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JOHN MONTGOMERY’S LEGACY: Carbocyclic Adenosine
Analogues as SAH Hydrolase Inhibitors with Broad-spectrum
Antiviral Activity

Erik De Clercq © Rega Institute for Medical Research, Department of Microbiology and
Immunology, K.U. Leuven, Leuven, Belgium

O Ever since the S-adenosylhomocysteine (AdoHcy, SAH) hydrolase was recognized as a
pharmacological target for antiviral agents (J. A. Monigomery et al., . Med. Chem. 25:626—
629, 1982), an increasing number of adenosine, acyclic adenosine, and carbocyclic adenosine
analogues have been described as potent SAH hydrolase inhibitors endowed with broad-spectrum
antwiral activity. The antiviral activity spectrum of the SAH hydrolase inhibitors include pox-,
rhabdo-, filo-, arena-, paramyxo-, reo-, and retroviruses. Among the most potent SAH hydrolase
inhibitors and antiviral agents rank carbocyclic 3-deazaadenosine ( c’ Ado), neplanocin A, 3-
deazaneplanocin A, the 5'-nor derivatives of carbocyclic adenosine (C-Ado, aristeromycin), and
the 2-halo (i.e., 2-fluoro) and 6'-R-alkyl (i.e., 6'-R-methyl) derivatives of neplanocin A. These
compounds are particularly active against poxviruses (i.e., vaccinia virus), and rhabdoviruses
(i.e., vesicular stomatitis virus). The in vivo efficacy of C-Ado and 3-deazaneplanocin A has
been established in mouse models for vaccinia virus, vesicular stomatitis virus, and Ebola virus.
SAH hydrolase inhibitors such as C’Ado and 3-deazaneplanocin A should in the first place be
considered for therapeutic (or prophylactic) use against poxvirus infections, including smallpox,
and hemorrhagic fever virus infections such as Ebola.

Keywords  S-Adenosylhomocysteine (AdoHcy, SAH); Adenosine analogues; Carbo-
cyclic adenosine analogues; Acyclic adenosine analogues; Carbocyclic 3-deazaadenosine
(C—cSAdo); 3-Deazaneplanocin A; Poxviruses (vaccinia virus); Hemorrhagic fever viruses
(Ebola virus); Rhabdoviruses (vesicular stomatitis virus); Paramyxoviruses

INTRODUCTION

In 1983, we reported the broad-spectrum antiviral activity (i.e., against
vaccinia, reo, measles, parainfluenza and vesicular stomatitis virus) of carbo-
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FIGURE 1 John A. Montgomery, anno 1983, picture taken at the NATO Advanced Study Institute/
FEBS Advanced Course on “Targets for the Design of Antiviral Agents,” Les Arcs, France, 19 June-
2 July 1983.

cyclic 3-deazaadenosine (C-c®Ado), an inhibitor of S-adenosylhomocysteine
(SAH) hydrolase.[l] “The significance of this paper lies in the fact that an in-
hibitor of a cellular enzyme can be relatively non-toxic to uninfected cells yet
inhibit certain DNA and RNA viruses in a potent and selective manner,” as
was pointed out by one of the reviewers for Science, where the paper was orig-
inally submitted. Although the two reviewers recommended publication in
Science, the paper was eventually turned down by this Journal, simply because
of lack of space. Fortunately, Antiviral Research was able to accommodate the
paper.!!l When shortly thereafter, our paper was published on the broad-
spectrum antiviral activity of adenosine analogues (including C-c*Ado, but
also other, acyclic and carbocyclic, adenosine analogues), also in Antiviral
Research,'! John A. Montgomery (Figure 1) wrote it “should become a clas-
sic in the field of experimental antiviral chemotherapy” (Figure 2). To-
gether with (§)-9-(2,3-dihydroxypropyl)adenine [ (S)-DHPA], which we had
described a few years earlier (in 1978) as an aliphatic nucleoside analog
with broad-spectrum antiviral activity,[*) C-c*Ado validated S-adenosylhomo-
cysteine (SAH) hydrolase as a pharmacological target for antiviral agents.!!
It would ultimately lead to the identification of a number of SAH hydro-
lase inhibitors (such as 3-deazaneplanocin A) for the potential treatment of
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.l. Southern Research Institute 2000 Ninth Avenue South/PO. Box 55305/ Birmingham, Alabama 35255-5305/(205) 323-6592

February 2, 1984

Dr. Erik De Clercq

Katholieke Universiteit Leuven
Rega Instituut
Minderbroedersstraat 10

B-3000 Leuven

Belgium

Dear Erik:

Many thanks for the copy of our manuscript. As I'm sure you know, I am
delighted that it will appear in Antiviral Research. It is an excellent paper
and you are to be congratulated. It should become a classic in the field of
experimental antiviral chemotherapy.

With warm regards.

Sincerely yours,

o

John A{ |Montgomery

Senior [Yice President and

Direct of the Kettering-Meyer
Laboratory

JAM: 1kf

FIGURE 2 Letter received from Dr. John A. Montgomery in 1984 with regard to the paper on Broad-
spectrum antiviral activity of adenosine analogues published in Antiviral Research in 1984.[%]

infections with such important human pathogens as filo (i.e., Ebola) and
pox (i.e., smallpox) viruses.

Mechanism of Antiviral Action of SAH Hydrolase Inhibitors

S-adenosylhomocysteine (AdoHcy, SAH) hydrolase is a key enzyme in
methylation reactions depending on S-adenosylmethionine (AdoMet, SAM)
as the methyl donor. SAH hydrolase cleaves AdoHcy into its two compo-
nents, homocysteine and adenosine (which can then be further converted
to either inosine [by adenosine deaminase] or AMP [by adenosine kinase]
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FIGURE 3 Mechanism of antiviral action of SAH hydrolase inhibitors.

and adenine [by adenosine phosphorylase]). Through the hydrolysis of
AdoHcy, the SAH hydrolase prevents the accumulation of SAH that would
otherwise lead to an inhibition of the SAM-dependent methylation reac-
tions, including those that are required for the maturation (i.e., 5'-capping)
of viral mRNAs (Figure 3).

SAH hydrolase has been recognized for a long time as a potential
target for antiviral chemotherapy, and a variety of carbocyclic as well as
acyclic adenosine analogues have been assumed to exert their antiviral
action through inhibition of SAH hydrolase.>%! In fact, a close correlation
has been found between the antiviral activity of various carbocyclic and
acyclic adenosine analogues and their inhibitory effects on cell-free SAH
hydrolase.”#! Figure 4 depicts the correlation between the inhibitory
effects on SAH hydrolase of four adenosine analogues, neplanocin A,
C-c®Ado, (RS)-AHPA [ (RS)-3-adenin-9-yl-2-hydroxypropanoic acid], and the
aforementioned (S)-DHPA, and their inhibitory effects on the replication
of b viruses, vesicular stomatitis virus (VSV), vaccinia virus (VV), measles
virus, reovirus type 1, and rotavirus. Regression analysis for the correlation
between anti-VSV activity and SAH hydrolase inhibition yielded a correlation
coefficient of r = 0.986.

It was further ascertained that the intracellular pool levels of AdoHcy
increased upon treatment of the cells with the SAH hydrolase inhibitors,
and the AdoHcy/AdoMet ratio correlated closely with the antiviral activity
achieved (r = 0.972 for vaccinia virus yield reduction).®] Addition of
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FIGURE 4 Correlation between the antiviral activities of the four adenosine analogues and their
inhibitory effects on SAH hydrolase. The inhibitory effect on SAH hydrolase is expressed as the
K;/Kn for bovine liver SAH hydrolase activity (measured in the direction of SAH synthesis). The
antiviral activity is expressed as the minimum inhibitory concentration (MIC) required to inhibit by
50% the cytopathogenicity of vesicular stomatitis virus (O) (in primary rabbit kidney [PRK] cells),
vaccinia virus (A) in PRK cells, measles virus () (in African green monkey kidney [Vero] cells),
reovirus type I (V) in Vero cells, or to reduce by 90% the yield of human rotavirus (V) in embryonic
rhesus monkey kidney (MA 104) cells. The linear regression line is shown for K;/K;, as a function of
MIC for vesicular stomatitis virus (O) (r = 0.986). Data taken from De Clercq.[B]

homocysteine further potentiated the antiviral activity of the SAH hydrolase
inhibitors through an increase of the intracellular SAH pool levels. !

Antiviral Potency of Carbocyclic (and Acyclic)
Adenosine Analogues

After SAH hydrolase had been recognized as a pharmacological target
for antiviral agents such as the carbocyclic analogue of 3-deazaadenosine
(G-c®Ado)," and, independently thereof, acyclic adenosine derivatives
such as (S)-DHPAP! had been discovered as broadly active antiviral
agents showing an activity spectrum quite similar to that of the carbocyclic
adenosine analogues, a steadily increasing number of acyclic, and, primarily,
carbocyclic adenosine analogues were described (Figure 5). For most of
the newly developed acyclic and carbocyclic adenosine analogues, marked
antiviral potency was detected./12-37]
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FIGURE 5 Adenosine and carbocyclic (and acyclic) adenosine analogues acting as SAH hydrolase

inhibitors.

(continues)
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As originally proposed by Borchardt and coworkers!®®3% SAH hydrolase
may act by a dual mechanism. Type I mechanism-based inactivators cause
irreversible cofactor depletion (converting the NAD™ cofactor to its inactive
form NADH) and are not covalently bound to the enzyme; neplanocin A
and DHCeA are typical examples of type I mechanism-based inactivators,
and so might be the (+)-6'-G-fluoroaristeromycin. Type I mechanism-based
inactivators are oxidized by the hydrolase NADT at the 3/-position. Type 11
mechanism-based inactivators are those that are not only oxidized at the 3'-
position by the hydrolase, but also become covalently bound to the enzyme:
this would happen, for instance, when fluoride is released in the presence
of the enzyme, as shown for 4,5'-didehydro-5'-fluoroadenosine.!4"!

Of the compounds depicted in Figure 5, the most potent antivirals,
as based on their inhibitory effects on the two “reporter” viruses, VV
and VSV (Table 1), were C-c3Ado, neplanocin A, 3-deazaneplanocin A,
DHCeA, c>DHCeA, DHCaA, c>DHCaA, (—)-5'-noraristeromycin, (6'R)-6"-C-
methylneplanocin A, and (+)-6-3-fluoroaristeromycin. They inhibited the
replication of VV and VSV within a 50% effective concentration (ECsg)
range of 0.01-1 pug/mL; this is a concentration range that should be readily
achievable upon systemic administration of the compounds.

Also listed among the SAH hydrolase inhibitors is adenine arabinoside
(ara-A). 114 Although not a “genuine” SAH hydrolase inhibitor in the
sense that part of its antiviral action may be achieved by interaction with
other enzymes, i.e., DNA polymerase and ribonucleotide reductase,® its
activity against VSV can be explained only by an interaction with SAH hy-
drolase, and, furthermore, ara-A has been found to suppress SAH hydrolase
activity in peripheral blood mononuclear cells (in patients treated with ara-A
for chronic hepatitis B).!4%

In addition to ara-A, some other adenosine analogues, such as formycin
A (a C-glycoside that is isomeric with adenosine),!*¥] 8-methyladenosine, 4%
and 8-alkynyl-, 8-alkenyl-, and 8-alkyl-2-deoxyadenosine derivatives!*®! have
been accredited with antiviral properties. In particular, 8methyladenosine
proved to be a highly potent and selective inhibitor of vaccinia virus; yet, it
did not display activity against VSV.[44]

Activity against both VV and VSV may be viewed as the hallmark
for an adenosine analogue that is targeted at SAH hydrolase, and, vice
versa, adenosine analogues that show this unique duality, may be virtually
interpreted as SAH hydrolase inhibitors. How could this exquisite activity
of SAH hydrolase inhibitors against VV and VSV be rationalized? Probably
because both VV (a poxvirus with a ds(£)DNA genome) and VSV (a
rhabdovirus with a ss(—)RNA genome) during their life cycle pass through
the formation of an mRNA that needs to be heavily methylated (5'-capped),
and, therefore, becomes highly sensitive to SAH hydrolase inhibitors that
obviate these methylations.
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For a number of the carbocyclic adenosine analogues mentioned in
Table 1 and Figure 5 (i.e., neplanocin A, [46] DHCeA,[47] and DHCaA and
c®DHCaA),!8! it has been convincingly demonstrated that they are potent
SAH hydrolase inhibitors and that their antiviral effects (i.e., against vaccinia
virus) can be attributed to an increase in the intracellular pool levels of
AdoHcy and elevated AdoHcy/AdoMet ratios.[*7#8] This confirms our own
observations with a different set of compounds [(S)-DHPA, (RS)-AHPA,
C-c3Ado, neplanocin A and 3-deazaneplanocin A].!89!

Not all the acyclic or carbocyclic adenosine analogues that have been
shown to be (reversible or irreversible) SAH hydrolase inhibitors have
been further followed up for their antiviral potential: in particular, 6'-
fluoroneplanocin A,!?%) 6’-methylene-aristeromycin,!?®) which have only
cursorily been studied for their antiviral activity, and D-eritadine!*? and
5'-fluoro-DHCeA, 5! which have not yet been submitted to antiviral assays,
should be further pursued from this regard.

When examining the adenosine analogues and their carbocyclic deriva-
tives that have so far been explored as SAH hydrolase inhibitors/antiviral
agents, they predominantly fall into three categories, adenosine (Ado) ana-
logues, aristeromycin (C-Ado, cyclopentyladenine)) analogues, and neplano-
cin A (cyclopentenyladenine) analogues. Each of these basic structures has
served as scaffold for the modifications at either the heterocyclic (adenine)
base, or, more frequently, the glycon moiety. 5'-truncation or 5-elongation,
3-deaza conversion and fluorinations at either the base or glycon, have of-
ten been carried out, but a systematic analysis of these different modifi-
cations (single or combined) in the three different scaffolds must still be
undertaken before a true structure-activity relationship (SAR) could be es-
tablished, both in terms of SAH hydrolase inhibition and antiviral potency.

Antiviral Activity Spectrum of SAH Hydrolase Inhibitors

While VV and VSV, as members of the poxviridae and rhabdoviridae,
respectively, are exquisitely sensitive to SAH hydrolase inhibitors, their
spectrum of antiviral action extends to various other viruses and virus
families (Figure 6). Among the poxviruses, smallpox (variola) virus and
monkeypox virus have proven to be quite sensitive to neplanocin A,%1 as
could be predicted from the activity shown with neplanocin A against VV
(vaccinia virus).!1?) Again, as could be predicted from their activity against
VSV (vesicular stomatitis virus),!'*l SAH hydrolase inhibitors, such as 3-
deazaneplanocin A, turned out to be remarkably active against filoviruses
(such as Ebola virus),!%! which follow a replicative strategy similar to that
of the rhabdoviruses. Furthermore, SAH hydrolase inhibitors, including
3-deazaneplanocin A, have also been identified as an attractive approach
toward the treatment of arenavirus infections (i.e., Junin virus, Tacaribe
virus).[5?]
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FIGURE 6 Antiviral activity spectrum of SAH hydrolase inhibitors.

In addition, SAH hydrolase inhibitors have also been found effective
against the African swine fever virus!®®/ and human cytomegalovirus,!5*
while other herpesviruses (herpes simplex virus, varicella-zoster virus, ...)
are much less sensitive or insensitive to the compounds. Reoviruses,
such as the epidemiologically important rotavirus, are markedly sensi-
tive to SAH hydrolase inhibitors, 1455 and so are the paramyxoviruses
parainfluenza virus,[13:56] measles,[13’56’57] and respiratory syncytial virus
(RSV), 156 although the inhibitory effects of SAH hydrolase inhibitors on
the SSPE (subacute sclerosing panencephalitis) variant of measles are not
pronounced,!%®) and their inhibitor effects on RSV replication are not always
reproducible,'®19 and sometimes masked by their cytotoxic effects. %]

SAH hydrolase inhibitors have also been found effective against human
immunodeficiency virus (HIV), %61 but only under specific test conditions
(optimized for minimalizing cytotoxicity).[%?] Their inhibitory effect on
HIV replication could be ascribed to an inhibition of the long terminal
repeat (LTR) transactivation of the HIV mRNA transcription,[GQ] which, as
it appeared recently, heavily depends on co-transcriptional capping. 6%

The (4+)RNA viruses, other than the retroviruses (HIV), are virtually
insensitive to SAH hydrolase inhibitors. This includes picornaviruses (polio-
virus, Coxsackie virus, ...) and togaviruses (Sindbis, Semliki forest virus,
... ). Also, yellow fever virus, a (+)RNA virus belonging to the flavivirus fam-
ily is not affected by SAH hydrolase inhibitors.[54] Although SAH hydrolase
inhibitors are clearly active against paramyxoviruses,!*5¢! they are devoid
of activity against orthomyxoviruses (i.e., influenza A and B).!%® This is not
surprising since influenza viruses, for the initiation of viral mRNA synthe-
sis, differ fundamentally from other (—)RNA viruses in that they employ
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pre-capped mRNA provided by the cell, which allows them to escape to the
inhibitory effects of the SAH hydrolase inhibitors.

SAH Hydrolase as a Pharmacological Target

As mentioned above, SAH hydrolase catalyzes the hydrolysis of AdoHcy
to adenosine and homocysteine.[%67] This is the major route for disposal
of the AdoHcy formed as the product of the AdoMet-dependent methyl-
transferases. The reaction is reversible, but under physiological conditions
the removal of both adenosine and homocysteine is sufficiently rapid for the
net reaction to proceed in the direction of hydrolysis. The hydrolysis of Ado-
Hcy serves physiologically not only to sustain the flux of methionine toward
cysteine, but is believed also to play a critical role in the regulation of bio-
logical methylations. Recently, a genetic disorder of methionine metabolism
was described that originated from an SAH hydrolase deficiency.!%®]

In spite of the crucial role SAH hydrolase plays in regulating biological
processes and its attractiveness as a target for drug design, relatively limited
information is available about the structure and conformation of the SAH
hydrolase. Site-directed mutagenesis studies have pointed to the role of Lys-
426,109 Asp-244,171 and Asp-130, Lys-185, Asp-189, and Asn-190!7!! in the
catalytic activity of this homotetrameric enzyme.

SAH hydrolase has also emerged as an attractive target for antiparasitic
drug design because of its role in the regulation of AdoMet-dependent trans-
methylation reactions that are essential for parasite replication.[”?) SAH hy-
drolase has been detected in Trypanosoma cruzi'”) Trypanosoma brucei,'™
Plasmodium falciparum,"™ Trichomonas vaginalis,'™® and Leishmania dono-
vani.’®"" Inhibitory effects against the parasitic SAH hydrolase were noted
for a variety of SAH hydrolase inhibitors described above, i.e., 5-noraristero-
mycin,!”! 2-fluoroaristeromycin,[”# ara-A (albeit at relatively high concen-
tration),[ 7] 3-deazaaristeromycin (C-c*Ado),!78! and DHCaA.["! The lat-
ter two compounds were also shown to arrest the growth of the parasites
(L. donovani), concomitantly with a substantial expansion of the intracellu-
lar AdoHcy pools and significant increase of the AdoHcy/AdoMet ratio.[76]
It was further ascertained that L. donovani SAH hydrolase has structural re-
quirements for binding inhibitors different from those of the human en-
zyme. Thus, it may be possible to eventually exploit these differences to
design specific inhibitors of this parasitic enzyme as potential antiparasitic
agents.[”7]

In Vivo Antiviral Activity of SAH Hydrolase Inhibitors

In vivo antiviral efficacy has been demonstrated with a number of SAH
hydrolase inhibitors, i.e., C-c®Ado,M ara-A 19! neplanocin AL and, in
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particular, 3-deazaneplanocin A,[!*1%] against both VV and VSV infections.
Ilustrated in Figure 7 is the in vivo antiviral efficacy of 3-deazaneplanocin A
in mice infected with VSV.!Y 8.Deazaneplanocin A conferred a highly
significant reduction in the mortality rate when administered as a single
dose of 0.5 or 2.5 mg/kg at 1 h postinfection. Ten years later, Bray et al.l”®!
would confirm that 3-deazaneplanocin A (as a single dose of 1 mg/kg), as
well as C-c?Ado (as a singe dose of 80 mg/kg), administered on day 1 or
2 with respect to infection, afforded an even more dramatic protection of
mice against a lethal infection with Ebola (Zaire) virus (Figure 8).

In later studies, Bray et al.[’””] found that 3-deazaneplanocin A induced
massively increased interferon-a protection in Ebola virus-infected, but not
uninfected mice, and attributed the protective effect of the drug to this
massive boost in interferon production. How could the enhanced interferon
response toward a SAH hydrolase inhibitor be rationalized? Given the fact
that this increased interferon production was noted only in virus-infected
cells, one could envisage the following scenario or sequence of events: (a)
3-deazaneplanocin A, as an SAH hydrolase inhibitor, shuts off methylation
(i.e., b’ capping) of the viral mRNA; as a consequence (b), the unmature
viral (+)RNA remains attached to the (—)RNA viral template, thus engaging

100
L
> 80
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o 60+
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T
2 207
2
()

Days post infection

FIGURE 7 Inhibitory effect of 3-deazaneplanocin A on the mortality of NMRI mice inoculated
subcutaneously when 48 h old with vesicular stomatitis virus. 3-Deazaneplanocin A was administered
intraperitoneally at the following dosage regimens: 2.5 mg/kg at 1 h postinfection (A); 0.5 mg/kg at
1 h postinfection (V); and 0.5 mg/kg at 1 h (day 1) and on days 2, 3, 4, and 5 (O). Control PBS,
one injection at 1 h postinfection (A) or five injections at 1 h (day 1) and on days 2, 3, 4, and 5 (@).
Data taken from De Clercq et al.'¥]
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FIGURE 8 (A) Survival of groups of six adult BALB/c mice infected with 10 pfu (300 LD3y) mouse-
adapted Ebola virus (Zaire strain) and inoculated once, on day 0 (DO0), day 1 (D1), or day 2 (D2)
with respect to infection, with 80 mg/kg of G-c®Ado, or mock-treated with PBS on day 0. (B) Mean
percent change in body weight of mice in the same experiment. Data taken from Bray et al.[”8]

in the formation of a double-helical () RNA, which (c), as has been known
for decades, would then lead to the production of massive amounts of
interferon, thus (d) accounting for the dramatic protective effect of the SAH
hydrolase inhibitors against Ebola virus infection. Obviously, this hypothesis
will have to be corroborated by experimental evidence.

CONCLUSION

After Cantonil®%-67! had described and characterized SAH (in 1954) and
SAH hydrolase (in 1959), Parker and Abeles!®"! had further analyzed the
mechanism of the SAH hydrolase reaction, and data from Chiang et al.!®!]
indicated the importance of SAH hydrolase as a potential pharmacological
target (in 1977). In 1980, Borchardt!®? stressed the importance of SAM-
dependent methyltransferases in the methylation (5'-capping), and, hence
maturation of viral mRNA, i.e., vaccinia viral mRNA. In 1982, Montgomery
etal. 1 then pointed out that SAH hydrolase was indeed the target for the
antiviral action of G-c®Ado. Subsequently, numerous adenosine analogues
were shown to exert their antiviral activity through interaction with SAH
hydrolase. Among the most promising, also shown to be effective in vivo
(in animal models), are C-c*Ado and 3-deazaneplanocin A. Equally promis-
ing, although not (yet) been investigated in vivo, are a number of 5"-nor
derivatives of carbocyclic adenosine, carbocyclic 3-deazaadenosine, neplano-
cin A and 3-deazaneplanocin A, and 2-fluoro- and 6’-R-methyl substituted
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neplanocins. Although none of these compounds has been marketed or
even submitted for clinical studies, they offer sufficient potential that would
warrant their further development. Worth considering are their potential
applications in the treatment (or prophylaxis) of poxvirus infections (i.e.,
smallpox), rhabdo- and filovirus infections (i.e., Ebola), arenavirus infec-
tions (e.g., Lassa) and, in principle, any other viruses that heavily rely on the
5'-capping of their mRNA for their replicative efficiency. It thus appears that
SAH hydrolase inhibitors represent an attractive antiviral strategy.!®* They
should be further pursued, as they may find a “niche” for the treatment
of the most deadly among the virus infections, such as smallpox (should
it reappear), Ebola, and, possibly, other hemorrhagic fever virus infections
as well. This, in turn, would justify the large-scale chemical synthesis of the
most potent among the SAH hydrolase inhibitors and the exploration of
their efficacy in the appropriate animal model systems.
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