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bstract

Ribonucleotide reductases (RNRs) supply the 2′-deoxyribonucleotide building blocks for DNA synthesis in mammalian cells and for herpes
iruses. The viral-encoded RNRs have unique protein sequences that differ from mammalian enzyme primary structures. Selective inhibition of
viral RNR might provide an approach to new anti-herpes agents with minimal effects on the mammalian host RNRs. This review summarizes

fforts to develop anti-herpes agents that selectively target viral-encoded RNRs.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Antiviral drugs have been used for treatment of herpes sim-
lex virus (HSV) infections for over 45 years (Field, 2001).
any anti-HSV agents are nucleoside/tide analogue prodrugs

hat inhibit viral DNA polymerases after in vivo conversion to
he triphosphate level. Most HSV isolates are sensitive to acy-
lovir (Fig. 1), which is used extensively in clinical medicine.
he herpes-encoded thymidine kinase phosphorylates acyclovir

o its monophosphate. Cellular nucleotide kinases then convert

his intermediate prodrug to the di- and triphosphate, which bind
nd inhibit HSV DNA polymerases quite selectively. Ribonu-
leotide reductases (RNRs) provide the only de novo route
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to the 2′-deoxynucleotide building blocks for DNA synthesis
employed by mammalian host cells and for HSV genomes.
Ator et al. (1986) demonstrated that reduction of nucleoside
5′-diphosphates (NDPs) to their 2′-deoxy counterparts by HSV-
RNR followed the same mechanistic pathway elucidated for
mammalian and other class 1 RNRs, and that mechanism-based
inhibitors that inactivated the bacterial and mammalian RNRs
also exerted time-dependent inactivation of the RNR encoded
by HSV-1. Gemcitabine (2′-deoxy-2′,2′-difluorocytidine) is a
potent mechanism-based inhibitor of RNRs used clinically
in anticancer applications (Robins, 2003). However, no small
molecules – including nucleoside analogues – that function pri-
marily as RNR inhibitors have shown sufficient specificity to

warrant use as anti-HSV drugs. Isolation, subunit composition,
and characterization (Jordan and Reichard, 1998); elucidation
of mechanisms for substrate reduction and mechanism-based
inhibition (Stubbe and van der Donk, 1998); and alternative
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Fig. 1. Acyclovir and related acy

echanistic considerations and drug potential of inhibitors of
lass 1 RNRs (Robins, 2003) have been reviewed extensively.
riefly, class 1 RNRs are at least dimer–dimers with a double
omplement of components (�, �, �, �), and direct association
f the R1 and R2 subunits is required for enzymatic activity.

. Heterocyclic thiosemicarbazone derivatives and
cyclic phosphonylmethyl ethers

Spector and Joens (1985) evaluated inhibitors of mam-
alian RNR for their activity against HSV-1 RNR. They

ound that 5-amino-1-formyl-4-methylisoquinoline thiosemi-
arbazone (MAIQ) (Fig. 2) caused significant inactivation
f HSV-1 RNR, and concluded that the viral and mam-
alian enzymes had similar sensitivities to a wide variety of

nhibitors. Substituted thiocarbonyl hydrazone derivatives of 2-
cetylpyridine (A723U, A1110U, and 348U87) (Fig. 2) were
ound to be potent inactivators of RNRs encoded by HSV
ypes 1 and 2 and also by varicella-zoster virus (Spector et
l., 1985, 1989; Safrin et al., 1993). It was noteworthy that
hese agents inhibited the viral RNRs at lower doses than were
equired for the human enzyme, and that they potentiated the
nti-herpetic activity of acyclovir markedly. Enlarged dGTP
ools that resulted from treatment of infected cells with acyclovir
ere decreased by co-treatment with AU1110U, and concomi-

ant major increases in the pool sizes of acyclovir triphosphate
ere noted. Inactivation of HSV-1 RNR with a maximum first
rder constant of 11–14 h−1 at 1–2 �M of A1110U was observed
Spector et al., 1989), and selective, synergistic inactivation of
iral RNR relative to that of the mammalian enzyme was found

ith the iron complex of A1110U (Porter et al., 1990). Certain

cyclic phosphonylmethyl ethers including HPMPA and PMEA
Fig. 1) also were found to inhibit the HSV-1 encoded RNR
Cerný et al., 1990), but they did not exhibit adequate selec-

r
l
1
i

Fig. 2. Thiosemicarbazone derivatives
hibitors of HSV-encoded RNR.

ivity relative to the mammalian enzyme for development as
nti-herpes drugs.

. Specific oligopeptide/peptoid binding with RNR-R2
-terminal sequences

Although limited selectivity for inhibition of viral RNRs
relative to mammalian enzymes) has been observed with small
olecules, structure versus antiviral activity selectivity trends

re lacking. Cohen et al. (1986) and Dutia et al. (1986) indepen-
ently reported inhibition of HSV-RNR by inclusion of peptide
ragments corresponding to the C-terminal sequence of the viral
nzyme subunit R2 in enzyme preparations containing both of
he requisite R1 and R2 subunits. Thus, association of native R1
ith a C-terminal R2 peptide fragment interfered with forma-

ion of active (R1–R2)2 holoenzyme complexes. This resulted
n specific inhibition of the viral RNR (relative to mammalian
nzymes, which have different R2 C-terminal sequences).
ddition of a tyrosine residue to the N-terminal glycine of

he heptapeptide (H2N-Gly-Ala-Val-Val-Asn-Asp-Leu-COOH)
t the C-terminal of HSV-RNR-R2 gave an octapeptide
GAVVNDL that inhibited HSV-RNR (Dutia et al., 1986).

nclusion of an alanine residue between the N-terminal tyrosine
nd glycine residues of the octapeptide provided nonapeptide
AGAVVNDL (Fig. 3), which was a more potent inhibitor

apparent KI = 15 �M) than the Ala-deleted natural sequence
ctapeptide. The nonapeptide was noncompetitive with
espect to the substrate CDP (Cohen et al., 1986; Dutia et al.,
986).

Gaudreau et al. (1987, 1990, 1992) studied short peptides

elated to YAGAVVNDL, and concluded that: (1) the 9-mer
ength is important because increasing the length to a 12- or
5-mer had little effect on the inhibitory potency, but shortening
t to an 8-mer resulted in an order of magnitude loss of potency,

that inhibit HSV-encoded RNR.
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Fig. 3. Peptides and peptido

2) abolition of the positive charge at the N-terminus by
cetylation or removal of the amino group increased the binding
ffinity two- to three-fold, (3) an unmodified carboxyl group
t the C-terminus is important for binding because replacement
f the C-terminal Leu with its amide led to a four-fold decrease
n potency, (4) the AGA fragment linked to the N-terminus

f the peptide does not interact directly with the R1 subunit
ecause its replacement with a 9-aminononanoic acid spacer
–NH(CH2)8C(O)–] had little effect on the inhibitory activity,
5) each of the VVNDL residues contributes significantly to

R
V
p
p

tic inhibitors of HSV-RNR.

inding with the R1 subunit with especially high specificity for
he C-terminal Leu residue, and (6) the hydrophobic character
f the N-terminus of the peptide is very important. Chang et al.
1992) confirmed that the five C-terminal residues were the most
mportant regions for inhibitory potency because YVVNDL
nd YAGAVVNDL showed similarly potent inhibition of HSV-

NR. Structural modifications of the Tyr (e.g., (Bn)2CHCO–
VNDL(�-Me)), Asn, and Leu residues of YVVNDL produced
eptides that were as much as two orders of magnitude more
otent.
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Moss et al. (1993) reported extended SAR studies of pen-
apeptide (VVNDL) analogues. Three orders of magnitude
ncreases in potency (IC50 = 0.18 �M) were achieved by mod-
fication of the N-terminal valine to a 2,2-diethylacetyl group,
ddition of a methyl group at the �-carbon of the penultimate
aline, dialkylation of the asparagine nitrogen (i.e., replacement
f NH2 with pyrrolidine), and dimethylation of the �-carbon of
he aspartic acid residue. Next, �-alkyl and �,�-dialkyl aspar-
ic acid derivatives were studied, which led to the finding that
ntroduction of a cyclopentyl ring on the aspartic acid residue
esulted in a six-fold enhancement of binding to the R1 subunit
Moss et al., 1994, 1995). Methylation at the �-carbon of leucine
nd the N-terminal amide nitrogen led to development of BILD
257 (Fig. 3). Reduction of the carboxyl group of the C-terminal
esidue gave the hydroxymethyl analogue BILD 1263, which
howed an increased cellular uptake with an accompanying mag-
itude increase in anti-HSV potency in cell culture. This was
he first example of an RNR subunit-association inhibitor with
in vivo” antiviral activity. It suppressed replication of HSV-1,
SV-2, and acyclovir-resistant HSV strains in cell culture and

trongly potentiated the antiviral activity of acyclovir (Liuzzi et
l., 1994).

Further efforts were focused on improving activity against
SV in cell culture. Replacement of the C-terminal 2-(4-
ethylleucinol) side-chain in BILD 1263 with the more

ipophilic 3-(2,2-dimethylpentyl) group led to the discovery
f BILD 1357 (structure in: Moss et al., 1996b). Additional
odifications included incorporation of: (1) a stereochemically

efined 2,6-dimethylcyclohexylamino group at the N-terminus,
2) ketomethylene amide-bond isosters, and (3) a ureido group
ext to the N-terminus to produce BILD 1351 (Moss et al.,
996a,b). Lawetz and Liuzzi (1998) reported that BILD 1351
nd 1357 were significantly more potent than BILD 1263. Duan
t al. (1998) noted that the related BILD 1633 SE (Fig. 3), with
2(R)-methyl-3-cyclohexylpropanoyl group at the N-terminus,
as more potent than acyclovir against strains of wild-type
SV as well as against acyclovir-resistant mutants (IC50 = 3 nM,
etermined by a competitive binding assay). Efforts to extend
uch exciting results toward clinical development were frus-
rated by the finding that herpes viral replication is not lin-
arly dependent on the HSV-encoded RNR. Thus, in contrast
ith selective inhibition of HSV-encoded polymerases, which
revents synthesis of the viral genome, selective inhibition
f HSV-encoded RNRs does not stringently limit the pool
f deoxynucleotides, which are available from cellular RNR
ctivity.

Cooperman and co-workers have successfully employed the
oncept of blocking R1–R2 subunit-association with mam-
alian RNRs (Pender et al., 2001; Gao et al., 2005). They

ound that an N-terminal acetylated heptapeptide (AcFTL-
ADF) derivative of the mammalian R2 C-terminal sequence
ompeted with R2 for binding with the mammalian R1 subunit,
hich inhibited the enzyme activity. Similar studies have been

ursued with inhibition of R1–R2 subunit-association with pep-
ide sequence analogues derived from RNRs of other species,
nd reviews are available (Cooperman, 2003; Coen and Schaffer,
003; Loregian et al., 2002).

G
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. Conclusions and future prospects

Inhibition of herpes virus replication by sequence specific
eptoid–protein interference with the normal protein–protein
ssociations that produce active enzymes (i.e., interference with
uaternary association of enzyme subunits) is clever and appeal-
ng. However, the finding that herpes viral replication is not
inearly dependent on virus-encoded RNRs severely limits the
otential for development of single-agent antiviral drugs based
n this concept. Such specific peptoid inhibitors of RNR activ-
ties have joined the ranks of highly interesting bioresponse

odifiers that are invaluable for elucidating detailed cellular
rocesses. Indeed, Cooperman and co-workers have recently
hown that dimer–dimer and heximer–dimer association of class
mammalian RNRs appear to be physiologically active clus-

ers that produce 2′-deoxynucleoside 5′-diphosphates in mam-
alian cells (Gao et al., 2005). Subunit-association inhibitors

f this type might find successful applications as anticancer
gents.
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