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Twenty-six PPi analogs were tested for inhibitory effects on human T-lymphotropic virus type III reverse

transcriptase. The structural requirements for inhibition and mechanism of action of the most active inhibitors
have been investigated. Foscarnet (phosphonoformic acid) was the most potent inhibitor of human T-
lymphotropic virus type III reverse transcriptase with 50% inhibition at 0.5 ,uM. The mechanism was a

noncompetitive type of inhibition of a (riboadenylic acid)n * (deoxythymidylic acid)12 18 [(rA)n(dT)12-18]-directed
transcription at varied dTTP concentration. At constant substrate (dTTP) concentration and varied amounts
of template, (rA)n(dT)12.18, the inhibitory action of foscarnet was of an uncompetitive type. The same pattern
of inhibition was seen when the less active inhibitor carbonyldiphosphonate was studied under identical
conditions. The structural requirements for inhibition of human T-lymphotropic virus type III reverse

transcriptase by PP; analogs were similar to those shown by other reverse transcriptases.

The importance of finding inhibitors of reverse transcrip-
tase has dramatically increased since the discovery of human
T-lymphotropic virus type III (HTLV-III) or lymphadenop-
athy-associated virus as the etiological agent causing ac-
quired immune deficiency syndrome (8, 10). Some inhibitors
of HTLV-Ill reverse transcriptase have been reported such
as ammonium-21-tungsto-9-antimonate (2), suramin (7),
foscarnet (11, 12) and 3'-azidothymidine (M. H. St. Clair, K.
Weinhold, C. A. Richards, D. W. Barry, and P. A. Furman,
Program Abstr. 25th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. no. 439, 1985). In the case of suramin the
inhibition seems to be unspecific and due to a general protein
binding (1).
The inhibitors of HTLV-III reverse transcriptase

foscarnet, ammonium-21-tungsto-9-antimonate, and 3'-
azidothymidine also have been inhibitory to HTLV-III mul-
tiplication in cell cultures. The clinical evaluation of these
inhibitors is ongoing, but no conclusive results are available
yet.
The severity of the acquired immune deficiency syndrome

situation makes it necessary to search for and evaluate
inhibitors of HTLV-III and potentially useful inhibitors are
those acting on the reverse transcriptase. In this report we
describe the structure-activity relationship for PPi analogs
tested for activity against HTLV-III reverse transcriptase.
We have also investigated the mechanism of action for two
of the most active inhibitors.

MATERIALS AND METHODS

Chemicals. The deoxynucleotide triphosphates were from
Sigma Chemical Co., St. Louis, Mo. [3H]dTTP and [3H]GTP
were purchased from New England Nuclear Corp., Boston,
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Mass. (Riboadenylic acid)n (deoxythymidylic acid)12 18
[(rA)n(dT)1218], (ribocytidylic acid)n, (deoxyguanylic
acid)12 18 [(rC)n(dG)1218], and (deoxycytidylic
acid)n, (deoxyguanylic acid)12 18 [(dC)n(dG)12 18] were from
Collaborative Research, Inc., Waltham, Mass.

PP; analogs. PP, (I), glycolic acid (XVI), and oxalic acid
(XVII) were from E. Merck, Darmstadt, Federal Republic of
Germany. Imidodiphosphate (X) and ao-hydroxyl phos-
phonoacetic acid (XXIII) were from Sigma. Disodium eth-
ane-1-hydroxy-1,1-diphosphonate (V) was a gift from The
Procter & Gamble Co., Cincinatii, Ohio. Methane-
fluorodiphosphonate (VI), methanedifluorodiphosphonate
(VII), ox-fluoro phosphonoacetic acid (XXIV), and xa-
difluoro phosphonoacetic acid (XXV) were kindly given by
M. Blackburn, The University, Sheffield, United Kingdom.
Methanedibromodiphosphonate (VIII) and methanedichlo-
rodiphosphonate (IX) were kindly given by D. Hutchinson,
University of Warwick, Coventry, United Kingdom. 2-
Hydroxy-2-phosphonopropionic acid (XXI) was synthesized
by the method of H. Blum and K. H. Worms (German patent
2, 310, 450). Methanediphosphonate (II) tetrasodium
carbonyldiphosphonate (III), disodium methanehydroxy-
diphosphonate (IV), phosphonoacetamide (XX), disodium
hypophosphate (XI), trisodium phosphonoformate
(foscarnet; XII), methyl disodium oxycarbonylphosphonate
(XIII), disodium ethoxycarbonylphosphonate (XIV), phos-
phonoacetic acid (XVIII), 2-phosphonopropionic acid
(XIX), and 3-phosphonopropionic acid (XXVI) were synthe-
sized at the Department of Antiviral Chemotherapy at Astra
Lakemedel AB as previously described (3). Data on 2-
phosphonovaleric acid (XXII) and methylphosphinoformic
acid (XV) will be published separately (Johansson et al.,
manuscript in preparation).
Enzyme. Tissue culture medium from U937p/HTLV-IIIB

cells, first clarified at low-speed centrifugation, was centri-
fuged at 132,000 x g for 30 min. The sedimented virus was
disrupted in 33 mM Tris hydrochloride (pH 8.0), 533 mM
KCl, 2.5 mM dithiothreitol, and 0.33% Triton X-100 and
stored in working samples at -70°C until use. These prepa-



TABLE 1. Effects of diphosphonates on HTLV-III reverse
transcriptase activity

Conc.(pAgng50%inhbkion
Compound (rA)dCff12-18 (rC).(dG)12-18 (CIC).(dG)12-18

TABLE 2. Effects of compounds containing phosphono and
carboxylic groups on HTLV-III reverse transcriptase

Conc.(pM)gMing50% inhbftbn

Compound (rMOd12-18 (rC)n(dG)12-18 (dC)n(dG)12-1
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rations were kindly done by E.-M. Fenyo and B. Asjo,
Karolinska Institute, Stockholm.
Reverse transcriptase assay. The 100-,uwl reaction mixture

contained 50 mM Tris hydrochloride (pH 8.0), 50 mM KCI,
4 mM dithiothreitol, 6 mM M9Cl2, 100 ,ug of bovine serum
albumin fraction V, 1 ,ug of synthetic template-primer, the
indicated concentration of [3H]dTTP (0.6 to 40 ,uM; specific
activity, 1,100 to 18,000 cpm/pmol) or [3H]dGTP (0.05 to 4
,u"M; specific activity, 6,000 cpm/pmol), and 10 ,ulI of enzyme
preparation. Standard inhibition assays were performed with
10 ,uM dTTP.

After incubation at 37°C for 30 min, 40 ,ul of reaction
mixture (in duplicate) was spotted on paper disks (Munktell
no. 5; 24 mm) and washed four times in ice-cold 5%
trichloroacetic acid-0.02 M sodium PPi and three times in
ethanol. The dried paper disks were counted in 3 ml of
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Econofluor scintillation solution. At saturation with respect
to (rA)n(dT)12 18 and dTTP, 10 ,ul of the enzyme preparation
incorporated 20 pmol of dTMP in 30 min at 37°C.

RESULTS
Inhibition of HTLV-III reverse transcriptase with PP;

analogs. Table 1 gives the concentrations of various
diphosphonates causing a 50% inhibition of HTLV-III re-
verse transcriptase activity. Compounds inhibiting the
(rA)n(dT)12 18-directed transcription were also tested for ef-
fect with (rC)n(dG)12 18-and (dC)n(dG)12 18-directed dGTP in-
corporation.

TABLE 3. Comparison of inhibitory PPi analogs tested on
reverse transcriptases from HTLV-III and avian

myeloblastosis virus (AMV)

Compound
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a Data are taken from Eriksson et al. (5).
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FIG. 1. Inhibition of HTLV-III reverse transcriptase by

foscarnet and carbonyldiphosphonate with (rA).(dT)12-18 as the
template-primer and dTTP as the variable substrate. (A) Foscarnet:
(0) 0 ,uM, (0) 0.4 ,uM, (A) 0.8 ,uM, and (A) 1.6 ,uM. (B)
Carbonyldiphosphonate: (0) 0 ,uM, (0) 3 ,uM, (A) 9 ,uM, and (A) 45
,uM. Conditions and assay procedure were as described in Materials
and Methods.

PPi (I) showed 50% inhibition at 500 ,uM; placing a
carbonyl group, but not a methylene group, between the two
phosphate groups raised the inhibitory potential dramati-
cally. Carbonyldiphosphonate (III) inhibited the reverse
transcriptase activity by 50% at 4 p.M. The other
methanediphosphonates (II, V through X) were not inhibi-
tory at 500 p.M with the exception of one compound,
methanehydroxydiphosphonate (IV), which had an inhibi-
tory capacity at the same level as PPi (I). Hypophosphate
(XI) was also found to inhibit reverse transcriptase at a
rather low concentration.
The reaction with (rA)n(dT)12 18 was more sensitive to

inhibition by carbonyldiphosphonate than the reactions uti-
lizing (rC)n(dG)12 12 or (dC)n(dG)12.12 as template-primers.

Table 2 gives the results with compounds containing both
phosphono and carboxylic groups as inhibitors of HTLV-III
reverse transcriptase activity. Foscarnet (XII) was the most
potent inhibitor of transcription for all template-primers
tested, although the (dC)n(dG)1218-directed synthesis re-
quired a 200 times higher concentration for 50% inhibition
than did the (rA),(dT)12 18-directed reaction. Esterification of
phosphono and carbonyl groups, respectively, (XIII) and
(XIV), resulted in a reduction of inhibiting activity for both
compounds. The slight activity remaining for (XIV) could be
explained by trace amounts of foscarnet (XII) as impurity in
the dissolved compound. Replacing one hydroxyl in the
phosphono group of foscarnet with a methyl gave a structure

1.6 pM

i0.8 pM

* 0.4 pM

0PM
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TABLE 4. Inhibition of reverse transcriptase activity by 100 ,uM foscarnet

Per cent inhibiion

Rauchr Human
Avian myslo- murine Bovine T-lympho-
blatosis leukemia leukemia Visna tropic

Template/Primer virus* virus* virus* virus* virus type Il

(rA)n (dT)121. 96 96 88 90 >99

(;C)n (dG)1218 2 97 82 92 75

(dC), (dGh2-1. 44 84 14 93 47
* Data are taken from Sundquist and Oberg (14) and Sundquist and Lamer

(13).
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FIG. 2. Inhibition of HTLV-III reverse transcriptase by foscarnet and carbonyldiphosphonate with dTTP as the substrate and

(rA),(dT)12-18 as the variable template-primer. (A) Foscarnet: (0) 0 ,uM, (0) 0.4 p.M, (A) 0.8 ,uM, and (A) 1.6 ,uM. (B) Carbonyldiphosphonate:
(0) 0 ,uM, (0) 3 ,uM, (A) 9 ,uM, and (A) 45 ,uM. Conditions and assay procedure were as described in Materials and Methods.
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that still had some inhibiting activity (50% inhibition at 100
,uM). When the entire phosphono group was replaced by a
carboxyl as in oxalic acid (XVII) the same inhibitory activity
was seen. A longer distance between the phosphono and
carboxyl group represented by phosphonoacetic acid
(XVIII) and 3-phosphonopropionic acid (XXVI) resulted in
complete loss of inhibitory effect up to 500 jxM. Several
substituted phosphonoacetic compounds (XIX, XXI through
XXV) were tested, and only one structure had measurable
effect. a-Hydroxy phosphonoacetic acid (XXIII) reduced
the (rA) (dT)12-18-directed transcription by 50% at 66 ,uM and
showed the same template dependence for inhibition as
foscarnet (XII).
Mechanism of inhibition of HTLV-III reverse transcriptase

by foscarnet and carbonyldiphosphonate. We studied the two
most potent inhibitors, foscarnet and carbonyldiphosphon-
ate, kinetically to elucidate their mnode of action on HTLV-
III reverse transcriptase. Double-reciprocal plots showed a
noncompetitive inhibition for both compounds when
(rA)n(dT)12 18 was used as the template-primer and dTTP was
used as the variable substrate (Fig. 1). This indicates that
neither foscarnet nor carbonyldiphosphonate interacts at the
binding site for deoxyribotriphosphates on the enzyme. The
Michaelis-Menten constant (Kin) and inhibition constant (K,)
were calculated from these double-reciprocal plots. Under
the reaction conditions used, Km for dTTP was 5 ,uM, and
Kis for foscarnet and carbonyldiphosphonate were calcu-
lated to be 0.4 and 9 ,uM, respectively.
When the amount of (rA)n(dT)12 18 was varied and the

dTTP concentration was held constant, the type of inhibition
for both foscarnet and carbonyldiphosphate was uncompeti-
tive. With a Km of 0.15 ,ug/ml the calculated values of Ki
were 2 and 36 ,uM, respectively. The uncompetitive mnode of
action for the two compounds indicates that the binding of
the template-primer to the enzyme is not affected.

DISCUSSION

The structure-activity relationship for activity of PP1 ana-
logs against HTLV-III reverse transcriptase (Tables 1 and 2)
shows similarities to the effects on other reverse trans-
criptases (4, 19). In all cases, foscarnet has been the most
active inhibitor. The 50% inhibition observed here at 0.5 ,uM
foscarnet is intermediate between the values reported for
HTLV-III by Sandstrom et al. (11), 0.1 ,uM, and Sarin et al.
(12), 2 ,uM. It seems likely that minor differences in assay
conditions or enzyme preparation could explain these differ-
ences. Carbonyldiphosphonate (III) showed a better inhibi-
tion of HTLV-III reverse transcriptase than the earlier
reported inhibition for avian myeloblastosis virus reverse
transcriptase, 4 versus 200 ,uM for 50% inhibition (5).
a-Hydroxy phosphonoacetic acid (XXIII) also had a better
inhibitory effect against HTLV-III reverse transcriptase than
against the avian myeloblastosis virus enzyme, 66 versus 500
,uM (5). A comparison between the inhibition patterns of
HTLV-III and avian myeloblastosis virus reverse
transcriptases is shown in Table 3.
The influence of template-primer on the inhibition of

HTLV-III reverse transcriptase by foscarnet has similarities
to the pattern shown by bovine leukemia virus reverse
transcriptase, but is less similar to the effect on visnavirus
reverse transcriptase (Table 4). This is somewhat unex-
pected, considering the close relationship between
visnavirus and HTLV-III (6). The reason for the template-
primer dependence for inhibition by foscarnet (Table 4) is
not understood.

The mechanism of action offoscarnet and carbonyldiphos-
phonate was a noncompetitive inhibition with regard to
dTTP and an uncompetitive inhibition with respect to tem-
plate primer (Fig. 1 and 2). This is in agreement with
previous results with reverse transcriptase from avian
myleloblastosis virus (5). In contrast to this type of inhibi-
tion, the activity of 3'-azidothymidine triphosphate is com-
petitive to dTTP (St. Clair, et al., ICAAC), and the activity
of ammonium-21-tungsto-9-antimonate is competitive to
template-primer (2). These differences might be of impor-
tance, and combinations could be used to prevent resistance
development or to obtain synergistic effects.
The use of reverse transcriptase inhibitors against HTLV-

III infections are expected to prevent the infection of new
cells, when reverse transcriptase is required, but not to
eliminate virus from infected cells, where synthesis of viral
RNA is catried out by cellular enzymes. To have any
permanent clinical use against HTLV-III infections it will
thus not be enough to inhibit the reverse transcriptase, but
the treatment must also result in the elimination of infected
cells. It seems likely that this can only be achieved by the
use of combinations of inhibitors of reverse transcriptase
and other drugs.
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