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Abstract - Simple dipeptides incorporating phosphonamidate and phosphonamidate ester isosteres for the scissile peptide bond
are modest inhibitors of the HIV-1 protease. Their synthesis and inhibition studies arc described.

The human immunodeficiency virus type-1 protease (HIV-1 PR) is a member of the family of
aspartyl retroviral proteases and plays an essential role in viral replication.! It is widely recognized as
a potential target for chemotherapy of the acquired immunodeficiency syndrome (AIDS).2 One strategy
to inhibit the mature HIV protease, and aspartyl proteases in general, has been based on the replacement
of the scissile peptide bond at the substrates cleavage site with nonhydrolyzable transition-state analogue
moieties.>

We recently began investigating phosphonamidates as a new class of inhibitors of aspartyl proteases,
in particular the HIV protease. Phosphonamidates have been very effective inhibitors of
metalloproteases (carboxypeptidase A, thermolysin);* however, because of their instability under acidic
conditions, they have not been regarded as possible aspartyl protease inhibitors. Hence, the more stable
tetrahedral phosphinates/phosphonates have been utilized® Because of the importance of hydrogen
bonding in enzyme-inhibitor interactions®, it might be advantageous to substitute a stable form of the
phosphonamidate for the scissile amide moiety to be cleaved. Consequently, we have begun to evaluate
a series of phosphonamidates for their ability to inhibit HIV-1 PR.

Our strategy was to utilize what we term a "capped” phosphonamidate (phosphonamidate ester) to
bridge the gap between simple phosphinates and the more sophisticated, yet pH sensitive,
phosphonamidates. Figure 1 depicts the structure of this compound. The desirable features of this
scissile bond replacement are that (1) it retains the nitrogen atom as an important recognition element
of the scissile amide bond and depending on the R’ amino acid, an extra hydrogen bond, (2) the
methylated phosphonamidate is not susceptible to acid hydrolysis, and (3) there is no overall charge
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carried within this isosteric replacement, which may facilitate entry into the cell. Below, we elaborate

upon these features and describe our preliminary results.

_——CHg

Figure 1. General structure of phosphonamidate esters, R, and R;.
represent amino acids.

Various investigators have sought to identify the target sites for the retroviral proteases’. For the
HIV-1 PR, what emerged was a general preference for the P;-P,’ positions to be hydrophobic residues.
This provided a platform from which small synthetic oligopeptides could be constructed to form the basis
of several in vitro assays for HIV-1 PR activity.® In addition, these peptides can serve as models for the
design of potential inhibitors. Therefore, our plan was to test simple hydrophobic side chains at the P,
and P’ positions with the phosphonamidate moiety substituting for the scissile peptide bond. This
appears somewhat naive because phosphonamidates are extremely unstable within an acidic environment
where aspartyl proteases would exhibit optimum activity. However, because phosphonamidates have
never been reported as aspartyl protease inhibitors, it seemed reasonable to examine this well known
isosteric replacement, as a first approximation, provided a suitable enzymatic assay was available.

Expedient synthesis of the phosphonamidates 3 and 4 is shown in Scheme I°. The critical
intermediate needed in obtaining either compound is phosphonate 1'°. The amino terminus in 1 is
protected with a trifluoroacetyl moiety for synthetic convenience. Dimethoxyphosphonate 1 is converted
to dibenzylphosphonate 2. This step, while formally extending the synthesis, provides a functional group
which can be removed efficiently under mild conditions without enlisting a final chromatographic

purification step.
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*(a) TMSBr/CH,C1,/40°C, 3h., 94%; (b) oxalyl chloride, neat, 45°C, 18h,;
(c) benzyl alcohol (2 eq.), Et;N (3 eq.), CH,Cl,, 2h., 60%; (d) PCl, (1.5 eq.)
CHCl,, 44°C, 18h.; (¢) Phe-OCH; HCI (2 eq.), ELN (3 eq.), 18h R.T., 60%
(D) Hy/Pd-C, 1.25 eq. NaHCO,/MeOH, 1h,, 95%:; (g) NHyMeOH 0°C~~ R.T,
sealed vessel, 48h. 92%; (h) Pro-OCH, ( 3 eq ). Bt;N ( 4 eq.), 18h., R.T., 55%;
(i) NHyMeOH, 0°C—= R.T., 48H. sealed vessel, 80%:; () H,/Pd-C, 1.25 eq
NaHCO,, 1h, 98%.

The enzymatic assay chosen to investigate the inhibitory activity of phosphonamidates 3 and 4 was
based on the continuous fluorometric assay originally developed by Toth and Marshall"* which utilizes
chemically synthetic HIV protease’. Under the assay conditions used'?, the acid labile phosphonates 3
and 4 were reasonably stable (t,, of 3 and 4, 30 hrs and S hrs respectively), thus allowing accurate
determination of their IC;, and K values. The results (Table 1) indicated that the simple dipeptide
phosphonamidate isosteres 3 and 4 can be effective inhibitors of the HIV-1 PR. We next turned our
attention to stabilizing this moiety, if such compounds were to be effective for long periods of time under
acidic conditions.

Simple monomethyl alkylation of the phosphonamidate moiety provided the necessary stabilizing
element. We synthesized 5 and 6, the "capped" versions of compounds 3 and 4, respectively (Scheme II).
Both 5 and 6 were prepared similarly to 3 and 4 using 1 as a common intermediate; however, their
synthesis is greatly simplified by the fact that phosphonamidate ester deprotection is not required. These
phosphonamidates were stable (less than 2% decomposition) over a period of one week at pH 3.5 (50
mM NaOAc, 23°C).
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Scheme 11"
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Our findings (Table 1) demonstrated that the phosphonamidate methyl esters 5 and 6 retained

comparable, albeit modest, potency to their "uncapped” counterparts 3 and 4. It is interesting to compare

this to inhibition of the metalloprotease ACE, where metal coordination is implicated, by unalkylated
and alkylated (i.e.-OET) phosphonamidates. Here, the latter show a 700 to 4000-fold increase in K
values. We also found that there was very little difference in potency between the inhibitors studied (i.e.,
Phe-Phe vs. Phe-Pro)(Table 1). This in contrast to findings by Grobelny and Galardy in which they
utilized phosphinic acid isosteres to inhibit HIV-1 PR.>* They presented data which suggested the P,-P,’
position was very sensitive to change. A replacement of BZ-Phe-y{PO, CH,]Phe-Val-Val-NH, with BZ-
Phe-y[PO, CH,] Pro-Val-Val-NH, increased K by a factor of 6500-fold. Variance amongst these findings

and ours may be the result of a different mode of binding of our inhibitors, future studies should shed

light on these differences.

Table 1. Inhibition Constants for HIV Protease Inhibitors®

No. ICs, (uM) K (uM)™
3 105.0 +/-28.8 45.0
4 1213 +/-10.8 52.0
5 184.0 +/-11.0 80.0
6 102.7 + /- 6.7 44.0
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Potent inhibitors of aspartic proteinases™® have been designed by application of the transition-state
analogue hypothesis™ or through modification of naturally occurring aspartic proteinase inhibitors®. In
all cases, the most potent aspartic proteinase inhibitors contain a hydroxyl group or phosphinate moiety
that binds to the catalytic aspartic acid carboxyl groups in the enzyme inhibitor complex. These inhibitors
are thought to mimic a reaction pathway intermediate for enzyme-catalyzed hydrolysis of amide bonds

and analogues that lack either the critical hydroxyl or phosphinate group are weaker inhibitors by several

16,5a,17

orders of magnitude . We have shown that a tetrahedral phosphonamidate moiety can inhibit the

HIV-1PR. Yet, unexpected in light of traditional transition-state structure dogma, we have found that
the phosphonamidate need not be in the form $[PO, NH] to be a protease inhibitor. Hence, while the
tetrahedral geometry at the phosphorus atom is likely still of significance, its anionic charge may be of
lesser importance'®,

Our future endeavors will be directed towards obtaining a therapeutically useful HIV-1 PR

inhibitor. One strategy would be to extend either/both the C or N-terminus with amino acid residues

3ab

or amino acid substitutes. Another approach to increase potency would be to obtain § and 6 in

stereoisomerically pure form. Such studies should be helpful in designing phosphonamidate esters for
the inhibition of other aspartyl proteases and might elucidate principles essential to the mechanism of
action of these enzymes.
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The enzyme assay has been described (reference 12) and is based on the spectrofluorometric assay
of Toth and Marshall"' using synthetic HIV protease’ with the chief modification being that the
assay buffer used was 100mM MES, pH 6.5. 10mM stock solutions of the inhibitors and substrate,
2-aminobenzoyl-Thr-lle-Nle-(p-nitroPhe)-Glin-Arg-amide) were preparedinDMSO, withsubsequent
dilutions in buffer. Assays were performed in a 8X12 black microtitre plate (ICN-Flow
Laboratories) with five concentrations of inhibitor (S0uM-250uM) plus controls being tested in
quadruplicate. Preincubation of enzyme plus inhibitor was performed at 37°C for 15 min. in a total
volume per well of 180ul. The enzyme-catalyzed reaction was initiated by the addition of 20u1 of
500uM substrate to give an assay concentration of S0uM. The K, for the substrate under these
assay conditions was 37.5 +/-5.0 pM. The reaction was left to proceed at 37°C for 3 min. then
stopped by the addition of 100u! of 6.0 M guanidine HCl in buffer. The amount of protease in the
assay was adjusted to produce < 10% cleavage of the substrate in 5 min. The plates were read in
a Fluoroskan Il fluorescent microtitre plate reader (ICN-Flow Laboratories). The fluorescence
reading of the blanks (no cleavage) was typically 22.0 +/-2.0 at pH 6.5, with the control readings
generally in the range 29.0-33.0. IC, values for the inhibitors were calculated using a semi-
automated Dixon plot calculation using the Microsoft Works spreadsheet.

"Estimated by Dixon analysis only, K, = apparent inhibition constant.



