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Phosphorodithioate DNA as a
Potential Therapeutic Drug

W. S. Marshall* and M. H. Caruthers¥

This article summarizes methods for the synthesis of phosphorodithioate-linked deoxyo-
ligonucleotides and details an analysis of one of the distinctive properties of phospho-
rodithioate DNA oligomers, their ability to strongly inhibit human immunodeficiency virus
type—1 reverse transcriptase (HIV-1 RT). Mechanistic studies indicate that oligomers of this
type interfere with enzyme function by binding tightly to the active site for primer-template,
which results in low or subnanomolar inhibitory constants. Although many of these studies
have used deoxyoligocytidine analogs, a rationally designed approach has led to the
discovery of a very active phosphorodithioate deoxyoligonucleotide inhibitor. This type of
inhibitor, which binds strongly to the primer-template active site of HIV-1 RT, provides
another type of potential therapeutic agent against HIV-1.

The classical approach for discovering new
drugs, such as 3’-a-azido-2’,3’-dideoxythy-
midine (AZT) for treating the debilitating
consequences of acquired immunodefi-
ciency syndrome (AIDS), involves the use
of massive screening programs (1). A num-
ber often quoted is that on average 10,000
compounds must be tested in order to iden-
tify one new, biologically active substance.
These are formidable statistics that have led
many researchers to focus on more rational
drug design strategies. The most successful
have been those based upon understanding
the biology, genetics, and biochemistry as-
sociated with a particular disease state. As a
result of these efforts, many small organic
molecules have been identified that inhibit
cholesterol biosynthesis (2), nucleotide me-
tabolism (3), and other disease-associated
biological systems. Additionally, by using
recombinant DNA technologies in associa-
tion with a thorough understanding of the
appropriate biology, proteins such as eryth-
ropoietin (4), granulocyte—colony-stimulat-
ing factor (5), insulin (6), and human
growth hormone (7) have been shown to be
effective for several therapeutic applica-
tions.

Primarily because of inherent disadvan-
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tages in these approaches such as the cost
and uncertainties associated with massive
screening programs and the instability of
proteins, new drug design strategies have
been explored. Two of these are based on
the assumption that new drugs will interact
with important binding sites on proteins or
active sites of enzymes and thereby block
the development of a specific disease state.
For example, perhaps a molecule can be
designed that binds within the deep clefts
found on the surface of rthino- and picorno-
viruses and inhibits interactions of these
viruses with host cells (8). These two strat-
egies differ in how new drugs are identified.
One uses the three-dimensional structure of
a target protein in combination with com-
puter modeling to identify potential drug
candidates (9). The other, which does not
require knowledge of tertiary structure, is
based upon the vast information content of
amino acid or nucleotide (nt) sequences.
Libraries of completely random peptides or
oligonucleotides are prepared from the
monomers and then, through various selec-
tion protocols, highly specific, biologically
active molecules are identified as potential
drug candidates (10-12). Although these
strategies appear very promising, success is
still limited to the laboratory as clinical and
even animal studies remain to be done.
An alternative new approach is to use
the information content of the nucleic ac-
ids and knowledge of their interactions with



proteins or complementary polynucleotides
as the basis for a new class of DNA thera-
peutic drugs. The elegance of this approach
is simply that the structure of the potential
drug is already known. For example, many
proteins interact with high specificity to
particular polynucleotide sequences. If the
polynucleotide sequence is known for a
drug-targeted protein, it may be possible to
synthesize the appropriate oligonucleotide
and use it as a drug to control an important
biological function. Perhaps the first exam-
ple of this type of regulation (albeit in a
nontherapeutic drug setting) involved the
use of multiple synthetic copies of the lac
operator as part of a bacterial plasmid to
derepress the Escherichia coli lac operon (13—
15).

Oligonucleotides can also bind to target
DNA or RNA through Watson-Crick or
Hoogsteen and reverse Hoogsteen base-
pairing. In the former case, the target is
single-stranded RNA or DNA, whereas for
the latter, it is the major groove of double-
stranded DNA. Thus the complementary,
or antisense, base sequence interacts by
hydrogen bonding with a segment of cellu-
lar RNA or DNA to inhibit gene expres-
sion. If the cellular target for these an-
tisense oligonucleotides is an oncogene or a
viral gene, then the possibility exists that
synthetic oligonucleotides could have ther-
apeutic potential (16-18).

Specific inhibition of gene expression in
cell culture by synthetic deoxyoligonucle-
otide was initially reported by Zamecnik
and Stephenson (19). Following these early
observations, much of the ensuing work
with oligonucleotides established the prin-
ciple of the approach and demonstrated the
effect in model systems. Soon it became
apparent that oligonucleotides functioning
in an antisense manner could be used to
map the biological function of various genes
and to understand the molecular biology of
gene expression. At the same time, the
therapeutic potential of oligonucleotides
became apparent. Today it is well estab-
lished that oligonucleotides do indeed have
antiviral activity and demonstrate an an-
tiproliferative effect by blocking oncogenes
and other cellular genes. The rapid expan-
sion of this field has led to many excellent
reviews on the chemistry and biology asso-
ciated with the use of oligonucleotides as
potential therapeutic drugs (16-18, 20-
26).

Initial attempts to inhibit gene expres-
sion focused on normal deoxyoligonucle-
otides with phosphodiester linkages. How-
ever, several problems soon became appar-
ent, including the rapid degradation of
normal DNA by cellular nucleases, trans-
port of deoxyoligonucleotides into cells and
the proper cellular compartment, targeting
of oligomers to the appropriate cell type

within a living organism, and selection of
the proper annealing site on the target
nucleic acid. In order to meet at least some
of these challenges, much effort has been
directed toward various DNA analogs—
specifically derivatives having phosphorus-
modified internucleotide linkages because
of their resistance to cellular nucleases (17,
20, 27, 28). An added feature is that
derivatization at phosphorus is sequence
nonspecific, so that the high degree of
specificity encoded by the four nucleotide
bases could be preserved.

Phosphorus-Modified DNA Analogs

Single substitutions at phosphorus. Perhaps
the most studied modifications to date are
the methylphosphonate, phosphorothioate,
and phosphoramidate internucleotide link-
ages (Fig. 1), where a single, nonbridging
oxygen atom is replaced with a methyl
group, sulfur atom, or substituted amine
group, respectively. All of these modifica-
tions generate certain desirable oligomer
characteristics such as resistance towards
nucleases and retention of the ability to
form stable duplexes with natural RNA or
DNA. Therefore, any of these derivatives
could be used as steric blocks against gene
expression. The phosphorothioate deriva-
tive also retains the ability to stimulate
endogenous cellular. ribonuclease (RNase)
H activity, which allows for the specific
degradation of the target RNA in hybrid
duplexes. This very important property per-
mits a deoxyoligonucleotide to act pseudo-

w
|

X=P—=Z o} B
i /
Y

Fig. 1. Schematic of the DNA internucleotide
linkage and its phosphorous-modified deriva-
tives: W, X, Y, and Z = O, phosphodiester; W,
X,and Z = O and Y = CH,, methylphospho-
nate; W, X, and Z = O and Y = S, phospho-
rothioate, W, X, and Z = O and Y = NR,,
phosphoramidate, where R = alkyl or aryl sub-
stituents; W = Sand X, Y, and Z = O, 3'-5-
phosphorothioate; W = NH and X, Y, and Z =
O, 3'-amino-phosphoramidate; W, X, and Y =
O and Z = NH, 5’-amino-phosphoramidate; W,
X,andY = O and Z = CH,, 5’-methylenephos-
phonate; andWand Z=0Oand Xand Y = S,
phosphorodithioate. Pyrimidine or purine base
is denoted as B.

SCIENCE *

VOL. 259 + 12 MARCH 1993

ARTICLES

catalytically against many copies of a dele-
terious RNA. The utility of these deriva-
tives is clearly demonstrated in the many
potential antisense applications reported for
deoxyoligonucleotides  containing such
modifications (16—18, 20-28). In addition,
phosphorothioate analogs appear to exert
effects independent of annealing that may
be therapeutically beneficial against human
immunodeficiency virus—type 1 (HIV-1)
and herpes simplex virus (1, 16). Recently,

‘favorable pharmacokinetic studies in ani-

mals have demonstrated that phospho-
rothioate analogs are rapidly dispersed to
various tissues following uptake and
cleared, primarily through the kidney,
within acceptable time periods (29, 30).

There are, however, potential problems
with these two analogs. Because the phospho-
rothioate derivative is partially susceptible to
nucleases, the mononucleotide phospho-
rothioate degradation product could be incor-
porated into genomic DNA as it is known
that the mononucleotide a-thiotriphosphates
are substrates for DNA polymerases (31).
These mononucleotide thiophosphates could
also alter cellular metabolism by influencing
the intracellular concentration of mononucle-
otide pools. A further complication arises
because the phosphorus center is rendered
chiral by phosphorothioate or methylphos-
phonate substitutions. For a deoxyoligonucle-
otide with n singly modified internucleotide
linkages, there are 2™ sterecisomers with vari-
able biophysical and biochemical properties.
Recent attempts to overcome this problem
have focused on developing chemistries that
are either stereoselective and generate oligo-
mers enriched in one diastereomer (32, 33) or
are designed to synthesize new achiral phos-
phorus analogs.

Singly substituted, achiral phosphodies-
ter analogs can be synthesized by introduc-
ing a chemical modification at a bridging
position (W or Z in Fig. 1). Bridged deriv-
atives such as the 3’ thiol (34), 3’ and 5’
amino (35), and 5’ methylene (36) deoxy-
oligonucleotide analogs have been synthe-
sized and initially characterized. Another
approach is to replace the phosphodiester
bridge by an entirely different group. So far,
a plethora of derivatives have been con-
ceived, synthesized, and, in some cases,
characterized relative to biophysical and
biochemical properties. These include join-
ing the nucleosides or nucleoside bases
through siloxanes, methylene, carbonates,
sulfates, sulfonamides, carbamates, amine
acids, and several other linkages (20, 37)..
Although in some cases the biochemical
results with these analogs appear promising,
much work remains before their utility can
be propetly assessed. ‘

Phosphorodithioate-linked deoxyoligonucle-
otides. Our research has focused on the
development of achiral, closely related
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mimics of natural DNA. A particularly
promising derivative has a phospho-
rodithioate internucleotide bridge. Deoxy-
oligonucleotide phosphorodithioates are
DNA analogs in which the internucleotide
phosphodiester linkages have been replaced
with dithiophosphodiesters (Fig. 1) (38).
Replacement of the two nonbridging oxy-
gen atoms with sulfur leads to a novel
biopolymer that is isostructural and isopolar
to natural phosphodiester containing
DNA. Like natural DNA, it is achiral at
phosphorus, but the introduction of the two
sulfur moieties imparts useful properties to
deoxyoligonucleotides. Recent research has
demonstrated that this analog is completely
resistant to nuclease degradation (39—41)
and that oligomers bearing the modification
form stable duplexes with unmodified nu-
cleic acids (42). Importantly, dithioate
DNA directs RNase H-mediated degrada-
tion of RNA in hybrid duplexes (42). In
addition to these physicochemical and bio-
chemical properties, dithioate deoxyoligo-
cytidine analogs are active inhibitors of
HIV-1 reverse transcriptase (RT) and viral
replication (43). Further, recent results for
phosphorodithioate deoxyoligonucleotides,
which are designed as antisense agents
against viral gene expression, indicate that
they can specifically interfere with HIV-1
mRNA expression (44). Thus, the possibil-
ity that dithioate DNA oligomers may in-
terfere with viral replication at several stag-
es of the HIV-1 life cycle enhances their
therapeutic potential. The mechanism of
HIV-1 RT inhibition by deoxyoligocytidine
phosphorodithioates and a rational search
for more active inhibitors of HIV-1 RT is
further described below. Because of these
encouraging results, there have been nu-
merous synthetic efforts directed toward the
improvement of the chemistry used in syn-
thesizing this analog. The current best
method utilizes a silica-based support and
deoxynucleoside phosphorothioamidites as
synthons (45-47).

Preparation of 2'-deoxynucleoside 3'-phos-
phorothioamidites. Routine synthesis of
deoxyoligonucleotide phosphorodithioates
required the development of procedures
that yield 2’'-deoxynucleoside 3’-phospho-
rothioamidites in high yield and free of
impurities. Appropriate protection of the
sulfur moiety to reduce levels of phospho-
rothioate contamination in the polymer
products was originally achieved with the
2,4-dichlorobenzyl group (46); however,
our current method uses the B-thiobenzoyl-
ethyl, which can be removed during normal
ammonolysis (47). Phosphitylation of the
appropriately protected nucleoside was
achieved with tris(pyrrolidino) phosphine
under tetrazole catalysis to afford the bis-
(pyrrolidino) phosphite intermediate. With-
out isolation, this intermediate was con-
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verted to the phosphorothioamidite prod-
uct by treatment with monobenzoyl-
ethanedithiol and additional tetrazole. Af-
ter an aqueous work-up to remove tetrazole
and tetrazolide salts, the 2’-deoxynucleo-
side 3'-phosphorothioamidite was isolated
by precipitation from heptane in very good
yields (85 to 90%). The precipitation step
removes excess thiol and phosphines while
yielding the phosphorothioamidite syn-
thons as stable powders.

Synthesis of phosphorodithioate DNA. The
solid-phase synthesis of phosphorodithioate
DNA oligomers is similar to conventional
procedures for preparing deoxyoligonucle-
otides (48) but there are a few important
modifications (Fig. 2A). Following detrity-
lation of a 2’-deoxynucleoside linked to
controlled pore glass, the 2’-deoxynucleo-
side 3’-phosphorothioamidite synthons are
coupled to the growing oligomers on the
support by conventional tetrazole activa-

tion. The resulting thiophosphite triester is
oxidized with elemental sulfur to the de-
sired phosphorodithioate triester. Unre-
acted, support-linked 2’-deoxynucleoside is
then capped by acylation with acetic anhy-
dride, which completes the cycle for addi-
tion of one nucleotide. By using a pyrroli-
dine amide leaving group in the phospho-
rothioamidite synthon, the coupling rates
are comparable to those observed with con-
ventional 2’-deoxynucleoside 3’-diisopro-
pylphosphoramidites. With slight modifica-
tions to the standard synthesis cycles, oligo-
mers bearing both phosphodiesters and
phosphorodithioates in any combination
can be synthesized on automated DNA
synthesizers.

- Upon completion of the automated syn-
thesis, ammonolysis converts the phospho-
rodithioate triester to the corresponding
diester (Fig. 2B), removes the base-labile
protecting groups, and cleaves the deoxyo-

A Bp Bp
DMT
© Koj @ Ho1 :o i
0 (0]
3 3 g’
DMTOq O,
Wash \/_J
Coupling (?
. Po
p Rs” NR;
DMTrOq 0 B DMTrO4 o B
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° 0
S=P-SR' 0 (i) Sulfurize P-SR'
| g p
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B
W _N —
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Fig. 2. (A) Synthesis cycle allowing for the production of phosphorodithioates during automated
DNA synthesis: DMTr, dimethoxytrityl; NR,, pyrolidino; and R’, 2,4-dichlorobenzyl (46), B-cyano-
ethyl (45), or B-thiobenzoyl (47); BP is an appropriately protected purine or pyrimidine base. (B)
Deprotection mechanism of the B-thiobenzoyl sulfur protecting group during postsynthesis treat-

ment with concentrated ammonium hydroxide.
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ligonucleotide from the support. The mech-
anism by which the B-thiobenzoyl group is
removed during ammonolysis involves a
selective nucleophilic displacement similar
to that observed for the 2,4-dichlorobenzyl
group with thiophenolate. The selectivity
of this reaction yields the same low levels of
phosphorothioate contamination (2 to 5%)
seen with the 2,4-dichlorobenzyl group.
The B-thiobenzoylethyl can be considered a
protected protecting group. Ammonolysis
leads to rapid deacylation of the pendant
thiol to yield a thiolate intermediate which,
through intramolecular nucleophilic dis-

O~ T T T 1
-20 0 20 40 60

[SdC14] (nM)

c T L T T T L) T T

4 2 0 2 4 6 8 10
[SdC28] (nM)

Fig. 3. Dixon plots obtained from kinetic analy-
sis of inhibition of HIV-1 RT with respect to
primer-template (PT). Determinations of K were
similar to IDg, measurements (43) except that
[PT] was simultaneously varied at the same
time as inhibitor (49). Determination of the type
of inhibition and K, was conducted between 0.2
to 0.4 wM primer-template at constant [dNTP]
= 0.25 mM. HIV-1 RT was present at ~2 nM,
and the inhibitor concentration was varied in
the range of K. Reported values are the result
of simultaneous independent triplicate determi-
nations and carry associated errors of ~35%.
(A) Inhibition by tetradecadeoxycytidine
(82dC, ,); 1/vhas units of 1072 pM~" min pl=".
Figure symbols: O, [PT] = 0.2 uM; @, [PT] =
0.25 pM; O, [PT] = 0.3 uM; and B, [PT] = 0.4
wM. (B) Inhibition by a phosphorothioate deox-
yeytidine 28-nt oligomer (SAC,g). Figure sym-
bols: O, [PT] = 0.2 uM; @, [PT] = 0.25 uM; 0,
[PT] = 0.3 pM; and W, [PT] = 0.4 pM.
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placement, then causes elimination of eth-
ylene sulfide to give the deprotected phos-
phorodithioate.

Inhibition of HIV-1 Reverse
Transcriptase

Mechanism of inhibition of HIV-1 RT by
dithioate DNA. We previously reported that
phosphorodithioate-linked deoxyoligocyti-
dine analogs are potent inhibitors of HIV-1
RT and other prokaryotic and eukaryotic
DNA polymerases (43). To help better
understand the nature of this inhibition, a
kinetic analysis of enzyme inhibition was
conducted to determine the mechanism by
which phosphorodithioate oligomer analogs
inhibit HIV-1 RT. Dixon plots of inhibitor
concentration versus 1/v (where v is the
reaction velocity) were used at a variety of
substrate concentrations. For competitive
inhibitors, this type of analysis will result in
a family of lines all intersecting at the point
(—K;, 1/V_,), where K; is the inhibition
constant and V. is the maximum veloci-
ty. Noncompetitive inhibitors give a family
of lines intersecting at (—K;, 0) (49). This
analysis was used to determine the pattern
of inhibition with respect to primer-tem-
plate for a number of deoxyoligocytidine
analogs as well as the values for K;.

A Dixon plot obtained for dithioate
tetradecadeoxycytidine (S2dC,,) inhibi-
tion at a number of concentrations of prim-
er-template is shown in Fig. 3A. This result
clearly indicates that the oligomer is bind-
ing to HIV-1 RT in a manner that pre-
cludes binding of natural substrate, suggest-
ing a competitive mechanism of inhibition
with respect to primer-template. The re-
sulting K| value is 9.6 nM. A similar deter-
mination with a phosphorothioate deoxy-
oligocytidine of 28 nucleotides (SdC,g) is
shown in Fig. 3B. It also gives a competi-
tive pattern of inhibition with respect to
primer-template (K; = 1.8 nM), agreeing
with an earlier report of competitive inhi-

bition and a K; of 2.8 nM (50). Values of K;

Table 1. Inhibitory constants measured for a
number of dithioate deoxyoligonucleotide ana-
logs with respect to primer template. Competi-
tive inhibition was seen in each case. Inhibition
constants are from independent triplicate ex-
periments with associated errors of ~35% of
reported values.

Deoxyoligo-

nucleotide K, (nM)
S2dC,, 9.6
S2dC,q 1.3
SdC, ¢ 180
SdC,g 1.8
S2dKt, ,* 0.5
S2dKR, * 4.0

*See Table 2 for sequences of oligomers.
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determined at two different oligomer
lengths for phosphorothioate (S) and phos-
phorodithioate (S2) deoxyoligocytidine are
summarized in Table 1. Interestingly, pre-
vious observations that thioate and dithio-
ate oligomers of long lengths become more
similar in their inhibitor properties (43) is
confirmed in measurements of K;. The in-
hibitory constants measured for all of the
oligomers are quite low and indicate strong
binding to HIV-1 RT (for competitive in-
hibitors, K, is equal to the equilibrium
dissociation constant Kj).

Because HIV-1 RT is a bireactant en-
zyme, in order to complete the kinetic
analysis the pattern of inhibition with re-
spect to deoxynucleotide triphosphates
(INTPs) was determined for S2dC,, by
using a similar analysis (data not shown). In
this case, the pattern of inhibition appears
to be noncompetitive with an apparent K|
= 30 nM. The noncompetitive nature of
the inhibition with respect to this substrate
indicates that the dithioate oligomer is
binding specifically to the primer-template
active site. Although the K, value differs
somewhat from that observed for inhibition
with respect to primer-template, it is impor-
tant to remember that an observed inhibi-
tion constant in this case will be affected by
the fixed concentration of primer-template
because S2dC,, appears to inhibit the en-
zyme competitively with respect to primer-
template.

The results of the kinetic analysis sug-
gest that both thioate and dithioate deoxy-
oligocytidine inhibit HIV-1 RT by specifi-
cally binding to the active site for primer-
template, thereby precluding the binding of
the natural substrate and subsequent poly-
merization. We recently verified this obser-
vation by using a gel mobility shift assay to
directly measure binding of S2dC14 to
HIV-1 RT. The results of such an analysis
show that the oligomer binds to HIV-1 RT
with K; = 6.3 nM. The measured K value
is essentially the same (within experimental
error) as the reported K; value (Table 1)
and further indicates that phosphorodithio-
ate oligomers are competitive inhibitors
that bind to the enzyme’s active site for
primer-template.

Rational design of a potent deoxyoligonucle-
otide inhibitor of HIV-1 RT. The discovery of
more effective dithioate hetero-deoxyoligo-
nucleotide inhibitors of HIV-1 RT is com-
plicated by the sheer size of the search base.
Using the four bases normally found in
DNA, a 14-nt analog can be arranged in
~270 million combinations. An antiviral
screening of such proportions represents a
formidable task to even the most prolific
chemist. We therefore attempted to search
for potent dithioate deoxyoligonucleotide
inhibitors using a more directed approach.

In the course of the HIV-1 life cycle,
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Table 2. ID5, values measured for 3’ end lysine
tRNA oligomers, polypurine tract primer, and
lysine tRNA anticodon region analogs. Half-
inhibition values (IDg,) were measured as de-
scribed in (43). Briefly, inhibition by deoxyolig-
onucleotides of HIV RT—catalyzed repair syn-
thesis is measured on a synthetic DNA primer-
template. The results as IDg, are the nanomolar
concentration of deoxyoligonucleotide required
to inhibit repair synthesis by HIV RT (10 nM) to
50% of an uninhibited control. Values are aver-
ages of triplicate independent determinations,
the standard deviation of which is =20% of the
reported value.

Deoxyoligonucleotide (5'-3’) (Ir?,\%
S2dKt, , (CTGTTCGGGCGCCA) 4.3
S2dKt,, (TCGGGCGCCA) 30
S2dKtg (GGGCGCCA) 110
SdKt,, (CTGTTCGGGCGCCA) 99
S2dKR; 4 (GCTACGGCTCGCTG) 10
S2dPPT,,  (AAAAGAAAAGGGGG) 16
S2dKAC,, (ACTCTTAATCTGAG) 26
S2(dC,s)  (CCCCCCCCCCCCCC) 62
S(dCy5) (cceecececcecececeecccc) 1800

immediately after retroviral entry into the
host cell, RT acts to produce a DNA
version of the viral RNA genome. During
reverse transcription, HIV-1 RT uses host-
cell and viral nucleic acid sequences to
initiate the synthesis of its genome (51—
53). Because dithioate oligomers appear to
inhibit HIV-1 RT by binding to its active
site for primer-template, an examination of
dithioate analogs of primers recognized by
HIV-1 RT during the replicative cycle of
the virus might lead to the discovery of very
potent inhibitors. To this end we have
examined the inhibitory properties of a
number of oligomers that are dithioate
DNA versions of the primers used by HIV-1
RT in the course of reverse transcription. A
14-nt oligomer based on the 3’ terminal
end of human lysine tRNA (S2dKt,,),
which is complementary to the 5 end of
the viral primer binding site (PBS), was
examined because this particular primer has
such a pivotal role in reverse transcription
(51, 52). In addition, the anticodon region
of the lysine tRNA (S2dKAC,,) was exam-
ined because of reports of an interaction
between this region and HIV-1 RT (54—
56). Finally, the primer derived by HIV-1
RT’s RNase H activity in the polypurine
tract (S2dPPT,,) was constructed as it
functions in initiating viral minus strand
synthesis (57).

QOur analysis started by examining the
dithioate DNA version of the far 3’ end of
human lysine tRNA (S2dKt,, Table 2). At
n = 14 nt, we found that this oligomer was
an extremely potent HIV-1 RT inhibitor
and was 14 times as potent as S2dC,, under
identical conditions (43). The measured
median inhibitory dose (IDsg) for S2dKt,,

1568

may represent an upper limit of the oligo-
mers potency because under the assay con-
ditions (10 nM HIV-1 RT), half inhibition
occurred at 4.3 nM, suggesting a titration of
the enzyme (assuming that the HIV-1
RT:S2dKt,, binding stoichiometry is 1:1).

Two 5’ truncated versions of this se-
quence (8 and 10 nt) were also examined
(Table 2). The potency of inhibition,
which drops off with a length dependence,
supports earlier observations with dithioate-
linked deoxyoligocytidine (43). Even these
short oligomers are effective inhibitors with
the 10-nt analog being twofold more active
than S2dC,,.

A comparison with the phosphorothio-
ate version of the tRNA 14-nt analog
(SdKt,,) shows that it is also a much more
potent inhibitor than the phosphorothioate
deoxyoligocytidine of similar length (Table
2) (43). Thus this oligomer sequence causes
a large increase in inhibitory effect that is
independent of the type of phosphate mod-
ification. The increase in activity in going
from thioate to dithioate is ~30-fold for
deoxyoligocytidine, but the factor with this
sequence is ~20-fold. This difference prob-
ably reflects the fact that the ID,, measured
for S2dKt,, does not fully indicate its in-
hibitory activity.

Because S2dKt,, appeared to be such an
effective inhibitor, we anticipated that this
reflected some type of sequence-selective
interaction with HIV-1 RT. To test this
idea, another 14-nt oligomer of equivalent
base composition, but with a randomly
scrambled sequence, was constructed
(S2dKR,,, Table 2). It was also a potent
inhibitor (IDs, = 10 nM), but simply
scrambling the sequence caused the half-
inhibition value to more than double. Al-
though this result is not sufficient to prove
sequence-specific binding, it does indicate
that the sequence of the bases is important
for effective inhibition. A kinetic analysis
was undertaken to help better address the
relative efficacy of the defined and se-
quence-scrambled oligomers and is dis-
cussed below.

Interactions of HIV-1 RT with other
regions of the human lysine tRNA would
not be surprising given its role in reverse
transcription. Inhibition of HIV-1 RT by
lysine tRNA has been reported, and inter-
actions with the anticodon region have
been suggested to account for the inhibition
(55, 56). The 14-nt oligomer implicated in
this interaction was synthesized as dithioate
DNA, and its inhibitory properties were
monitored (Table 2). The measured IDs,
was the highest value obtained for any
heteropolymer examined and suggests that
base composition ‘may play an important
role in the relative efficacy of heterose-
quences. Although we find that this se-
quence is not an effective inhibitor as a
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Fig. 4. Dixon plot for inhibition of HIV-1 RT by
S2dKt, ,, with respect to primer-template. Kinet-
ics of inhibition were measured as described in
Fig. 3. Measurements of the inhibitory constant
were difficult because Dixon plots at various
substrate concentrations intersect near the
y-axis. Values for inhibition constants were
therefore verified by replotting the slope of
double reciprocal plots versus inhibitor con-
centration, which gave similar K values. The
plot is from independent triplicate experiments.
Associated errors are 35% of the reported
values. Figure symbols: O, [PT] = 0.2 pM; @,
[PT] = 0.25 pM; O, [PT] = 0.3 pM; and W, [PT]
= 0.4 pM.

dithioate analog, the naturally occurring
tRNA is highly modified in this region and
can adopt structures, which may account
for previously reported observations.

An analog of the polypurine tract primer
used by HIV-1 RT in plus strand DNA
synthesis was next examined as an HIV-1
RT inhibitor. The sequence is shown in
Table 2 along with its IDs,. This oligomer
is interesting as it consists of two homopoly-
meric stretches. It is also an effective inhib-
itor (IDs, = 16 nM) but is intermediate in
activity between other heterosequences and
homopolymers; which is what one might
expect for an oligomer of this base compo-
sition. Although S2dPPT,, does not appear
to be as effective an inhibitor as S2dKt,,, it
may prove to be a potent inhibitor of HIV-1
RT’s associated RNase H, because it is
derived from this activity during the repli-
cative cycle of the virus. Recent studies
have indicated that deoxyoligonucleotide
phosphorodithioates also strongly inhibit
HIV-1 RT’s RNase H activity (44).

Kinetics and mechanism of inhibition by
S2dKt,,. To better address the relative po-
tency of S2dKt,,, a Dixon analysis was
performed to determine the type of inhibi-
tion and an inhibitory constant. A Dixon
plot of inhibition by this oligomer at a
number of primer-template concentrations
is shown in Fig. 4. The pattern indicates
competitive binding to the active site for
primer-template (K; = 0.5 nM). A compar-



ison of inhibition constants for S2dKt,, and
S2dC,, shows that the lysine tRNA se-
quence is ~20-fold more effective (Table
1). It is also quite interesting to note that
the inhibition constant measured for
S2dKt,, establishes it as the most potent
deoxyoligonucleotide inhibitor examined,
even more effective than S2dC,z. These
kinetic results probably reflect the affinity of
S2dKt,, for HIV-1 RT but experiments that
directly measure binding to HIV-1 RT have
not been completed.

The kinetics of inhibition with S2dKR 4
(see Table 2 for sequence) were also exam-
ined to determine if scrambling the S2dKt,,
sequence would lead to a substantial differ-
ence in inhibition constants. It also inhibits
competitively with respect to primer-tem-
plate with an inhibition constant just great-
er than twofold lower than dithioate deoxy-
oligocytidine of the same length (Table 1).
Scrambling the base sequence of S2dKt,,,
reduced its efficacy by eightfold. This result
strongly suggests that the base sequence is
important for potent inhibition of HIV-1
RT. An examination of various primers
used by HIV-1 RT during reverse transcrip-
tion has led to the discovery of a number of
potent enzyme inhibitors and the elucida-
tion of a particularly effective deoxyoligo-
nucleotide based inhibitor (S2dKt.,). In
addition, this oligomer is complementary to
a conserved region of the HIV-1 genome
and could potentially exert an antisense
effect against the virus.

Discussion

Interaction of deoxyoligonucleotide phos-
phorodithioates with proteins important to
HIV-1 gene expression may be of therapeu-
tic value. Initially we were very concerned
about potential toxicity because of dithio-
ate oligomer inhibition of host cell poly-
merases. However, cell culture studies have
demonstrated very little toxicity (43). More
recent studies with primary blood cultures
indicate no toxicity at 10 M deoxyoligo-
nucleotide concentrations (44). It also does
not appear that dithioate oligomers gener-
ally bind to proteins. The introduction of
dithioate linkages into certain operator se-
quences causes the affinity for their nascent
repressors to be dramatically decreased, and
phosphorodithioate deoxyoligocytidine
does not appear to inhibit binding of lamb-
da cro protein to its operator sequence (42,
44). Further studies of the anti-HIV activ-
ity of dithioate oligomers and any toxic side
effects are necessary to fully evaluate their
therapeutic potential.

A physicochemical explanation of the
strong inhibition of HIV-1 RT by dithioate
oligomers is still lacking. From our mecha-
nistic studies of inhibition and equilibrium
binding measurements, we know that

dithioate oligomers interact with the active
site for primer-template binding, but why
do they bind to this site? Although we have
not yet directly answered this question,
insights into the physical properties of
dithioate oligomers gained in the course of
their purification and analysis has led to a
hypothesis. The behavior of dithioate
oligomers during reversed-phase high-per-
formance liquid chromatography indicates
that they are more hydrophobic than phos-
phodiesters or phosphorothioates, which is
not surprising considering the chemical
modification. Investigations of anion ex-
change chromatography of deoxyoligonu-
cleotide phosphorodithioates under condi-
tions, where reversed-phase effects should
be abated, indicate very strong ionic inter-
actions with column-linked amines. This
amphipathic behavior is probably impor-
tant to their inhibitory activity. Dithioate
oligomers also have anomalous mobilities in
native but not denaturing polyacrylamide
gels, which may indicate some structural
motif in aqueous solutions (44). Although
the mobility of dithioate deoxyoligonucle-
otides is retarded approximately one nucle-
otide relative to a phosphodiester homolog
in denaturing gels, the mobility of single-
stranded dithioate oligomers in native gels
is close to that of a duplexed oligomer of
equivalent length. We interpret this result
as being indicative of a rigid-rod—like struc-
ture or a highly defined multimer. Finally,
from our substrate studies with dithioate
deoxyoligonucleotide primers and reverse
transcriptases, we know that these oligo-
mers must be similar to phosphodiester-
containing nucleic acids because they serve
as active primer substrates when duplexed
with a phosphodiester template (44).

One can imagine that the binding site
for primer-template in HIV-1 RT probably
consists of a relatively hydrophobic cleft in
which basic amino acid side chains are
extended to electrostatically interact with
nucleic acids (58). Crystallographic studies
have shown that HIV-1 RT does appear to
have a large primer-template binding cleft
(59). Dithioate oligomer analogs appear to
be amphipathic, DNA-like rigid rods that
interact strongly with amines and would
therefore be ideally suited for binding in
such a cleft. This property may be why
dithioate oligomers interact so strongly
with HIV-1 RT and are able to inhibit
enzyme activity.

These results suggest that phospho-
rodithioate-containing deoxyoligonucleo-
tides should be further explored as DNA
therapeutic drugs. In addition to being
readily available through automated syn-
thesis protocols, these oligomers strongly
inhibit HIV-1 RT, exert an antisense effect
(44), and show very little toxicity to cells in
culture (43). Although these results are

SCIENCE ¢ VOL. 259

12 MARCH 1993

ARTICLES

encouraging, only future in vivo studies will
present a clear evaluation of their therapeu-
tic potential.
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Molecular Interactions and Hydrogen
Bond Tunneling Dynamics: Some
New Perspectives

Richard J. Saykally* and Geoffrey A. Blake

The recent development of tunable far-infrared lasers and other high-resolution spectro-
scopic probes of weakly bound clusters is having a significant impact on our understanding
of intermolecular forces and on the complex quantum tunneling dynamics that occur in
hydrogen-bonded systems. Far-infrared studies of a variety of interactions are discussed,
including several prototypical water-hydrophobe complexes, the water trimer, and the
ammonia dimer. Particular attention is paid to the inversion of spectroscopic data to yield
detailed intermolecular potential energy surfaces. Investigations of nonpairwise additivity

are also described.

The widespread use of molecular modeling
in modern science has lead to seminal
insights into the nature of complex mole-
cules and complicated chemical processes.
As all such approaches are ultimately de-
pendent on the “correctness” with which
they represent molecular interactions, this
latter subject has also received considerable
recent attention. The strongest of these
interactions, the hydrogen bond, is a highly
revered dogma of modern science, tran-
scending the boundaries of numerous disci-
plines. It is at once a structural model, an
energy constraint, and an arena for an
interesting kind of dynamics upon which a
tremendous variety of natural phenomena
depend. After many years of debate, the
origin of hydrogen bonding is now generally
understood to be primarily electrostatic, but
with significant contributions arising from
short-range charge transfer interactions.
Typical hydrogen bond strengths in neutral
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systems fall in the range from 2 to 5 kcal/
mol, whereas those involving ions are much
stronger. The preponderance of modern
research has shown that hydrogen bonds
usually adopt a nearly linear M-H--X:
arrangement between a donor bond (M—H)
and a proton acceptor (X:), typically a
Lewis base. Weaker forces (“van der Waals
interactions”) are often assumed to be less
“directional.”

It is now possible to quantitatively test
these long-held views. Classical routes to
intermolecular potential energy surfaces
(IPSs) have been augmented by powerful
new spectroscopic methods that have been
developed for investigating intermolecular
forces and intramolecular dynamics at a
vastly enhanced level of detail. The many
results accumulated from these experiments
have both dramatically enhanced our
knowledge of molecular interactions and
challenged time-honored theories and par-
adigms. For example, the microwave spec-
tra of isolated clusters seem to indicate that
some of our most basic notions of hydrogen
bonding are not observed in several impor-
tant prototypical systems (1).

In this article we describe one of the
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newest and most successful tools developed
for studying molecular interactions, tunable
far-infrared laser vibration-rotation-tunnel-
ing spectroscopy (FIR-VRTS) and we pre-
sent some of the more interesting results
that have recently been obtained with this
method. By directly measuring the intermo-
lecular vibrations of a weakly bound cluster
(the term WBC is used here to denote both
van der Waals and hydrogen-bonded com-
plexes), we can resolve rotational and nu-
clear hyperfine structure and thus access the
most sensitive measure of the IPS. These
measurements have not been possible in the
past simply because the necessary technol-
ogy did not exist. Intermolecular vibrations
typically lie in the FIR region of the elec-
tromagnetic spectrum (10 to 350 cm™}),
where high-performance light sources and
detectors have been slow to evolve. The
development of the tunable FIR laser and
the emergence of improved detector mate-
rials has now revolutionized our capabilities
in this spectral region.

In particular, by combining a tunable
FIR laser spectrometer with a planar super-
sonic jet for generating WBCs, we have
developed a very general tool for studying
molecular interactions and hydrogen bond
tunneling dynamics at an unprecedented
level of detail. The origin and early devel-
opment of FIR-VRTS have been reviewed
previously (2), as have the much more
advanced instruments currently in use in at
least four independent .laboratories (3-5).
We present a general outline of the method
in Fig. 1. Complementary results have been
obtained for literally hundreds of clusters at
both longer and shorter wavelengths. Inter-
ested readers may wish to consult recent
reviews of these subjects (6, 7).

Obtaining IPSs by Inverting
FIR-VRT Spectra

The weak forces between molecules lead to
shallow potential surfaces with a very rich and
complex topology. Intermolecular vibration-
al, rotational, and tunneling states can there-
fore become quite strongly mixed, hence our
general term of FIR-VRTS. It is vital that
states spanning the complete range of inter-
molecular coordinates be measured due to the
well-known uniqueness problem associated
with the inversion of spectroscopic data. The
VRT transitions sample particularly large re-
gions of the IPSs, and their use in the deter-
mination of potentials for simple binary sys--
tems has been recently reviewed by Cohen
and Saykally (8). The general approach de-
veloped at Berkeley for the inversion of VRT
data makes use of the collocation method for
solving the coupled channel equations that
result from expressing the Schrédinger equa-
tion in scattering coordinates. Hutson has
also recently reviewed the use of the more






