
guanine phosphoribosyl transferase (HGPRT) substrate Hx (Bondoc et al., 1992). This
result supports the suggestion that upon cleavage of ddG by PNP, the sparcely
radiolabeled guanine moiety is recycled into purine ribonucleotides via HGPRT (Bondoc
et al.,, 1992). Anabolic conversion of ddG in another human lymphoid cell (Molt-4)
results in the accumulation of sub-micromolar dideoxynucleotide levels when the cells
are treated with S uM ddG for S hr (Ahluwalia et al., 1990). As a consequence of active
ddG catabolism in Molt-4 cells, radiolabeled guanine and adenine nucleotides make up a
significant portion of the radiolabeled compounds recovered in these cell extracts
(Ahluwalia et al., 1990). Species-dependent metabolism differences have been reported
for other dideoxynucleoside analogs (Balzarini et al., 1988). In addition, quantitstive
differences in nucleoside drug metabolism have been observed in different cell types
within a single species (Balzarini et al., 1988; Carson et al., 1988; Cooney et al., 1986).
The results presented in Chapter 3 illustrate that metabolism of the effective anti-
DHBYV agent ddG in duck hepatocytes leads to the formation of intracellular ddG
nucleotide pools. However, a comparison of ddG metabolism in duck hepatocytes, rat
WNTJWMHHMW&JH&Q“
according to the host tissue. In the next chapter, metabolic cl on and anti-
HBVmwnyof&emmWw&ﬁumhﬁhm
hepatoblastoma cell line HepG2 and the HBV gene-carrying derivative cell line 2.2.185.




V. BIBLIOGRAPHY

Ahluwalia, G., Cooney, D.A., Bondoc, L..L.Jr., Currens. M.J., Ford, H.. Johns, D.G..
Mitsuya, H., and Fridland, A. (1990a) Inhibitors of IMP dehydrogenase stimulate
the phmphorylatmn of the antiviral nucleoside 2',3'-dideoxyguanosine. Biochem.

Biophys. Res. Commun. 7], 1297-1303.

Balzarini, J., Robins, M. J., Zou, R., Herdewijn, P., and De Clercq, E. (1987) The 2',3'-
dideoxyriboside of 2 ﬁ-diimmapunne and its 2',3'-didehydro derivative inhibit
the deamination of 2',3'-dideoxyadenosine, an inhibitor of human
immunodeficiency virus (HIV) replication. Blm,hem Biophys. Res. Commun.
148, 277-283.

Balzarini, J., Pauwels, R., Baba, M., Herdewijn, P., De Clereq, E., Broder, S., and Johns,
D.G. (1988) The in virro and in vivo anti-retrovirus activity, and intracellular
metabolism of 3'-azido-2',3'-dideoxythymidine and 2',3'-dideoxycytidine are
highly dependent on the cell species. Biochem. Pharmacol. 37, 897-903.

Bondoc, L.L.Jr., Ahluwalia, G., Cooney, D.A., Hartman, N.R., Johns, D.G., and
Fridland, A. (1992) Metabolic pathways for the activation of the antiviral agent
2',Y'-dideoxyguanosine in human lymphoid cells. Molec. Pharmacol. 42, $25-5230.

Bondoc, L.L.Jr., Shannon, W.M., Secrist, J.A.ll1., Vince, R., and Fridland, A. (1990)
Metabolism of the carbocyclic nucleoside analogue carbovir, an inhibitor of
human immunodeficiency virus, in human lymphoid cells. Biochemistry 29,
9839-9843.

Carson, D.A., Haertle, T., Wasson, D.B., and Richman, D.D. (1988) Biochemical genetic
analysis of 2',3'-dideoxyadenosine metabolism in human T lymphocytes.
Biochem. Biophys. Res. Commun. |51, 788-793.

Carson, D.A., Kaye, J., and Seegmiller, J.E. (1977) Lymphospecific toxicity in adenosine
dnnnnug deficiency and purine nucleoside phosphorylase deficiency: Possible
role of nucleoside kinase(s). Proc. Natl. Acad. Sci. USA, 74, 5677-5681.

Chen, C-H m:lChmg.Y-C (1989) Delayed toxicity and selective loss of
ial DNA in cells trested with the anti-human immunodeficiency virus

emmmdrj‘-didanxycyndme J. Biol. Chem. 264, 11934-11937.

Clia.C-H thhn.ll ndChsg.Y-C(lQQl)Eﬁ‘s{cfm
cy virus nucleoside analogs on mitochondrial DNA and its
mmﬁfﬂlyﬂmmy Molec. Pharmacol. 19, 625-628.

Cooney, D.A., Ahluwalia, G., Mitsuya, H., Fridland, A., Johnson, M., Hao, Z., Delal,
M., Balzarini, J., Broder, S., and Johns, D.G. (1987) Initial studics on the celluler




Biochem. Pharmacol. 36, 1765-1768.

Cooney, D. A., Dalal, M., Mitsuya, H., McMahon, J. B., Nadkamni, M., Balzarini, J.,
Broder, S., and Johns, D. G. (1986) Initial studies on the cellullr phimcolcgy
of 2', 3'-d|degxycy1|dme. an inhibitor of HTLV-I11 infectivity. Biochem.

Pharmacol. 38, 2065-2068.

Enat, R., Jefferson, D.M., Ruiz-Poazo, N., Gatmaitan, Z., Leinwand, L.A., and Reid,
L.M. (1984) Hepatocyte pmhfmnnn in vitro: Its dependence on the use of
serum-free hormonally defined medium and substrata of extracellular matrix.
Proc. Natl. Acad. Sci. USA 8], 1411-1415.

Fox, I.H., and Kelley, W.N. (1978) The role of adenosine and 2'-deoxyadenosine in
mammalian cells. Ann. Rev. Biochem. 47, 655-686.

Fridland, A., Connelly, M.C., and Robbins, T.J. (1986) Tiazofurin metabolism in human
| ymphoblumnd cells: Evidence for phosphorylation by adenosine kinase and §'-
nucleotidase. Cancer Res. 46, 532-537.

Galle, P., Schlicht, H.-J., Kuhn, C., and Schaller, H. (1989) Replication of duck hepatitis
B virus in primary duck hcpatocylei and its dependence on the state of
differentiation of the host cell. Hepatol. 10, 459-465.

Guguen-Guillouzo, C., Ciément, B., Baffet, G., Beaumont, C., Morel-Chany, E., Glaise,
D., and Guillouzo, A. (1983) Maintenance and reversibility of active albumin
secretion by adult rat hepatocytes co-cultured with another liver epithelial cell
type. Exper. Cell Res. 143, 47-54.

Hartman, N.R., Ahluwalia, G.S., Cooney, D.A., Mitsuya, H., Kageyama, S., Fridland,
A., Broder, S., and Johns, D.J. (1991) Inhibitors of IMP d:hydroimue stimulate
the phmphm-ylancn of the ;ntl-hnmm lmcdeﬁcmy virus ﬂu:leoﬁde; 2'3-

dideoxyadenosi

Isom. H., Gmoff,l‘Saldm-Gmwﬁ M., mdDimell J.E., Jr. (1987) Persistence of
hver—mﬁcmenmgerRNA in cultured hepatocytes: Different regulatory
events for different genes. J. Cell Biol. 108, 2877-288S.

Mm::fdlﬂ‘mmﬂmhmymmmmm Pm: Natl.
Acad. Sci.USA §2, 3252-3256.
from chicken liver. Biochim. Biophys. Acta, 526, 154-162.

5‘,"



Johnson, M.A., and Fridland, A. (1989) Phosphorylation of 2'.3"-dideoxyinosine by
cytosolic 5'-nucleotidase of human lymphoid cells. Molec. Pharmacol. 3¢, 291-
298.

Keller, P.M., McKee, S.A., and Fyfe, J.A. (1985) Cytoplasmic $'-nucleotidase catalyzes
acyclovir phosphorylation. J. Biol. Chem. 260, 8664-8667.

Krenitsky, T.A., Miller, R.L., and Fyfe, J.A. (1974) Levels of nucleoside and nucleotide
kinases in Rhesus monkey tissues. Biochem. Pharmacol. 23, 170-172.

Lee, B, Luo, W, Suzuki, S., Robins, M. J., and Tyrrell, D. L. J. (1989) /n vitro and in
vivo comparison of the abilities of purine and pyrimidine 2',3'-
dideoxynucleosides to inhibit duck hepadnavirus. Antimicrob. Agents Chemother.
33, 336-339.

Lewis, L.D., Hamzeh, F.M,, and Lictman, P.S. (1991) Effects of 2',3'-dideoxycytidine
(DDC) an anti-HIV-1 nucleoside analogue on mitochondrial biogenesis, structure.
and function. Antiviral Res. S1, 149.

Luo, W. (1991) The effects of 2',3"-dideoxynucleosides on duck hepatitis B virus
replication: A model for inhibition of hepadnavirus replication. Ph. D. thesis,
Univ. of Alberta, Edmonton, Ab.

Ma, P.F,, and Fisher, J.R. (1968) Two different hepatic adenosine deaminases in the
chicken. Biochem. Biophys. Acta 159, 153-159.

Michalopoulos, G., and Pitot, H.C. (1975) Primary culture of parenchymal liver cells on
collagen membmles Morphological and biochemical observations. Exper. Cell

Res. 94, 70-78.

Miller, R.L., Adamczyk, D.L., Miller, W.H., Koszalka, G.W., Rideout, J. L., Beacham,
L.M,, Chao, E.Y., Haggerty, J.J., Krenitsky, T.A., and Elion, G.B. (1979)
Adenosine kinase from rabbit liver. 11. Substrate and inhibitor specificity. J.
Biol. Chem. 254, 2346-2352.

Pande, S.V. (1976) Liquid scintillation counting of aqueous samples using Triton-
containing scintillants. Anal. Biochem. 74, 25-34,

Perrett, D. (1986) Nucleotides, nuclcosides and bases. in of Small Molecules -
Practical Approach, (Lim, C.K., ed.) pp.221-259, !RLFreu Oxford.

Pfrogner, N. (1967) Adenosine deaminase from calf spleen. II. Chemical and
enzymological properties. Arch. Biochem. Biophys. 119, 147-154.

Plagemann, P.G.W., Wohlhucter, R.M., and Woffendin, C. (1988) Nucleoside and
nucleobase transport in animal cells. Biochim. Biophys. Acta 947, 405-443.



Pugh, J.C., and Summers, J.W. (1989) Infection and uptake of duck hepatitis B virus by
duck hepatocytes maintained in the presence of dimethyl sulfoxide. Virol. 172,
564-572,

Reid, L.M., and Jefferson, D.M. (1984) Culturing hepatocytes and other differentiated
cells. Hepatol. 4, 548-559.

Robins, M.J., Wood, S.G., Dalley, N.K., Herdewijn, P., Balzarini, J., and De Clercgq, E.
(1989) Nucleic acid related compounds. 57. Synthesis, x-ray crystal structure,
lipophilic partition properties, and antiretroviral activities of anomeric 3'-azido-
2',Y-dideoxy-2,6-diaminopurine ribosides. J. Med. Chem. 32, 1763-1768.

Sarup, J. C‘ and Fridland A ( 1987) ldenuficatmn nf‘ purme deaxyﬁbunucieoﬂde kinases
deuxyﬂbﬂnucleﬁndei Blnchem 2&. 590-597.

Sarup, J.C., Johnson, M.A,, Verhoef, V., and Fridland, A. (1989) Regulation of purine
deoxynucleoside phosphorylation by deoxycytidine kinase from human leukemic
blast cells. Biochem. Pharmacol. 18, 2601-2607.

Saunders, P.P., Spindler, C.D., Tan, M.-T., Alvarez, E., and Robins, R.K. (1990)
Tiazofurin is phosphorylated by three enzymes from Chinese hamster ovary cells.
Cancer Res. 50, 5269-5274,

Saunders, P.P., Tan, M.-T., Spindler, C.D., and Robins, R.K. (1989) Phosphorylation of
3-deazaguanosine by nicotinamide riboside kinase in Chinese hamster ovary cells.

Cancer Res. 49, 6593-6599.

Smith, C.M., Rovamo, L.M., Kekomaki, M.P., and Raivio, K.O. (1977) Purine
metabolism in isolated rat hepatocytes. Can. J. Biochem. 55, 1134-1139.

Spychala, J., Madrid-Marina, V., and Fox, I.H. (1988) High K, soluble 5'-nucleotidase
fmm human placenta. Properties and allosteric regulation by IMP and ATP. J.
Biol. Chem. 263, 18759-18765.

Sumn.M C. deheng.Y -C. (I?l?)CeIlulsmbﬂnmon‘S‘-dﬂmx; cytidine, a
odeficiency virus in vitro, J. Biol. Chem.

Suzuki, S., Lee, B, Luo, W, Tovell, D., Robins, M.J., and Tyrrell, D.L.J. (1988)
lnlnhnmnf@ﬂhmnmﬂmrqlmmhymﬁe?l
dideoxynucleos iochem. Biophys. Res. Comm. 136, 1144-1151.

Tuttleman, J.S., Pugh, J.C., and Summers, J.W. (1986) In vitro experimental infection of
prmryh:k stocyte cultures with duck hepatitis B virus. J. Virol. 58, 17-25.




Willis, R.C., Carson, D.A., and Seegmiller, J.E. (1978) Adenosine kinase initiates the
major route of ribavirin activation in a cultured human cell line. Proc. Natl. Acad.
Sci. USA, 78, 3042-3044.

Yarchoan, R., Thomas, R.V., Allain, J-P.,.McAtee, N., Dubinsky, R., Mitsuya, H.,
Lawley, H., Safai, B., Myers, C.E., Pemno, C.F., Klecker, R.W., Wills, R.J..
Fischl, M.A., McNeely, M.C., Pluda, J.M., Leuther, M., Collins, J.M., Broder. S.
(1988) Phase I studies of 2',3"-dideoxycytidine in severe human
immunodeficiency virus infection as a single agent and alternating with
zidovudine (AZT). Lancet ], 76-81.

York, J.L. (1981) Effect of the structure of the glycon on the acid-catalyzed hydrolysis of
adenine nucleosides. J. Org. Chem. 46, 2171-2173.



CHAPTER 4

METABOLISM AND ANTIVIRAL EFFECTIVENESS OF

DIDEOXYNUCLEOSIDES IN HepG2 and 2.2.15 CELLS
. INTRODUCTION

The development of therapeutic agents for hepatitis B virus (HBV) has been

complicated by the narrow host range specificity exhibited by the hepadnaviruses. Until
recently there was no known in virro tissue culture system capable of supporting HBV
replication. Accurate screening of potential antiviral agents for HBV will depend on the
utilization of a test system that will best represent the in vivo HBV infection. Several in
vitro cell culture systems have been utilized for evaluation of the anti-HBV effectiveness
of thernpeutic agcnt: inciuding* 1) duck hepatocyte pﬁi’nary cultures prep:ﬁd ei’ther

,iublaqu:m expenmmal mfgctmn of the eulmm wnth DHBYV from the sera nf DHBV-
infected ducks; and 2) a clonal cell line (2.2.15) derived from the human
hepatoblastoma cell line HepG2 that has been transfected with a plasmid containing HBV
DNA (Lee et al., 1989; Matthes et al., 1990, Price et al, 1989; Suzuki et al.,
1988.Yokota et al., 1990).

As can be seen in Chapter 3, there were marked differences in the intracellular
metabolism of the nucleoside analog ddG in duck hepatocytes, rat hepatocytes, and a
human T-lymphocyte cell line (CEM). Duck hepatocyte primary cultures converted ddG
to the corresponding dideoxynucleotides and exhibited very little catabolism of the parent
compound. In contrast, cell extracts from rat hepatocyte primary cultures or CEM cells
exposed to ddG contained radiolabeled products consistent with dideoxynucleoside
catabolism and subsequent reutilization of the guanine base moiety. These results
suggest that cell-dependent differential drug metabolism may drastically influence the
apparent antiviral potential of a prospective drug. Hence, it is imperative that selection
of an in vimo drug screening model should focus on a system that mimics the

emical and metabolic composition of the in vivo human liver.

In Chapter 4, the metabolism and antiviral effectiveness of ddG and ddC was
examined in the human hepatoblastoma-derived HepG2 cell line and its HBV-infected,
derivative cell line 2.2.185.




Il. MATERIALS AND METHODS
A. Materials
1. General Supplies

Flow Laboratories, Mississauga, ON. was the source of AutoPow MEM, while
fetal calf serum, geneticin sulfate, Penicillin G, Streptomycin sulfate, BamHI, EcoRl,
Hind I, and React 2 and 3 buffers were obtained from Gibco BRL, Burlington, ON.
Tetrabutylammonium dihydrogen phosphate (TBAP) was purchased from Aldrich
Chemical Company, Inc., Milwaukee, WI. The following supplies were obtained from

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), trypsin, and the nucleosides
2'-deoxycytidine (2'-dCyd), 2'-deoxyguanosine (2'-dGuo), 2'-deoxyadenosine (2'-dAdo),
guanosine (Guo), and adenosine (Ado). The nucleoside analogues 2'.3-
dideoxyguanosine (ddG), and 2'3'-dideoxycytidine (ddC) were purchased from
Terochem, Edmonton, AB., while 2',3'-dideoxyguanosine §'-triphosphate (ddGTP) and
2',3'-dideoxycytidine 5'-triphosphate (ddCTP) were from Pharmacia (Canada), Inc., Baie
d'Urfe, PQ. Calcium chloride (CaCl3), potassium chloride (KCl), potassium phosphate

from Fisher Scientific, Nepean, ON. EcoLite liquid scintillation solution was obtained
from ICN Biomedicals, Inc., Irvine, CA., Diff-Quik Stain Set was supplied by Harleco,
Gibbstown, NJ. and Centricon filters (3 and 10) were from Amicon Canada Ltd.,
Oakville, ON. Water was purified using a Milli-Q water purification system and distilled
water was used in all tissue culture reagents.
2. Nucleoside and Nucleotide Selutions

Standard solutions containing the mono-, di-, and triphosphate forms of ddG or
ddC were prepared as described in Chapter 3, section 11.A.2. Millimolar nucleoside
stock solutions were prepared in water or saline and were filter-sterilized. An accurate
concentration of each stock solution was determined as described in Chapter 2, section
11.A.2. The stock solutions were stored at -200C and were utilized in the preparation of
solutions containing micromolar concentrations of nucleosides and/or nucleoside analogs.
3. Radiechemicals )

[2,3'-3H)2,6-disminopurine 2',3'-didcoxyriboside ([3H}4dDAPR; 45 Ci/mmol)
and (2,3-3H]2'3 'dideoxycytidine ([3H)dIC; 48 Ci/mmol) were obtsined from
Moravek Biochemicals Inc., Brea, CA. and [2‘;3'—3H12‘,3‘sdidmxygn:mine ((3HHdG)
WMMPH]&DAPRMWlnhm&BEHmMS
section ]1.A.3. These radiochemicals were repurified periodically by HPLC using a C-18
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[1,2-3H]polycthylene glycol ([PH]PEG), while 3H20 (100 mCi/ml) was from ICN
Radiochemicals, Costa Mesa, CA.
B. Cell Cultures
1. HepG2 Cell Cultures

The hepatoblastoma cell line HepG2 was obtained from the American Type
Culture Collection (ATCC) (Rockville, MD). The monolayer cultures were grown in
MEM supplemented with 750 mg/L sodium bicarbonate, 300 mg/L L-glutamine, 50
1U/ml penicillin G, 10 ug/ml streptomycin sulfate, and either 10% fetal calf serum or
10% NuSerum. At cach passage the confluent monolayers in a 75-cm? flask were
washed sequentially with 5 ml warm PBS and $ ml warm trypsin solution, An additional
5 ml of trypsin solution was then added and all but 1 ml of this volume was removed.
The flask was placed in the 37°C incubator and the cell monolayer was allowed to
incubate in the trypsin for approximately 6 min. The cells were resuspended in 10 ml of

medium. The flasks were returned to the incubator and the medium was changed every 3

to S days.
Cells to be utilized in an experiment were grown as described above and were

obtained from several 75-cm? flasks were resuspended, combined, and brought to a total
volume of 200 ml with fresh medium. An hemocytometer and the trypan blue dye
exclusion method were used to quantify the viable cells in the suspension. Alternatively,
cells were counted with a Coulter Electronics model Zf electronic particle counter fitted
with a particle size analyzer (Channelyzer 11). The following settings were used when
counting HepG2 cells by this method: 1) amplification = 4; 2) threshhold = 10; and 3)
aperture current = 4. The concentrated cell suspensior
the cell concentration was 300,000 cells/ml. The cells were plated in 60-mm tissue
culture dishes at an initial density of 1.2 x 108 celly/dish (4 ml of the cell suspension per
2. 2.2.18 Cell Cultures

The HBV-producing 2.2.15 cell cultures wtilized in the following studies were
obtained from Dr. M. A. Sells (Mount Sinai School of Medicine, New York). These
containing G418-resistance sequences (a selectable marker that confers resistance t0 the
antibiotic geneticin [G418]) and 2 head-to-tail dimers of the HBV genome (Sells et al,




1987). The 2.2.15 clone was selected in medium containing G418 and the cells were
found to: 1) produce clevated levels of both HBeAg and HBsAg: 2) secrete infectious
virions into the culture medium: and 3) contain chromosomally integrated HBV DNA
sequences, as well as relaxed circular, covalently closed circular, and incomplete
episomal copies of the genome (Acs et al., 1987; Sells et al., 1987; Sells et al., 1988).

The 2.2.15 cells were maintained in a Level C tissue culture facility. The cultures
were grown in MEM containing 900 mg/L sodium bicarbonate, 300 my/l. L-glutamine,
380 mg/L geneticin sulfate, and 10% fetal bovine serum and were maintained in a 37°C
humidified incubator with a 5% CO7 atmosphere. Passage and plating of the cells were
conducted in the same manner as described for HepG2 cells (section 11.B.1. of this
chapter).

C. Dideoxynucieoside Drug Metabolism Studies
1. Metabolism of Dideoxynucleosides in HepG2 and 2.2.15 Cells

Cell cultures were seeded at an initial density of 1.2 x 109 cells per 60-mm tissue
culture dish and were allowed to grow for 5 days with medium changes every other day.
On day S the medium was replaced with medium containing 4 M of (3 H}ddG (300 -
800 cpm/pmole) or [PH]AdC (800 cpm/pmole) and the cells were incubated at 37°C for
various time periods in the presence of drug. The drug-containing medium was
replenished every 2 days in the case of extended time points. At the appropriate times,
incubation medium was removed, the monolayers were washed with PBS, and cell
extracts were prepared by the addition of 2 ml H;0, followed by a 2-min incubation in a
90 - 95°C water bath. The cell lysates were transferred to microfuge tubes and
centrifuged (12,000 x g) for 1 min to remove cell debris. Maximum deproteinization of
the clarified supernatants was accomplished by filtration of the extract through a
Centricon-10 filter (centrifuged at S000 x g for 3 - S hr, 10°C). The ultrafiltered
samples were freeze-dried and stored at -20°C. Sample recovery throughout the
extraction procedure and subsequent HPLC analysis was calculated based on sample
volumes.

2. HPLC Analysis of the Cell Extracts

Freeze-dried sampies were reconstituted in 0.1 mi of filtered water and a known
volume (70 - 95 pl) of the sample was then analyzed by ion-pair reverse-phasc
chromatography as detailed in Chapter 2, section I11.D. A flow rate of | mi/min was
maintained and during sample analysis 0.25 ml eluate fractions were collected directly
into mini-scintillation vials. Following the addition of 2.5 ml Ecolite scimtillation
cocktail, the radioactivity of each fraction was quantified by scintillation spectrometry.
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D. Isolation and Analysis of DNA

The composition of the reagents employed in this section is itemized in Appendix
II.
1. Isolation of Whole-Cell Nucleic Acids

HepG2 or 2.2.15 cell monolayers were washed with warm PBS and incubated for
20 min at room temperature with 1 ml TE-Sarkosyl (TES) solution. The cell extract was
transferred to a glass tube (12 x 75 mm), the cell culture plate washed with an additional
0.5 ml of TES, and the wash combined with the extract. The sample was digested with
500 pug/ml of Pronase E (Sigma type XXV; self-digested) overnight at 37°C and was
then deproteinized by 3 - 6 extractions with an equal volume of Tris-saturated phenol :
chloroform (1:1) followed by a final extraction with chloroform alone. Samples

cerned with the selective extraction of the cccDNA form of the viral nucleic acid of

the viral genome were not treated with Pronase E, but were subjected to 2
phenol/chloroform extractions, followed by 1 chloroform extraction. DNA precipitation
was induced by adjusting the salt content of the sample to 0.2 M NaCl, adding 2 volumes
of ice-cold 95% ethanol, and allowing the sample to remain on ice for 30 min. The DNA
pellet obtained after centrifugation in a Sorvall swinging bucket rotor (2190 g x 20 min;
4°C) was washed with 70% ethanol, centrifuged at 2190 g x $ min, and air-dried at room
temperature overnight. The DNA sample was dissolved in 0.15 ml of TE buffer, pH 7.5
and stored at -20°C.
2. Iselation of Cyteplasmically-Lecated HBV Core Particles from Coll Extracts

The procedure by Staprans et al. (1991) for the isolation of cytoplasmically-
located viral nucleic acids from cell extracts was used, with some modifications. Cell
monolayers were washed with S ml PBS (37°C) and incubated at room temperature for
20 min with | ml lysis solution per plate. Cells were resuspended in the lysis solution
and the extract was transferred to microcentrifuge tubes and centrifuged at 12,000 g x 3
iiiin (4°C) to remove debm and eell nuclei. Aﬁs nbm the cliﬁﬁad extracts to

pganeAparmlmle mwrﬂmcla':ifff melﬂllmlqlem
precipitated with the addition of 0.33 ml of 26% PEG - 1.4 M NaCl - 0.025 M EDTA.
Aﬁazommme,hmmmmniz.m;umn&n
ssulting pellets were resuspended in 0.2 ml of 0.01 M Tris/HCI - 0.005 M EDTA - 1%
snswm.-ammmm- 37°C overnigit with 500 pug/miFing|
Protcinsse K. DNA extraction was carried out in the same menner as described
previously (section 11.D.1. of this chaper), except that the samples were contained in
microfuge tubes. After adjusting the samples 10 0.1 M NaCl, 20 ug of yeast tRNA was




added as a carrier and DNA precipitation was induced by the addition of 2 volumes of
ice-cold 95% ethanol and a 30 min incubation on ice. The samples were centrifuged
(12,000 g x 10 min, 4°C), the pellets washed with ice-cold 70% ethanol, and centrifuged
again, this time for 2 min. The resulting DNA pellets were air-dried overnight and
resuspended in 0.02 ml TE buffer, pH 7.5 and stored at -20°C.
3. Restriction Endonuclease Digestion of DNA
8. Hind 111 digestion of lambda (A) DNA

A microcentrifuge tube containing a final concentration of 10 pg A DNA
(Pharmacia), 1X React 2 buffer, and 30 U Hind 111 was incubated for 1 hr at 37°C. The
reaction was terminated by the addition of 0.01 MFina) EDTA and 1XFinal gel loading
buffer. The standard was stored at -20°C. Hind Ill-cleavage of A DNA generated
fragments of the following kilobase pairs (kbp) in size: 23.13, 9.42, 6.56, 4.36, 2.32,
2.03, 0.56, and 0.13. The thawed standard was heated at 60°C for 2 min, cooled
immediately on ice, and a S to 10 uL aliquot (200 - 400 ng DNA) was loaded into an
agarose gel sample well immediately prior to electrophoresis. The A DNA fragments
were visualized by ultraviolet light transillumination of the Ethidium Bromide-stained
gel.
b. BamHI digestion of pAM 6 DNA

Approximately 1 ug of pAM 6 DNA was incubated for | hr at 37°C with 1 XEinal
React 3 buffer, and S U BamHI. The reaction was temiinated with the addition of 0.01
MFinal EDTA. An aliquot of the sample was diluted with | XF;na) g¢l loading buffer to
achieve a concentration of 7 pg DNA/uL and S to 10 pL of this standard solution was
loaded into an agarose gel sample well immediately prior to electrophoresis. The
standard was stored at -20°C. BamHI-cleavage of pAM 6 DNA generated fragments of
the following kilobase pairs (kbp) in size: 4.36, 1.9, and 1.3.
¢. EcoRl digestion of whele cell DNA extracts

Five to 20 pg of cellular DNA, 1X React 3 buffer, and 10 U EcoRl were
incubated for 1 hr at 37°C. The reaction was terminated with the addition of | XFingl g¢!
loading buffer, the sample was loaded into an agarose gel sample well, and the sample
was eloctrophoresed according to the procedure discussed in 11.D.6. of this chapeer.
4. Preparstion of Radiclsbeled HBYV DNA

The radiolabeled HBV DNA probe utilized in these studies was the plasmid pAM
6 which carries one copy of HBV (subtype adw) cloned into a Bam HI site of the £. colf
plasmid vector pBR322 (Moriarty et al., 1981). The pAM 6 DNA (originally obtained
from ATCC) was radiolabeled utilizing the nick transiation method of Rigby et al.
(1977), with modifications. Stock solutions of umlabeled deoxymucleotides, mick
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translation buffer, and enzymes (E. coli DNA-polymerase | and DNase 1) were obtained
from a Nick Translation Kit (Boehringer Mannheim).

A 20 pl reaction mixture containing 1x nick-translation buffer, 400 pmoles each
of dGTP, dATP, and dTTP, 220 ng pAM 6, 16.7 pmoles (S0 uCi) [a-32PJdCTP (specific
activity = 3000 Ci/mmole), and 2 pl of the enzyme mixture (DNA polymerase | + DNase
I) provided with the Nick Translation Kit was incubated at 15°C for | hr. The reaction
was terminated by the addition of 20 ul of 37°C stop solution (0.1 M EDTA, pH 7.5 -
1% SDS - 100 ug/mi herring sperm DNA), followed by heating at 65°C for § min.

Speciﬁc iﬁcoi‘pn’ﬁlion of rldialabeled deoxynugikutide ima the DNA was
1989¢). Tu obum an estimate of thc tml amount of rndmacnvnty in th: reaction mixture
I ul of an 1:10 dilution of the sample was spotted onto a Whatman GF/C filter disk and
allowed to air dry. To determine the radioactive content of the acid-insoluble portion of
the sample, | pl of the diluted reaction mixture was added to $ ml of ice-cold 5% TCA
and, following the addition of 50 ug salmon sperm DNA and a 5 min incubation on ice,
the content of the tube was filtered through a GF/C filter. The tube was rinsed twice with
S ml of 5% TCA and twice with cold 95% ethanol, filtering each successive rinse
through the GF/C filter, The filter was allowed to dry and then the filter disks were
placed into scintillation vials, scintillation cocktail added, and the radioactive content of

The proportion of the [a I2PJdCTP incorporated into the pAM 6 DNA was
calculated by dividing the cpm obtained from the acid-precipated sample by the cpm
the amount of label incorporated into the DNA ranged from 18 to 60%. Specific activity
of the radiolabeled DNA was calculated by dividing the cpm representative of the acid-
precipitable fraction of the total reaction mixture by the total amount of plasmid DNA
present in the sample. Typically, the specific activity was in the order of 3 x 108 cpm/ug
DNA. The radiolsbeled DNA probe was stored at -70°C and was utilized within | week

ontaining samples (cellular DNA extracts or cell-conditioned medium )
mMnDiNF“Hﬂwanmlhimm The samples
were then applied 10 a nylon fiker (Hybond-N; Amersham) that had been soaked in water
and immobilized in a microfiltration apparatus (Bio-Dot; Bio-Rad Laboratories). Once
equal to the sample volume that had been applied. The apparatus manifold was removed,



ml of 2X SSC (pH 7.0). Fnllowmg neutrahzatmn wuh 2 successive IDDiml volum;'
washes with 2X SSC, the filter was dried at 37°C, exposed to ultraviolet irradiation for 3
min (UV Transilluminator, UVP, Inc.; 254 nm; total exposure = 1.44 J/cmzb. and either
stored in the dark at room temperature until ready to process at a later dite. or
immediately treated according to the hybridization procedure outlined by Sam et
al., (1989b; 1989¢c) with modifications. Prior to hybridization of the rndmlabeled DNA
probe to the nylon membrane-immobilized DNA, the filter was treated with
prehybridization solution as follows: the dry filter was rehydrated, placed in a heat-
scalable bag, 10 ml of freshly prepared prehybridization solution (42°C) added, air
bubbles removed from the bag, and the bag scaled. The bag was submeryed in a 42°C
water bath and incubated for 2 hr. A recently prepared (within 1| week) 32p_jabeled
PAM 6 DNA probe (Sp. Act. = 2-4 x 108 cpm/ug DNA) was denatured by heating at
96°C for 2 min, immediately cooled in an ice bath, and a sufficient amount of the probe
added to the prehybridization solution so that the solution contained | x 108 cpmvmi.
The bag was resealed, the contents mixed, the bag submerged in the 42°C water bath,
and incubated overnight.

Removal of nonspecific-bound probe from the filter was accomplished by a brief
rinse of the filter with 100 ml of 1X SSC - 0.1% SDS followed by 2 successive 45-min
washes with 200 ml of the same solution at room temperature with gentle, constant
agitation. Any remaining probe that was not bound to the immobilized target DNA with
a high percentage of base pair metch was removed by washing the filter twice for 45 min
at 65°C in 500 ml changes of 0.1X SSC - 0.1% SDS.

The damp filter was protected by Saran Wrap and a sheet of X-ray film (Kodak
X-OMAT AR) was sandwiched between the immobilized filter and an intensifying
screen in a film cassette. Fllmgxmtwmdmn =70°C for 16 hr to § days,
depending on the experiment. The autoradiogram mmmnknﬂ X-
OMAT M20 Proc automatic developer. Aﬁ:m sutoradiographic image had been
obtained, the filter was cut into lmzpmmnmghmmm&h-ﬂ
the radioactive comtent of each sample was quantitated by liquid scintillation
spectrometry.

6. Agarese Gel Electrophoresis snd Seuthern Transfor

Separation of a population of DNA by agarose gel electropl is &
transfer of the DNA t0 a nylon ﬁhﬁqqﬂoydMaﬁlmdby Sambrook
(1969s; 1989b), with minor modifications. E.MDNA“CMD lXﬂ-
loading buffer were clectrophoresed (Bio-Rad Wide Mini-Sub Cell and 200/2.0 power




supply; 4-5 V/cm; 2.5-3 hr) in an horizontal slab gel of 0.8% agarose in 0.5% TBE.
Upon completion of electrophoresis, the gel was gently agitated for 40 min in 200 m! of
0.5 ug/ml Ethidium Bromide in TE buffer. Removal of excess stain from the gel was

on film when the gel was transilluminated with ultraviolet light (Polaroid CU-$ Land
Camera; polaroid 667 black & white film, 3000 ISO; F 4.7; 1/15- or 1/8-sec exposure; 30

gel for 12 min at room temperature in a solution of 0.25 M HCl. This solution was then
replaced with 0.4 M NaOH and hydrolysis of the depurinated DNA was allowed to
proceed for 1 hr, with gentle mixing. The gel was neutralized for 30 min with
neutralizing solution, changing the solution once during this time and then the gel was
equilibrated in 6X SSC for 30 min. The DNA was transferred from the gel to a nylon
membrane by the capillary movement of 6X SSC buffer through the gel and nylon filter,
respectively. The transfer was allowed to proceed for 12 to 15 hr after which time the
nylon filter was washed briefly in 2X SSC and then exposed to ultraviolet light for 3 min
(1.44 Jiem?). Hybridization of the cross-linked nylon-DNA 10 a radiolabeled DNA
probe was performed in the same manner as previously described for dot hybridization




Il. RESULTS

The labor-intensive experiments presented in this chapter were completed through
the joint efforts of Jy Huang and myself. This partnership was employed throughout
various stages of the experiments, including: a) cell preparation, plating, and
maintenance; b) cell counts and staining. and ¢c) DNA extractions, DNA sample
preparation, and radiolabeled HBV DNA probe preparation.
A. Dideoxynucieoside Metabolism in HepG2 and 2.2.18 Cells
1. Growth Conditions of HepG2 and 2.2.15 Cell Cultures

The HBV-uninfected human hepatoblastoma cell line HepG2 exhibited a
doubling time (+ S.D.) of 34.9 + 9.3 hr when grown in MEM - 10% NSIV compared to
39.9 hr in MEM - 10% FCS. A doubling time of 36.5 + 1.9 hr was determined for the
HBV-infected 2.2.15 cell line grown in MEM - 10% FCS. When the cells from cither
cell line were plated in 60-mm tissue culture dishes, exponential cell growth occurred in
a cell population range of | x 10° to 7 x 100 celly/dish.
2. Metabelism of ddG and ddC in HepG2 Cells

HepG2 cell monolayers in a logarithmic growth phase were treated for $ or 24 hr
at 37°C with 4 uM [3H)AdG with or without 100 yM of the PNP inhibitor 8-
aminoguanosine (8-NH2Guo). After S hrs of incubation with ddG, 11% of the cell
extract radioactivity was associated with ddG, metabolites eluting between 2 and 6
minutes in HPLC-analyzed extracts represented 75% of the sample radioactivity, and 8
scattering of small peaks contributed a collective 13% to the total sample radioactivity
(Figure 4.1A). In contrast, inhibition of the catabolic enzyme PNP with 8-NHGuwo
resulted in the retention of 82% of the sample radiolabel as ddG, 10% as early-eluting
species, and a limited number of small "peaks” representing a total of less than 4% of the
sample radioactivity (Figure 4.1B). Continued incubation of cells with ddG for 24 hr
mﬂtedin%ofdnmkudiohbddﬁngﬁﬁddﬂ. 66% cluting between 2 and 6
min, and additional accumulstions of radiolabeled products in regions of the
chromatogram that did not correspond to the elution times of ddG nucleotide standards
(Figure 4.2A). A 24-br incubstion of cells with ddG and 8-NH2Guo produced a cell
extract radio-clution profile identical to that obtained afier a 5-hr exposure (results not
shown). Radiolabeled ddG that was incubsted for 24 he at 37°C in MEM-10% NSIV
eluting at the 8-9 min, 14-15 min, and 17.5-18.5 min regions in Figure 4.1A was found
to increase 2- to 3-fold afler a 24-hr incubstion with ddG. These throc regions
correspond to the clution times of, respectively, GMP, GDP, and GTP standards.
Radiolabeled ATP represemted 0.1% of the cpm recovered in the 5 hr HepG2 cell




Figure 4.1 - Metabolism of ddG in HepG2 cells. Actively proliferating HepG2 cells
were incubated for $ hr at 37°C in MEM-10% NSIV containing: A) 4 uM [>H]ddG
(772 cpm/pmole); or B) 4 yM [JH]ddG (772 cpm/pmole) + 100 uM 8-aminoguanosine
(8-NH2Guo). Cell extracts were prepared and analyzed by HPLC according to the
procedure outlined in sections 11.C.1. and 2. of this chapter. Each point in the HPLC
profiles represents an eluate sample collected for 0.25 min (1 ml/min flow rate). The
levels of ddG and ddG metabolites contained in the cell extracts have been quantitated as
pmoles/10 cells. Arrows indicate the elution times detected by absorbance for & ddGTP
standard added to the experimental sample just prior to HPLC analysis, and for ddG,
ddGMP and ddGDP standards that were run in a separate analysis.
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Figure 4.2 - A comparison of ddG metabolism in HepG2 cells and 2.2.15 cells. A)
Actively proliferating HepG2 cells were incubated with 4 uM ddG (759 cpm/pmole) in
MEM-10% NSIV for 24 hr at 37°C. B) Actively proliferating 2.2.15 cells were exposed
to 4 uM ddG (315 cpm/pmole) in MEM-10% FCS for 26 hr at 37°C. Cell extracts were
prepared and analyzed by HPLC according to the procedure outlined in sections I1.C.1.
and 2. of this chapter. The sample radioactivity is expressed as cpm/ 109 cells. Arrows
indicate the elution times obtained for standards run in separate analyses. The elution
time for ddGTP was determined from the absorbance peak contributed by an aliquot of
ddGTP standard added to each cell extract immediately prior to HPLC analysis.
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samples and 0.4% after a 24 br incubation (Table 4.1). The total amount of product
cluting with the same clution times as ddGMP, ddGDP and ddGTP standards was 0.26
pmole/ 108 cells in the 24 hr, ddG + 8-NH2Guo sample, while ddGDP + ddGTP was 0.22
pmole/ 100 cells in the 24 hr, ddG only sample.

A 24-hr incubation of HepG2 cells with 4 uM ddC resulted in the formation of
three ddC metabolites with elution times that corresponded to that of ddCMP, ddCDP,
and ddCTP standards, as well as an unidentified metabolite (Figure 4.3B). After 24 hr,
the total accumulation of intracellular ddC nucleotides (ddCMP + ddCDP + ddCTP) was
17.8 pmole/10® cells. When the experimentally determined intracellular Hy0 volume of
3133 pL/lO(’ cells was considered, the intracellular ddC nucleotide concentration was
5.35 uM.  Although ddC was metabolized by duck hepatocytes (Figure 4.3A), there were
apparent differences in the products detected in the avian and HepG2 cell systems.
Under the cell culture conditions employed, HepG2 cells produced almost 18 pmole/105
cells of ddC nucleotides afier a 24-hr incubation with ddC, while duck hepatocytes
accumulated 3.4 0.3 pmolc/lO6 cells for the same ddC exposure time. Both duck
hepatocytes and HepG2 cells produced an additional ddC-derived, unknown metabolite.
However, judging by the disparate elution times exhibited by the unknown compound
particular to each sample, the unidentified metabolites were not the same chemical
species (Figure 4.3).

3. Metabelism of ddG in 2.2.15 Cells

2.2.15 cell extracts were analyzed for the presence of radiolabeled drug
metabolites after a ddG treatment regime that continued for extended periods of time.
Actively proliferating 2.2.15 cells were grown for S days in drug-free medium before the
introduction of 4 uM [3H)ddG. The cells were then grown in the presence of ddG for up
to 10 days, with media changes occuring afier 2, 4, 6, and 8 days of treatment. After a
26-hr incubation, 2.2.15 cell extracts revealed a similar HPLC elution profile of
radiolabeled metabolites to that seen from HepG2 cells incubated with ddG for 24 hr
(Figure 4.2). In both cases, a high percentage of the sample radioactivity eluted between
2 and 6 min, while other significant peaks of radioactivity coincided with the elution
times of guanosine nucleotides (Figure 4.2). Analysis of a ddG sample in MEM-10%
FCSincubaudfor“hruJWCindic.edM”%oflhemmmym
associsted with ddG. Little or no indication of the presence of ddG nucleotides is found
in the 2.2.15 cell extracts incubsted with ddG for 0.25 to 10 days. Alhough an
unidentified peak of radioactivity in the extract exhibited a similar retention time to
ddGTP, the clution of this unknown did not coincide with the elution time of an internal
ddGTP standard (Figure 4.2B). As can be scen in Table 4.1, the percemt of the
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Figure 4.3 - A comparison of ddC metabolism in duck hepatocyte primary cultures and
HepG2 cells. A) Forty-eight hour duck hepatocyte primary cultures were incubated with
42°C. Cell extracts were prepared and analyzed by HPLC according to the procedure
described in sections 11.C.2. and 3. of Chapter 3. B) Actively proliferating HepG2 cells
were treated with 4 uM ddC (786 cpm/pmole) in MEM - 10% NSIV for 24 hr at 37°C.
Cell extracts were prepared and analyzed by HPLC according to the method described in
sections 11.C.1. and 2. of this chapter. The levels of ddC and ddC metabolites contained
in the cell extracts have been quantitated as pmoles/ 108 cells. Arrows indicate the
clution times obtained for ddC, ddCMP, ddCDP, and ddCTP standards that were run in

scparate analyses.
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tota! cpinv10° cells recovered in each sample as guanosine nucleotides increased over
timz to a maximum level of 44 - 49% after 6 days of incubation. Radiolabeled adenosine
nucleotides were also detected in 2.2.15 cell extracts (Table 4.1). A time-dependent,

(results not shown). The ddG content of 2.2.15 cells plateaued at 1.4 to 2.3 pmole/ 106
cells for samples treated with ddG for 2, 6, 8, and 10 days (Table 4.1). If 2.2.15 cells
have an intracellular H20 volume of 3.33 uL/10% cells, the pmole/10® cell values
obtained from the 2 to 10 day time points would translate into an intracellular ddG
concentration of 0.4 to 0.7 uM. The 2 - 10 day time point samples all have in common
that they were collected immediately prior to a scheduled media change.
4. The Effect of ddG and ddC on 2.2.15 Cell Culture Growth and Morphology

The cell population of 2.2.15 cell cultures treated for 27 days with 0, 4, 20, and
50 uM ddG or ddC is shown in Figure 4.4. In panel A, the number of cells present in cell
untreated cultures. In addition, except for the 18 day sample, the cells incubated with 50
MM ddG did not differ in cell number from that of the control (Figure 4.4A). Treatment
of cell cultures with three ddC concentrations produced consistently lower cell numbers
through 18 days of treatment (Figure 4.4B). After 26 days of treatment, the two higher

(Figure 4.4B),

A morphological comparison of 2.2.15 cells treated for 4 and 26 days with 50 uM
ddG or ddC is shown in Figure 4.5. At both 10X and 40X magnifications, no drug-
induced changes in cell culture morphology could be discened. In general, cell cultures
structures (visible in Figure 4.5b,c, and d) with a more diffuse, single structure (Figure
4.5f,, and h). This morphological change was less apparent in the HepG2 cell cultures
grown in drug-free medium for 4 and 26 days (Figure 4.5a and ¢). The 4 day cell
open spaces and large areas of dark-staining cell debris (Figure 4.5A-H).

The intracellular content of HBV DNA in whole cell nucleic acid extracts
prepared from 2.2.15 cells treated for up 10 10 days with 0 or 4 pM ddG or ddC was
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Figure 4.4. - Comparison of 2.2.15 cell growth over time for cells that were grown in
media supplemented with 0, 4, 20, or 50 uM ddG or ddC. Cells were plated at an initial
density of 1.2 x 10® cells/60 mm dish and were incubated at 37°C in an humidified

environment containing 5% CO3. The media was replenished on the third day following

media containing 0, 4, 20, or 50 uM ddG or ddC. The first day of drug administration
corresponds to Day 0 on the abscissa. The cell population x 107 cells is indicated on the
ordinate. From Day 27 until Day 33 all cells received drug-free media. A) Cell growth
curves generated by untreated cells (+ control) und cells treated with 4 uM ddG (@), 20
uM ddG (4), or 50 yM ddG (®@). B) Cell growth curves generated by untreated cells
(+control) and cells treated with 4 yM ddC (0O), 20 uM ddC (A), or S0 uM ddC (O).
Each sample value represents the average cell count from duplicate samples.
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Figure 4.5 - Morphological comparison of 2.2.15 cells grown for 4 or 26 days in media
supplemented with 50 uM ddG or 50 uM ddC. Cells were plated at an initial density of
125 x 105 cells/60-mm dish and were incubated at 37°C in an humidified environment
containing 5% CO3. The media was replenished on the third day following plating. On
the fifth day after plating, 2.2.15 cells were given media containing 50 uM ddG, SO0 uM
ddC, or no drug (+ control) and incubated for 4 or 26 days, with fresh media provided
every 2 days thereafter. HepG2 cells plated at an initial density of 1.2 x 10® cellw/60-
mm dish and grown in drug-free MEM-10% NSIV for 4 or 26 days are included as an
example of uninfected cells (negative control). After the appropriate incubation period,
cell samples were fixed, stained, and photographed according to the procedure described
in Chapter 3, section 11.D.4. A 10X magnification of the monolayer samples is presented
in Panels A - H, and a 40X magnification of each sample is shown in the inset
photographs a - h. A) 4 days, - control; B) 4 days, + control; C) 4 days, 50 uM ddG:
D) 4 days, 50 uM ddC; E) 26 days, - control; F) 26 days, + control; () 26 days, 50
uM ddG: and H) 26 days, 50 uM ddC.









analyzed by dot hybridization. As can be seen in Figure 4.6, both compounds induced an
eventual decrease in the intracellular content of HBV DNA. In this particular analysis,
ddC treatment produced elevated levels of viral DNA relative to the control during the
first 4 days of drug therapy. After an initial decrease in HBV DNA to about 90% of the
control value, virus DNA production in ddG-treated cultures rebounded to 100%, and
then consistantly decreased to 44% of the control by 10 days of treatment.

In another experiment, whole cell nucleic acid extract samples containing 4.6 to
18.5 pg of isolated, nondeproteinated DNA were analyzed by agarose gel electrophoresis.
When transilluminated with ultraviolet light, the ethidium bromide stained gel contained
a diffuse distribution of DNA in cach sample lane in addition to an high molecular
weight region of heavy staining. After a Southern transfer of the DNA from the gel to a
nylon filter, the restained gel revealed that only a portion of the high molecular weight
DNA remained in the agarose, indicating that most of the DNA had transferred to the
filter. The presence of HBV-specific DNA on the nylon filter was visualized using a
radiolabeled HBV DNA probe and subsequent autoradiography of the filter. High
molecular weight HBV DNA sequences and two faster migrating HBV DNA species of
3.6 and 3.1 kbp were evident in the autoradiogram of whole cell nucleic acid extract
samples prepared from 2.2.15 cells. Furthermore, when a sample was treated with the
restriction enzyme EcoRl, the diffuse high molecular weight species disappeared and was
replaced by a prominent band localized at a position corresponding to 3.6 kbp, as well as
two faint, faster migrating species located in the 1.6 to 2.0 kbp range. Although the
isolated DNA used in this experiment was not deproteinated, the presence of covalently
closed, circular HBV DNA (cccDNA) was not apparent. Analysis of DNA isolated from
HBYV virions that were collected from spent cell culture medium revealed 4.1 kbp and 3.3
kbp bands in the autoradiogram, representing, respectively, the relaxed circular and the
double-stranded, linear forms of the HBV genome present in virions.
2. The Effect of 4dG and d4C on Cyteplasmic HBV DNA

The HBV DNA macromolecules isolated from cytoplasmically-located,
replicating core particles in 2.2.15 cells were separated by agarose gel elect:
Southern transferred to & nylon membrane, and probed with 32P-labeled HBV DNA.
Figure 4.7 presents the autoradiographic image produced from core particle HBV DNA
samples obtained from cells trested for various time periods with 0 or 4 uM ddG or ddC.
In panel A, the virus content of 2.2.15 cell samples is shown 10 increase with time in
culture. During this time, the cell number increased from 5.8 x 10% cells/semple at 0
time 10 a confluent monolayer (2.0 x 107 cells/sampie) on day 4, indicating that pert of
the increase in HBV DNA detected over time is due to the corres n
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Figure 4.6 - The effect of ddG and ddC on the intracellular HBV DNA content of 2.2.1$

were given media containing 4 pM ddG, 4 uM ddC, or no drug (control). Fresh media
was provided every 2 days thereafter. At the indicated times, nucleic acids were isolated
from cell samples according to the procedure outlined in section 11.D.1. of this chapter.
Nucleic acid samples equivalent to 0.072 of each monolayer sample were analyzed by
dot hybridization (Chapter 4, section 11.D.5.) and the radioactive content of each 1 ¢m?
dot hybridization sample was determined by scintillation spectrometry. The HBV DNA
detected in each drug-treated sample is expressed as a percentage of the HBV DNA
detected in the corresponding untreated control. Data from the ddG-treated (@) and the
ddC-treated (A) samples have been normalized to represent a cell number equal to that of
the control sample at each time point. Each data point represents one cell extract sample
analyzed in duplicate. The results presented are from a single experiment.
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Figure 4.7 - The effect of ddG and ddC on intracellular levels of cytoplasmic replicating
core HBV DNA in 2.2.15 cells. Cells were plated at an initial density of 1.28 x 10°
cells/60-mm dish and were incubated at 37°C in an humidified environment containing
5% CO3. The media was replenished on the third day following plating, and on the fifth
day post-plating, the cells were given media containing 4 uM ddG, 4 pM ddC, or no drug
(control). Fresh media was provided every 2 days thereafter. After 0 to 10 days of
treatment, cell samples were harvested and the total cytoplasmic replicating core HBV
DNA contained in each sample was isolated according to the procedure outlined in
section [1.D.2. of this chapter. Sample volumes containing DNA extract derived from
one-half of each monolayer sample were electrophoresed in a 0.8% agarose gel.
Following Southern transfer of the resolved samples to a nylon membrane and p.
labeled HBV DNA probe hybridization of the membrane-bound HBV DNA samples, an
autoradiographic image was obtained. A) untreated 2.2.15 cells (+ control). B) 2.2.1§
cells treated with 4 uM ddG; C) 2.2.15 cells treated with 4 yM ddC: and D) untreated
HepG2 cells (- control). The cells were incubated for: a) 0 time: b) | day: c) 2 days;
d) 4 days; ¢) 6 days: f) 8 days. and g) 10 days. Lane h contains 780 pg of pAM 6
(HBV DNA-containing plasmid) that has been digested with BamHI, thereby generating
3 DNA fragments of 4.4, 1.9, and 1.3 kilobase pairs (kbp) in size.
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tr:ated (panel B) and ddC-trealed (panel C‘ ) samplc; I) th: dd(:-trcated nmple:
increased from 5.8 x 109 cells/sample to 2.1 x 107 celly :ample on day 4; and 2) the
ddC-treated samples expanded from from 5.8 x 10° cells/sample to 1.6 x 107
cells/sample on day 4, and 1.8 x 107 celis’sample on day 10. Increased virus production
is reported to occur in 2.2.15 cell cultures that have reached confluence (Sells et al.,
1988). The time-dependent increase in HBV DNA production by control and ddG-
treated 2.2.15 cells is enhanced after the cells reached confluence on day 4 (Figure 4.7,
groups A and B).

The two major HBV DNA forms present in replicating core particles, a relaxed
circular structure that migrates to a 4.1 kbp region in a 0.8% agarose gel, and a linear
form of the genome that is positioned at 3.2 kbp, are visible in the autoradiogram shown
in Figure 4.7. When compared to the 10 day control sample (group A, lane g), both the
10 day ddG-treated sample (group B, lane g) and the 10 day ddC-treated sample (group
C, lane g) contain a reduced amount of HBV DNA (Figure 4.7). In another experiment,
a 10 day exposure to 4, 20, or 50 uM ddC produced a consistent, dose-related decrease in
the cytoplasmic HBV DNA content of the 2.2.15 cells. However, of the 4, 20, and 50
HM ddG concentrations tested for 10 days, only the highest drug concentration appeared
to induce a slighl decreue in thc cymplmic— content ﬂf HBV DNA rehlivr; to the

fmn af th: HBV genome, wh:l: th: cnmrol and dd(;-lreated ﬂmples ukcn :l this time
point had a more even distribution of the two DNA forms (Figure 4.7).

2.2.15 cells treated for 26 days with 4, 20, or SO0 uM ddG did not exhibit a dose-
dependent decrease in the cytoplasmic levels of HBV DNA (Figure 4.8). A separate
analysis of replicate 26 day control and drug treated samples confirmed the absence of a
ddG initiated concentration-dependent decreasc in HBV DNA, although the drug treated
samples appeared to contain slightly less virus than the controls. A dosc-associsted
lmmrll eﬂ'eetwnobgﬁedforeelhmﬁﬁ:rzﬁdiy:mthtl 20, and SOgMdd(

leplme inllym of @Im 26 dly mﬁﬁ. Howeve,r. in t,ln; rl:pal lnalylu. HBV
DNA was still detectible in the SO uM ddC sample. In addition, when compared to the
control, the relative level of DNA present in the 4 uM ddC-treated sample shown in
Figure 4.8 was higher than the comparative ratio found in the replicate analysis. The
HBV DNA present in 26-day ddC-treated samples consisted primarily of the double-
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Figure 4.8 - Dosc-dependent inhibition of cytoplasmic HBV DNA in ddG- or ddC-
treated 2.2.15 cells . Cells were plated at an initial density of 1.25 x 109 cells/60-mm
dish and were incubated at 37°C in an humidified environment containing 5% CO5. The
media was replenished on the third day following plating, and on the fifth day post-
plating, the cells were given media containing 0, 4, 20, or 50 uM of either ddG or ddC.
Fresh media was provided every 2 days thereafter. After 26 days of drug treatment, cell
samples were harvested and the cytoplasmic replicating core HBV DNA contained in
each sample was isolated according to the procedure outlined in section 11.D.2. of this
chapter. Each sample lane in a 0.8% agarose gel was loaded with a volume of DNA
extract that corresponded to 5.8 x 108 cells. Afer gel electrophoresis, the resolved
samples were transferred to a nylon membrane, the membrane was incubated with a 32p,
labeled HBV DNA probe, and an autoradiographic image was obtained. The
autoradiogram illustrates HBV DNA obtained from cells incubated with b) no drug, ¢) 4
uM, d) 20 uM, or ¢) 50 uM, of ddG or ddC. Lane a contains 328 pg of BamHI-digested
pAM 6 and lane f represents an HBV-negative control sample prepared from HepG2
cells that were subjected to the same DNA extraction procedure used for the
experimental samples. The indicated kilobase pair (kbp) positions were determined by
the mobility of the 3 DNA fragments scen in lane a (4.4, 1.9, and 1.3 kbp), and by a Hind
Ili-digested A DNA standard that was run in the same gel.






IV. DISCUSSION

Evidence was presented in Chapter 3 for the intracellular phosphorylation of ddG
by endogenous enzymes in duck hepatocyte primary cultures. In the avian cell system,
intracellular ddC nucleotide pools accumulated to a lower level than did the
corresponding ddG anabolites. When the antiviral activity of ddG, the ddG pro-drug
ddDAPR, or ddC was examined in an in vivo or in vitro avian test system, the purine
agents were unique in providing effective inhibition of DHBV (Lee et al., 1989; Suzuki
ct al., 1988). A link has been established between the ability of animal cells to
phosphorylate potential nucleoside analog drugs and the antiviral potency of these select
agents (Balzarini et al., 1988; Hao et al., 1988; de Miranda and Good, 1992). In this
chapter, the intracellular metabolism and anti-HBV effects of ddG and ddC were
explored in the human hepatoblastoma cell lines HepG2 and 2.2.15.
A. Dideoxynucleoside Metabolism in HepG2 and 2.2.15 Cells

The predominant fate of ddG in drug-treated HepG2 or 2.2.15 cells was cleavage
of the nucleoside to yield free guanine and sugar moieties. This initial metabolic step did
not occur in cells treated with the PNP inhibitor 8-aminoguanosine, suggesting that
phosphorolytic cleavage of ddG is catalyzed by PNP. In both cell lines, reutilization of
the ddG-derived guanine moiety lead to the accumulation of guanosine nucleotides and a
small amount of phosphorylated adenosine. Although a very low amount of ddG
nucleotides was detected in HepG2 cells treated with ddG and 8-NH2Guo, accumulation
of these metabolites in cells treated with ddG alone was not readily apparent dn: to the
very k)w levcls af ddGTP pmduced and the potentlal mukmg of dﬂGMF ;nd ddGDP by

ATP was dclecled in prC-,Z i;ell; n'::led for 24 hr wnh ddG. mggeﬂmg that the
radiolabeled product cluting between 13 and 14 min was AMP. Detection of low
metabolite levels such as that of ATP in the 24-hr HepG2 cell umple, but not the 26-hr
leieﬂlmmlewnpmhablydncmﬂlehlghamﬂ[ H}ddG to unlabeled ddG
(759 cpm/pmole versus 315 cpm/pmole) employed in the HepG2 cell experiment. Both
HepG2 and 2.2.15 cells incubated with ddG pﬂneednmhalneﬂlﬂhﬂlﬂmln
retention time to ddGTP. However, this radiolabeled metabolite was not assigned to
ddGTP: 1) rather than coincident elution, the [*H}-lsbeled metabolite ecluted
immediately prior to an intemal ddGTP standard; and 2) if this metabolite was ddGTP,
there would be significantly more radiolabeled product in the regions associsted with

Conversion of ddG to ddG nucleotides has been reported to occur in 2.2.15 cells
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(Aoki-Sei et al., 1991). These researchers treated an estimated 2 x 10 cells with S uM
cold ddG + $ mCi [3 H]ddG.ml for $ hr. In comparison, in the experiments presented in
this chapter, 3 x 109 - 14 x 10° cells were treated with 4 MM ddG containing 0.002 to
0.003 mCi [3 H]ddG/ml. Ahluwalia and co-workers (1990) reported the detection of low
levels of ddG nucleotides in extracts from the human T-cell line Molt-4 treated for € hr
with 5 uM ddG (0.005 mCi/ml: § x 10 cell equivalents analyzed). However, no ddGTP
was detected in the HIV-infected human T-cell line H-9 following a 24-hr incubation
with 1 uM ddG (0.01 mCi/ml; 3 x 109 cell equivalents analyzed) (Busso et al., 1990).
Similar to the results presented in Chapter 4, the major nucleotide products found in
2.2.15 cells and Molt-4 cells treated with ddG were guanosine nucleotides (Ahluwalia et
al., 1990; Aoki-Sei et al.. 1991). In addition to guanosine nucleotides, Molt-4 and H-9
cells contained substantial amounts of radiolabeled adenosine nucleotides following a $-
or 24-hr exposure to [3H]dd(i (Ahluwalia et al., 1990; Busso et al.. 1990). Very low
levels of adenosine nucleotides were detected in the [3H]dd(i-treatcd HepG2 and 2.2.15
cells utilized in this chapter.

Intracellular ddG metabolism was reported to differ in two 2.2.15 cell populations
obtained from independent sources (Aoki-Sei et al., 1991). Although ddG nuclentides
were detected in both cell populations, ddG catabolism may have been a more prominent
reaction in 2.2.15 (GA) cells (obtained from G. Acs, Mount Sinai School of Medicine,
New York) than it was in 2.2.15 (PR) cells (originally provided by P. Roingeard,
Harvard University School of Public Health, Boston), despite confirmation that both cell
lines were of the same origin. The experiments presented in Chapter 4 employed 2.2.18
cells that were obtained from M.A. Sells (Mount Sinai School of Medicine, New York),
a colleague of G. Acs. Variations in drug metabolism by identical cell lines maintained
at different facilities have been reported previously (Furman ct al., 1981).

Metabolism of ddC in HepG2 cells lead to the formation of ddCMP, dd('DP,
ddCTP, and an unknown metabolite. The human hepatoblastoma cells produced S times
the amount of total ddC nucleotides (ddCMP + ddCDP + ddCTP) as did the duck
hepatocyte cultures. The cytidine metabolite cytidine $'-diphosphocholine (CDP choline)
has an elution time of 3.7 min when analyzed under the HPLC conditions employed in
these studies, which suggests that the unknown compound formed by ddC-treated HepG2
cells could be a dideoxy-derivative of CDP choline (ddCDP choline). HIV-infected
human T-lymphoblasts convert ddC to ddC nucleotides and to a metabolitc identified as
ddCDP choline (Cooney et al., 1986). Deamination of ddC would yield ddU, another
candidate for the unknown metabolite produced by 2.2.15 cells. No cytidine deaminase
activity was associated with the serum supplement NSIV. Although a standard for ddU
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mdu.almg that ddU would be retained on the cglumn longer th:n ddC. unllke the
unidentified metabolite which eluted earlier than ddC.

Cell cultures maintained in the presence of ddC exhibited a lower cell population
than the controls, whereas ddG-treated populations were comparable to that of the
untreated cultures. Ample production of ddC anabolites by 2.2.15 cells may lead to
biochemical utilization of this unnatural nucleoside. Dideoxycytidine-induced toxicity
manifested in the form of growth retardation could stem from incorporation of the
phosphorylated analog into cellular DNA. Cytotoxicity in Molt-4F cells treated with
ddC has been correlated with decreased cellular mitochondrial DNA and a reduced rate
of glycolysis in the treated cells (Chen and Cheng, 1989).

B. Antiviral Effectiveness of ddG and ddC in 2.2.15 Cells

Dot hybridization of whole cell nucleic acid extracts with an HBV-specific probe
indicated that both ddG and ddC treatment of 2.2.15 cells decreased the cellular content
of HBV relative to the control. The ddG-treated samples appeared to reach a plateau
level of viral replication equal to 40 - 60% of the control value after 6 - 10 days of
treatment.  However, virus detection by the dot hybridization method does not
differentiate between the presumably stable population of integrated HBV DNA in the
cell and the non-integrated viral DNA produced during replication.

Agarose gel analysis of whole cell nucleic acid extracts from 2.2.15 cells
indicated that the cells contain both episomal and integrated HBV DNA sequences.
Treatment of the integrated HBV DNA with EcoRl produced a 3.6 kbp fragment
suggesting that a complete copy of the viral genome had been excised from the cellular
DNA. Sells and co-workers (1988) reported that EcoRI digestion of 2.2.15 cell nuclear
DNA produced a major 3,182 base pair, HBV-specific DNA !peem. indicating that
2.2.15 cells contain full-length, HBV DNA genome sequenc tegrated into the cellular
chromosomes. No cccDNA was detected in the whole cell DNAmmﬁ;lyzad
in Chapter 4, although the 2.2.15 cell nucleus is reported to contain this form of the virus
(Sells et al., 1988).

A concentration-associsted decrease in the amount of cytoplasmically-located
HBYV DNA occurred in 2.2.1S cells trested with ddC. However, cells exposed 10 4 - 50
uM ddG did not produce a consistent, dose-related decrease in the amount of HBV DNA
present in replicating core particles isolated from the cell cytoplasm. When both the
metabolism and antiviral results obtained from ddG-treated 2.2.15 cells are considered,
the poor antiviral activity can be directly related 10 the inability of the cells 10 produce




parent HepG2 cell line, the HBV-infected, derivative cell line 2.2.15 may present a
comparable metabolic profile for this nucleoside analog. The production of micromolar
quantities of ddC nucleotides by HepG2 cells treated with 4 uM ddC correlates well with

S0 uM ddC.

Aoki-Sei et al. (1991) found that 2.2.15 cells obtained from different sources
produced disparate antiviral results when treated with ddG. In 2.2.15 (GA) cells treated
for 22 days with 50, 100, or 200 uM ddG, HBV DNA synthesis was reduced by only 31,
43, and 37%, respectively (Aoki-Sei et al., 1991). In contrast, 2.2.15 (PR) cells treated
with §, 20, and 50 uM ddG for the same exposure period produced, respectively, a 60,
74, and 92% reduction in extrachromosomal HBV DNA (Aoki-Sei et al., 1991).
Although ddG nucleotides were detected in samples from both cell populations, the
2.2.15(GA) cells appeared to produce a larger amount of ddG cleavage products and
metabolites stemming from subsequent reutilization of the guanine moiety (Aoki-Sei et
al., 1991). The results from Ahluwalia et al. (1990) provide a positive correlation
between increased ddG nucleotide formation and enhanced antiviral activity in the
human T-cell lines Molt-4 and CEM. Although ddGTP was not detected in  HIV-
infected H-9 cells, a ddG concentration of 0.1 - 1 uM reduced viral replication in these
cells by 50% (Busso et al., 1990). In this case, a low intracellular level of ddGTP could
be responsible for the potent antiviral activity attributed to ddG.

The experiments performed in Chapter 4 indicated that dd(G phosphorylation
products were not detectible in the ddG-treated 2.2.15 cells used in these studies. The
lack of ddG anabolism combined with its ineffective amti-HBV activity in this populstion
of cells supports the idea that anabolic activation of ddG is of primary importance for the
antiviral activity of this agent. As seen in the results from Chapter 3 and 4, drug
metabolism varies depending on the host tissue involved. Other researchers have
presented evidence that cells of the same origin can evolve in culture to produce vastly
different drug metabolism and antiviral results (Aoki-Sei et al., 1991). As yet, the
metabolic fate of ddG in normal human liver tissue is not known. The ultimate
effectiveness of ddG as an anti-HBV therapeutic agent will depend on its intracellular
metabolism in this tissue.
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CHAPTER ¢
OVERALL SUMMARY
I. GENERAL DISCUSSION AND CONCLUSIONS

The series of studies presented in this body of work were undertaken to
characterize the intracellular metabolism of the purine dideoxynucleoside analogs
ddDAPR and ddG in hepatocyte cultures and to correlate the drug metabolism results
with the antiviral effect of these compounds on hepadnavirus replication.

Previous work established that the purine nucleoside analog ddDAPR functions as
an effective inhibitor of DHBV replication in both an in virro and in vivo avian test
system (Lee et al., 1989; Suzuki et al., 1988). A similar antiviral effect was achieved in
vitro when ddG was used to treat DHBV-infected duck hepatocyte primary cultures (Lee
et al., 1989). In contrast, pyrimidine nucleoside analogs are less effective inhibitors of
the virus in duck hepatocytes (Lee et al., 1989; Yokota et al., 1990).

The comparable antiviral activities of ddDAPR and its deamination product ddG
led to the investigation of ddDAPR metabolism in blood, one of the initial biological
tissues encountered in vivo by an agent that is administered by injection. The work
presented in Chapter 2 clearly indicates that ddDAPR is rapidly converted to ddG by
duck blood. Conversion of ddDAPR to ddG also occurs in human blood samples. In this
milieu, deamination of ddDAPR yiclded a more biologically stable product, suggesting
that the reported in vivo antihepadnaviral effect of ddDAPR in Pekin ducks actually
derives from ddG or a metabolite thereof (Lee et al., 1989; Suzuki et al., 1988).

Metabolism of the pro-drug ddDAPR and its subsequent deamination product
ddG was first explored in duck hepatocyte primary cultures, one of the few cell culture
systems capable of supporting hepadnavirus replication. The restricted natural host range
of hepadnaviruses combined with the inability to propagate these viruses in conventional
tissue culture models has led to utilization of this cell culture system in the screening of
potential antihepadnaviral agents (Civitico et al., 1990; Lee et al., 1989; Yokota et al.,
1990).

Similar to the results obtained from whole blood, the apparent conversion of
ddDAPR to ddG occurred in duck hepatocyte primary cultures. Further drug metabolism
studies in this cell culture model focused on ddG, with metabolism results obtained from
use of the ineffective anti-DHBYV agent ddC provided as a comparison (Lee et al., 1989).
The work presented in Chapter 3 illustrates that metabolism of the effective anti-DHBV
agent ddG in duck hepatocytes leads to the formation of intracellular ddG mucleotide
pools that represent a combined total concentration of 2 - 4 yM. Furthermore, the
apparent inability of these cells 1o catabolize ddG resulted in the maintenance of an

231



intracellular level of ddG that reflected the initial nucleoside analog concentration. The
metabolism data clearly indicates that phosphorylation of ddG is the major pathway of
ddG utilization in these cells. Duck hepatocytes also produced ddC nucleotide pools in a
concentration of 1.4 uM for ddCMP + ddCDP + ddCTP.

The potent antiviral effect exhibited in ddG-treated duck hepatocytes may arise
from the ability of these cells to maintain relatively high ddG nucleotide pool sizes,
leading to dideoxynucleotide incorporation into, and subsequent chain termination of
viral DNA. Alternatively, chemotherapeutic intervention of a ddG derivative with a
unique aspect of the virus life cycle could translate into a selective antiviral effect. One
such candidate target for a ddG derivative, proposed by Suzuki and co-workers (1988),
involves the initial deoxyguanosine nucleotide linkage to the virus primer protein, a
polypeptide that is necessary for the initiation of viral DNA (-)-strand synthesis
(Bartenschlager and Schaller, 1988; Wang and Seeger, 1992). Incorporation of a
dideoxyguanosine nucleotide residue at this point, combined with an inability of the
protein-bound, unnatural residue to be excised by a proofreading 3' — 5' exonuclease
activity, could selectively and irreversibly block replication of the virus (Suzuki et al.,
1988). In comparison to ddG, the antiviral potential of ddC may rely on a different and
less sensitive mechanism of action. The poor anti-DHBV activity observed in ddC-
treated ducks and duck hepatocytes could result from the formation of insufficient

ddC nucleotides by viral and cellular enzymes would compound ihe problem of drug
availability for an antiviral interaction. However, the intracellular total ddC nucleotide
level was 74% of the total ddG nucleotide pools following a 24 to 26 hr treatment with
the corresponding dideoxynucleosides (5.4 p’lmle:/lﬂé cells of ddC nucleotides vs 7.3
pmoles/10® cells of ddG nucleotides). It is questionable whether this relatively minor
disparity in nucleotide pool sizes could account for the observed marked differences in

et al., 1989; Suzuki et al., 1988). It is possible that the differing antiviral activities result
from the intracellular production of a ddG metabolite capsble of exerting a more
sclective and potent antiviral effect than is produced by the corresponding ddC
metabolite.

It is not known whether the duck hepatocyte culture system is a relevant vehicle
for the screening of potential anti-HBV pharmacological agents. Results presented in
type. A survey of ddG metabolism in duck hepatocytes, rat hepatocytes, and a humen T-
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differences in ddG utilization and subsequent metabolite formation by these cells. As a
result, drug treatment studies were initiated in an alternative, HBV-permissive tissue
culture model in order to compare the drug metabolism and antiviral activities of
potential antiviral agents with the results obtained from duck hepatocytes.

Dideoxyguanosine phosphorylation was not detectible in the ddG-treated 2.2.18
cells utilized in Chapter 4. The predominant fate of ddG in drug-treated Hep(i2 or
2.2.15 cells is catabolism of the nucleoside to yield the nucleobase and sugar moieties.
In these cells, reutilization of the ddG-derived nucleobase produces substantial amounts
of radiolabeled guanosine nucleotides. The lack of ddG anabolism to ddG nucleotides
combined with its ineffective anti-HBV activity in this population of 2.2.15 cells
supports the idea that anabolic phosphorylation of ddG is of primary importance for the
antiviral activity of this agent. Dose-associated inhibition of HBV in dd(-treated 2.2.15
cells correlated with the ability of the parent cell line HepG2 to produce ddC nucleotides
at a concentration level of approximately 5 uM. Cell culture growth retardation was
associated with ddC treatment.

The results presented in Chapters 3 and 4 indicate that phosphorylation of the
nucleoside analog ddG occurs in duck hepatocyte primary cultures but not in the HBV-
infected, continuous cell line 2.2.15. It is generally believed that intracellular
phosphorylation of nucleoside-type agents is a prerequisite to their antiviral activity (De
Clercq, 1993). In the present study, ddG phosphorylation in duck hepatocytes correlates
with the reported potent antiviral effect of this agent in the avian system, while in 2.2.15
cells, the absence of ddG anabolism can be related to a lack of antiviral activity (Lee et
al., 1989). Although ddG had no apparent effect on HBV replication in the 2.2.15 cells
employed in the experiments presented in Chapter 4, there is some in vivo evidence that
ddG can induce an antiviral effect in HBV -infected chimpanzees (Unpublished results,
Dr. D.L.J. Tymell). Dot hybridization analysis of serum samples obtained from
chimpanzees treated twice daily for 7 to 10 days with 10 myg/kg of the ddG pro-drug
ddDAPR indicated that the scrum HBV DNA levels decreased after 3 days of treatment
(Unpublished results, Dr. D.L.J. Tyrrell). The antiviral effect in these animals suggests
that the in vivo chimpanzee liver tissue is capable of ddG activation, a result that would
be more similar to the antiviral and metabolism data obtained from the in virro duck
hepatocyte primary culture system than the 2.2.15 cell model used in this thesis. If in
vitro cell culture systems are to be successfully employed in the screening of potential
anti-HBV agents, it is manditory that the chosen culture system mimic the biochemical
environment of the in vivo human liver cell.
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Transformed cells maintained in culture frequently exhibit genetic and metabolic
abnormalities (Kletzien and Perdue, 1974; Knowles et al., 1980; Thorens et al., 1990).
Furthermore, phenotypic or genetic changes affecting the metabolism and/or antiviral
activity of nucleoside analogs have been identified in continuous cell cultures that share
the same origin, but were maintained in separate research facilities (Aoki-Sei et al., 1991;
Furman et al., 1981). For example, 2.2.15 cells obtained from two independent sources
exhibited disparate antiviral and metabolic results following treatment with ddG (Aoki-
Sei et al., 1991). Periodic cloning of immortalized cell cultures is important for
preservation of an homogeneous cell preparation. The possibility that phenotypic and
genetic alterations have or may occur in immortalized cell lines maintained in culture
brings into question the validity of their use as a representative model for in vivo liver
tissue.

Primary cultures of hepatocytes provide an alternative cell culture system for the
screening of potential antiviral drugs. Although primary cultures are nonproliferating
and can be cultivated for a limited time, they have the potential to provide a realistic
approximation of chemotherapeutic drug interaction with the virus in a normal liver cell
environment. Successful preparation of hepadnavirus-infected primary cultures of duck,
woodchuck, and human hepatocytes have been reported (Gripon et al., 1988; Shimizo et
el., 1986; Thézé et al., 1987; Tuttleman et al., 1986).

Increased culture viability and maintenance of cell differentiation occurs in
hepatocyte primary cultures grown in co-culture with another cell type (Clement et al.,
1984; Guguen-Guillouzo et al., 1983; Reid and Jefferson, 1984). Viral replication was
maintained for 2 months in DHBV-infected duck hepatocyte primary cultures co-
cultivated with rat liver epithelial cells, allowing extended antiviral treatment studies to
be conducted in an hepatocyte primary culture cell system (Fourel et al., 1989).
Although not included in this thesis, nucleoside drug metabolism was examined in a
preparation of human hepatocytes maintained in co-culture with rat liver epithelial cells
(RLEC). The human hepatocyte primary cultures were originally established by Dr. Eve
Roberts (University of Toronto) using liver biopsies obtained from young children and
were grown in the presence of an RLEC “feeder” layer. The co-cultures were eventually
passaged and maintained in comtinuous culture. Drug metabolism studies were
conducted using the co-culture cells as well as RLEC cell samples alone. However,

The differing antiviral activities induced by ddG and ddC in duck hepatocytes as
compared 0 2.2.15 cells could also sem from actual differences in the two
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separate viruses from the Hepadnaviridae family could be addressed through a series of
drug treatment experiments utilizing avian hepatocytes transfected with the human virus
and human liver tissue-derived cells (i.e. - HepG2) transfected with the duck virus.
Cross-transfection of these viruses into the corresponding foreign host tissues has not
been reported.

As yet, the metabolic fate and antiviral activity of ddG in in vivo human liver
tissue is not known. The ultimate effectiveness of ddG as an anti-HBV therapeutic agent
will depend on its intracellular metabolism in this tissue.
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Appendix |
Chemical Structure of Compounds Tested for Anti-Hepadnavirus Activity
1) Arabinosyl Nucleosides
a) Purines
Ni; NH;

1) ara-A 2) ara-AMP
9-f-D-arabinofuranosyladenine  9-f-D-arabinofuranosyladenine monophosphate

b) Pyrimidines

NH; Nl

N

Al

0 N
HO—CH;
1 HO
] H
HO W
1) ara-C
1-B-D-arabinofuranosylcytosine

2) Subsituted Arabinosyl Nucleosides

NH,

1) FIAC 2) FMAU 3) FEAU
1-(2-deoxy-2-fluoro-B-D- l-(Z-denxy-Z-ﬂum:-B-D- I!(2-d=my-2-ﬂunm-§—n-
arabinofuranosyl)-S-
iodocytosine
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Appendix I, continued

3. Base-Modified Nucleosides

a) Purines
(4]
,,QN)\|/~>
Ny
HO—ClE;
" "
HO  ON
1) ribavirin
1-B-D-ribofuranosyl-1.2 4-triazole-3-carboxamide
b) Pyrimidines
(Y
N
HO—CH;
W N
1) 5-aza-Cyd 2) BDU
S-azacytidine 5-bromo-2'-deoxyuridine
4. Dideoxynucleosides
a) Purines
NH, (4]
N N
LY P&,
HO—CH, HO—CIE, (,
)
H H 1]
H H H N
1) ddA 2) ddi
2',3'-dideoxyadenosine 2',3'-dideoxyinosine
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Appendix 1, continued

O

H H

3) ddDAPR 4) ddG
2.6-diaminopurine 2'.3'-dideoxyriboside 2'.3'-didcoxyguanosinc

b) Pyrimidines

NH,

CH:
N

PN

1) ddC 2)dduU 3)ddT
2'.3'-dideoxycytidine 2',Y-dideoxyuridine  2',3'-dideoxythymidine

Ni, o
N)) N )j(‘"g
o, oA
HO—CH; o mw
H H H H
4) D4C S) 4T

2.3 -didehydro-2'3'-dideoxycytidine  2',.3'-didehydro-2',3'-dideoxythymidine



Appendix [, continued

5. Substituted Dideoxynucleosides

0

CHh

1) AZT
¥'-azido-2',3'-dideoxythymidine

Chy

HO—CH, )

2) A/Z0)
¥-azido-2" . V-dideoxyuridine

NH

N°

o

N

4) ¥-Fdd("

,,,,,, 2',3'-dideoxy-3'-fluoracytidine

5) FddMeC
2,3’ dideoxy-3'-fluoro-

5 nru E ‘i 7 l' Ii ii

5,

NH;

)\ CH,

el

HO—CH; )

H |
NI, W
7) AddMeC
3'-amino-2',3'-dideoxy-
S.methylcytids



Appendix I, continued
6. Heterocyclic Dideoxynucleosides

NI,
NH;
N

e be

HO—CH; ¢, N

<! HO—HC §— 1
H's H | “‘xs‘i”'
" H © H
1) (+)BCH-189 2)(-)BCH-189; 3TC

2',3'-dideoxy-3'"-thiacytidine 1-B-L-2'.3'-dideoxy-3'"-thiaribofuranosylcytosine
(NOTE: a racemic mixture of 1) and 2) is (+)SddC)

NI,

N
N
HO—Cl; o
!
HsS "
H H
3 FTC 4) SddU
5-fluoro-2',3dideoxy-3"thiacytidine  2',3'-dideoxy-3"thisuridine
7. Carbocyclic Nucleosides




Appendix 1, continued

8. Acyclic Nucleosides

a) Purines
0o
HyN *
o
“0/\/ NCH,
1) acyclovir

9-(2-hydroxyethoxymethyl)guaninc

0
“N)I~>
H)N*N N
N
"o/\§ NCH,

HO
3) ganciclovir; DHPG

)I>

0
0— ._( ) /\/
0
2) acyclovir monophosphate

L/j: >

CH;

Q 0
4) PMEA

9-(1,3-dihydoxy-2-propoxymethyl)guaninc  9-((2-phosphonyimethoxy )cthyl)adenine

NH;
N N
98
i
e
S) HPMPA

(S)-9-((3-hydroxy-2-phosphonyimethoxy)-
propyl)adenine

(4)
moug—/

NH,

KI >

mo,,p_/ \/

6) PMEDAP
9-((2-phosphonyimethoxy )ethyl )-
2,6-diaminopurine



Appendix |, continued

b) Pyrimidines

TOH
1) HPMPC
(S)-1<((3-hydroxy-2-phosphonylmethoxy )propyl)cytosine

9. Oxctanosyl-N-glycosides

a) Purines
NH,
N
N ,
0 )I>
N N M,N
HO-CH; o HO=CH; ¢
" ;T/
2% R
CHOH H,0H
1) OXT-A; oxetanocin-A 2) OXT-G
9-(2-deoxy-2-hydroxymethyl-B-D-erythro-  9-(2-deoxy-2-hydroxymethyl-B-p-eryrhro-
oxetanocyl)adenine oxetanocyl)guanine

Fe-BNRe I o
m?ﬁj P TRp

3) 2-amino-OXT-A 4) OXT-H 5) OXT-X
9-(2-deoxy-2-hydroxy- 9-(2-deoxy-2-hydroxy- 9-(2-deoxy-2-hydroxy-
methyl-$-D-erythro- methyl-B-D-erythro- methyl-p-D-erythro-

oxetanocyl)2.6-diaminopurine  oxetanocyl)hypoxanthine oxetanocy | anthine



Appendix |, continued

10. Non-Nucleosides
a) Phosphonoformate: Foscamet: PFA

9
NsO— P—(‘
NaO ONa

0

b) Suramin (hexasodium salt)

NaO,$ } NH SONa
SO:Na L’ Nal) S - ,
NaO\S 0 NOWNa
T BV o

8.8'-{ carbonylbis[imino-3, 1 -phenylenecarbonylimina(4-methyl-3,1-
phenylene)carbonylimino| } bis-1.3,5-naphthalenctrisulfonic acid

¢) Chloroquine
Cl N\
 a
HN N e,
s Chy

7-chloro-4-(4-dicthylamino- | -methylbutylamino )quinoline

S



Appendix |, continued

d) Quinacrine Hydrochloride.

CHy CH,
kng K<k
® H
Cl N ,
6-chloro-9- {[4-(dicthylamino)- | -methylbutyl]Jamino} -
2-methoxyacridine dihydrochloride
¢) Hypericin

OH () DH

1.3.4.6.8,13-hexahydroxy-10,1 | -dimethyiphenanthro-
(1.10,9,8-opqgrajperylene-7,14-dione



1. Bases
a) Purines

N
9

Appendix Il

1) Numbering System

0
HN

N
4) Hypoxanthine

b) Pyrimidines

N

N

HN

o

SN [

2
N
1

1) Numbesing Sysiem

HN

N

2) Adenine

}

0

N R

5) Xanthine

HN

Ok’H

2) Uracil

CH,

H,N

0

HN

N

1) Guanine

0

HN

0

HN

$) Ovotate

N
H H
6) Uric Acid

NH,

UV”

3) Cytosine

Co,



Appendix I, continued

2. Nuclcosides
a) Numbering System

b) Purine Nucleosides

NH,

(D

0 0 0
N

"N TR N



APPENDIX Il
Compotsition of Reagents Described in Materials and Methods

. 0.8 M Alamine/freon
3.1 ml Alamine 336
9.4 ml Freon TF

. Denhardt's reagent (50X stock)

0.01 g/mi Ficoll (Type 400, Pharmacia)
0.01 g/ml polyvinylpyrrolidone

0.0]1 g/ml BSA (Pentex Fraction V)
Filter and store small aliquots at -20°C

. Elution buffer
0.33 M LiCl
0.167 N NaOH
0.33M Hepes

. 6X Gel-loading buffer
0.25% bromophenol blue
0.25% xylene cyanol FF
30% glycerol

Store at 4°C

. Lysis solution, pH 7.5
0.01 M Tris’HCI
0.001 M EDTA
0.05 M Na(Cl

8% sucrose

0.25% Nonidet P-40
Store at 4°C

. Neutralizing solution, pH 8.0

1.0 M Tris’HCI (pH 8.0)

1.5 M NaCl

Sterilize by autoclaving; store at RT

. Nick-transiation buffer (10X)

0.5 M Tris/HCI (pH 7.5)

0.1 M MgSO,4

0.001 M dithiothreitol

300 ug/ml BSA (Fraction V; Sigma)
Store in small aliquots at -20°C



8. PBS and dPBS (phosphate-buffered saline without and with divalent cations)
0.137 M NaCl
2.68 mM KClI
10.6 mM NaaHPO4
1.47 mM KH,PO4
Adjust to pH 7.4 at RT
For dPBS, the above recipe is supplemented with:
0.492 mM MgClj
0.901 mM CaCly

9. Prchybridization solution
25% formamide
5X SSPE
5X Denhardt's reagent
0.1% SDS
100 pg/ml denatured, fragmented salmon sperm DNA
This solution is prepared fresh

10. RIPA buffer
0.15 M NaCl
1% sodium deoxycholate
1% Triton X 100
0.1% SDS
0.01 M Tris/HCI, pH 7.4
Store at 4°C

11. Silicon 550/paraffin oil
425 ml Silicon 550
75 ml paraffin oil
Specific gravity = 1.03 g/ml (measured with a Specific
Gravity/Baume Hydrometer)

12. Sodium bufver, pH 7.4
0.120 M NaCl
0.020 M Tris
0.003 M K2HPO4
0.001 M MgCl)
1.80 mM CaCly
to pH 7.4 with HCI

13. 20X SSC,pH 7.0
3.0 M NoC1
0.3 M sodium citrate
t0 pH 7.0 with NaOH or citric acid
Seerilize by amoclaving




. SSE solvent

4 parts ethyl acetate

| part isopropanol

2 parts H20

Combine by several cycles of vigorous shaking followed by settling
Allow the layers to separate overnight

Collect the top (organic) layer; store at RT

. 20X SSPE, pH 7.4

3.0 M NaCli

0.20 M NaH;PO4

0.02 M EDTA

to pH 7.4 with NaOH
Sterilize by autoclaving

. $X TBE buffer

0.45 M Tris/borate

0.0! M EDTA

Store at RT; discard if a precipitate forms

. TE buffer, pH 8.0

0.01 M Tris'HCI, pH 8.0

0.001M EDTA (pH 8.0)

Sterilize by autoclaving; store at RT

. TE-Sarkosyl buffer, pH 8.0

0.01 M Tris/HCI (pH 8.0)

0.01 MEDTA

1% Sarkosyl (N-lauroyl sarcosine)
Store at 4°C

. Tris-saturated phenol

liquified phenol

0.1% 8-hydroxyquinoline

Extract several times with an equal volume of 0.5 M Tris/HCl, pH 8.0
Extract several times with an equal volume of TE buffer, pH 8.0
Store under TE buffer at 4°C in a brown bottle

. 0.4% Trypan blue stock solution

0.4g trypan blue

0.81g NaCl

0.06g KH2PO4

9S ml HO

Heat %0 boiling %0 dissolve, then cool
Adjust 10 pH 7.2 - 7.3 with NaOH
Adjust volume to 100 ml

a1



21. 0.04% Trypan blue stain solution
I part 0.4% Trypan blue stock solution
9 parts PBS

22. Tritosol
52g PPO
3.5 POPOP
10 L xylene
609 ml ethylene glycol
2.44 |. 98% ethanol
4.35 L. Triton X-100

23. Trypsin solution, pH 7.4.7.5
8 I KCl
0.4 g/l NaCl
| /1 NaHCO;
0.58 g/l dextrose
0.5 g1 trypsin
0.2 /1 disodium EDTA
AdjusttopH 7.4- 7.5
Filter-sterilize: store at 4°C
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