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ABSTRACT

Two water-soluble fullerene derivatives have been computer-designed and synthesized. They may exhibit interesting anti-HIV activity owing
to the presence of two ammonium groups strategically located on the spheroid surface.

The identification and characterization of novel inhibitors the [60]fullerene spheroid can be almost perfectly accom-
of HIV PR, a key enzyme of the human immunodeficiency modated inside the active site. If the hydrophobic interactions
virus 1, is a main goal in the development of new anti-AIDS are sufficiently strong, these compounds can serve as
drugs. HIV PR is an aspartic protease that cleaves viral reversible inhibitors. In vitro studies, performed using a
polyproteins and is essential in the maturation of HIV water-soluble fullerene derivative (Figure 1), confirmed that
particlest

The active site of the HIV PR is an open-ended cylindrical
hydrophobic cavity, with a diameter of about 10 A for the 0
central spherical extension. Inside the cavity, two amino acid Ho«_»

NH

residues, aspartate 25 and aspartate 125, catalyze the hydrol-
ysis of the substrate. Inhibition of the aspartate activity may o
possibly lead to suppression of protein slicing and, as a
consequence, to cessation of the entire replicative viral cycle.

In 1993, Wudl, Friedman, and co-workers proposed
[60]fullerene as an HIV protease inhibitd?.On the basis
of molecular modeling, they were the first to recognize that
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inhibition of acutely and chronically affected peripheral blood cage. Figure 2 shows the PM3-minimized structure of the
mononuclear cells (PBMC) indeed occurred with ansgC  simplest compound of the seriegaj), which confirms that
of 7 uM. the spatial arrangements of the two ammonium groups are
The main mechanism of action of these derivatives is very similar to those of compount
supposedly produced only by hydrophobic interactions. Since In fact, structure2a has a nitrogen—nitrogen distance
then, many groups have confirmed the validity of this between the two ammonium groups of 5.1 A, whereas the
approach, synthesizing different fullerene structures and same distance in compourds 5.5 A (Figure 2).
obtaining analogous biological responéés. In addition, whereas the ammonium saltsliare rigidly
To increase the anti-HIV PR activity of fullerenes, in their locked on the surface of the fullerene spheroid2énb the
original contribution, Friedman et al. suggested that fuller- same groups have a certain degree of freedom, which should
ene derivatization at specific positions with groups that may in principle allow them to efficiently interact with the two
give electrostatic and/or hydrogen bond interactions with Asp HIV PR aspartates through electrostatic and/or hydrogen
25 and Asp 125 should increase the binding constant by bond interactions.
several orders of magnitude. The proposed molecule is the The general synthetic approach to compouddsshown
diamino compoundl, whose PM3-minimized structure is in Scheme £:°
reported in Figure 2 (nitrogen atoms are blue). As the same

Scheme 1
0]
RNHCH,COOH + BocHN._H._ NHBoc
3a-b 4
Toluene, A
Ceo

Figure 2. PM3-minimized structures of compountisand 2.

authors pointed out, the synthesis of compoung@oses
serious practical problems. In fact, even though the control
of multiple additions to [60]fullerene has reached a high
degree of sophisticatidiy, the placement of two amino

groups directly attached to the carbon cage in two well- 1,3-Dipolar cycloadditions of azomethine ylides to
defined spatial positions would still be an insurmountable [60]fullerene, starting from glycine3a,b'® and bis-protected
task. diamino ketone4,*! led to reasonable yields (20—25%) of

In this paper we present the synthesis of novel fullerene monoadduct§ap, which were characterized by all standard
derivatives that possess ammonium groups strategicallySpectroscopic means along with microanalysis.
positioned on the fullerene spheroid that fulfill the require- It is interesting to note that in thid NMR spectrum of
ment of potentially interacting with HIV PR aspartates but 5athe two methylene groups are identical, but each meth-
avoiding the direct regioselective bis-addition to the carbon ylene has two magnetically nonequivalent protons, giving
rise to an AB quartet= 14.5 Hz). This is probably due to
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Treatment obab with excess trifluoroacetic or hydrochloric  isolated inhibitor)t> Both mono- and diprotonated states in
acid gave rise to the corresponding bis-s&l&sb. Com- 2a,b, i.e., (NH*, NH,) and (NH*, NH3™) were modeled.
pounds2a,b were characterized by electrospray mass spec- The results, reported in Table 1, show that substatbas
troscopy (ES-MS). The ES-MS spectrum 24, taken in
THF—MeOH, shows MH at m/z 836 (relative intensity _

0, 2+ I 1 i 0, 1
igt?N/g)e?lnt%gﬂsg tv\?é Alfalezl.lfs(rsetlr?)t::gelym(;i;?r%g f))r){ :;\heer:]a‘:l(;)iumTable 1. Stabiligation Energies qf HIV PR InhibitoE{empiey

. . As Compared with HIVP-g (AE) in kcal/mol

used for the experiments. In neutral solutions, Mpeak
(at 836) is preponderant, whereas the ¥tHpeak (at 418.5) HIVP-— HIVP- HIVP- HIVP-  HIVP-
prevails in acidic solutions. This might imply that, in neutral Ceo 2a(2f) 2a(f) 2b2+) 2b(AH)
physiological media, compoundscould exist as a singly Ecomplex ~—1025 —121.2  —1215 —127.9 —1346
positively charged species. On the other hand, the HIV PR AE 0.0 —18.7 —19.0 —25.4 —321
ionization state of the two aspartates 25 and 125 is a critical
issue in the design of protease inhibitors, but this important
parameter is expected to vary depending on the nature Ofmarkedly improved blndlng characteristics as Compared to
the inhibitor as well as the water content inside the that of unmodified fullerene 63 The relative Complexation

cavity12-14 energy is approximately-32 kcal/mol (in the case of

In the solid, elemental analysis accounts for two tri- monoprotonation) and about25 kcal/mol if both the amine
fluoroacetate groups i2b. Calcd for GsHi70:NsFs: C, 75.3; groups are protonated. Greater stabilization in the former case
H 228 N 3.51. Found: C. 75.6' H. 2.26' N. 3.57. is due to better H-bond interactions between the neutral

COOH aspartic group with neutral NHather than the
positively charged Nkt group. Increased stabilization of
2b as compared to2a is probably due to stabilizing
interactions of the oligoethylene oxide chain 2t with
nearby moieties of HIV PR.

Figure 4 focuses on the active site of the complex,
emphasizing the presence of hydrogen bonds between

To ascertain the binding ability of these new derivatives
to the cavity of HIV PR, modeling studies have been
performed, using the Discover (Biosym/MSI) program with
cuff force field. Figure 3 shows the accommodation of

Figure 3. Computer-designed accommodation of potential inhibitor
2ain the cavity of HIV PR.

compoundainside the cavity of HIV PR. The complexation

energies of HIV PR with derivative?a,bwere evaluated as ~ Figure 4. Closer view of the+(H|V PR2a complex, showing the

differences between the energy of the optimized complexesH-Pond between Nktor NH;™ groups with Asp 25 and 125.

(HIV PR)-2a or (HIV PR)-2b or (HIV PR)-Cs, minus the

energies of the free components (isolated enzyme plus . _ .
aspartatic/aspartate and amine/ammonium groups. Of course,
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to t(fiiBS)ilgsueci il deling of HIV PR with various infibit The solubility in aqueous solvents was checked by
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2a,b have a maximum concentration on the order of%10 (ltaly, cofin prot. n. 9803194198). We thank Mr. Paolo
M. The solubility did not change much with pH. A slight Braiuca for help in editing Figures 3 and 4. Dedicated to
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not as much as expected for a fully diprotonated species,in recognition of his fundamental contributions to this
probably due to salt effects. Biological tests are currently

; . research area.
underway and will be reported in due course.
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