7132 J. Med. Chem. 2009, 52, 7132-7141
DOI: 10.1021/jm9011388

Design of HIV Protease Inhibitors Based on Inorganic Polyhedral Metallacarboranes
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HIV protease (HIV PR) is a primary target for anti-HIV drug design. We have previously identified and
characterized substituted metallacarboranes as a new class of HIV protease inhibitors. In a structure-
guided drug design effort, we connected the two cobalt bis(dicarbollide) clusters with a linker
to substituted ammonium group and obtained a set of compounds based on a lead formula
[HoN-(8-(C,H40),-1,2-C5BgH 1 9)(17,2'-C5,BgH 1 1)-3,3'-Co),]Na. We explored inhibition properties of
these compounds with various substitutions, determined the HIV PR:inhibitor crystal structure, and
computationally explored the conformational space of the linker. Our results prove the capacity of
linker-substituted dual-cage cobalt bis(dicarbollides) as lead compounds for design of more potent

inhibitors of HIV PR.

Introduction

The human immunodeficiency virus protease (HIV PR),
an enzyme belonging to the aspartic protease family, is
responsible for cleavage of the Gag and Gag-Pol polypro-
tein precursors necessary for production of infectious viral
particles.! Since the demonstration that HIV PR plays an
essential role in the HIV replication cycle, this enzyme has
become one of the primary targets for antiviral drug design
leading to the development of hundreds of inhibitory
compounds. Nine of these are currently FDA-approved
for clinical use and several others are in the pipeline of
pharmaceutical companies (reviewed in ref 2). All
FDA-approved drugs represent competitive inhibitors
that occupy the enzyme active site and share a similar
structural scaffold mimicking the peptide substrate. The
major problem that limits the therapeutic efficiency of
protease inhibitors (PIs) is drug resistance caused by ex-
tensive mutations in PR.> Development of new inhi-
bitors acting by an alternative mode of inhibition and
capable of inhibiting multidrug resistant species is thus
essential for the sustained successful treatment of HIV-
positive patients.

In our search for novel structural types of unconventional
chemical compounds, we have recently identified a group of
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inorganic carbon/boron (carborane) cluster complexes,
namely cobalt bis(dicarbollides), as promising frameworks
for nonpeptide PIs.* These clusters form icosahedral sandwich
complexes of two icosahedral C>BoH, ;> dicarbollide cages
and a central Co’" jon.’ (Metalla)carborane compounds
show remarkable stability originating from delocalized bond-
ing within their triangular boron facets and over the whole
cage, a phenomenon referred to as three-dimensional aroma-
ticity.®’ The use of boron clusters as hydrophobic pharma-
cophores have lately been gaining in importance (reviewed in
refs 8.,9). Specifically, various carboranes were introduced for
use in boron neutron capture therapy,” '! radioimmunodetec-
tion, and radioimmunotherapy.'*!'? Other biologically active
carborane derivatives include carborane-based insect neuro-
peptides, antineoplastic and cytotoxic agents, estrogen
agonists and antagonists, retinoids, protein kinase C modu-
lators, and others.’

We have shown in our previous works that substituted
cobalt bis(dicarbollides) are specific inhibitors of HIV PR*
and also effective inhibitors of HIV-1 PR variants resistant to
clinical inhibitors.'* The tested compounds showed little
toxicity in tissue culture and exhibited substantial chemical
and biological stability. The crystal structure of the parent
cluster, cobalt bis(1,2-dicarbollide) ion in complex with wild-
type HIV-1 PR, revealed a unique binding mode. Two
inhibitor molecules occupied in a nonsymmetrical manner
symmetric hydrophobic pockets in the flap-proximal region
of the S3 and S3' subsites of the enzyme active site.* In a
structure-guided drug design effort, we connected the two
parent clusters with a linker to yield compounds with sig-
nificantly increased inhibitory potency toward HIV-1 PR.

In this work, we have designed and synthesized a set
of compounds set of double (triple) cluster compounds

© 2009 American Chemical Society
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Scheme 1. Synthetic Method Used for Construction of the
Anionic Molecules 1—10¢

8-dioxane-1 i) 15

1-10
“(i) Toluene:ethyleneglycol dimethyl ether (DME) 4:1, 60 °C, 4 h;
(ii) NaH, toluene: DME 4: 1, (iii) 8-dioxane-1, room temperature.

(Table 1 and Scheme 1) of general formulation ['R’RN-
(8-(C2H4O)2-1,2-C2B9H|0)(1/,2/-C2B9H|1)-3,3I-CO)2]n7 (Where
IR:H, _C2H5, _I’l-C4H9, _C2H4OH, _[-C4H9, _C(CHon)3,
—C3HCOO™, —C,H,SO;, —CH,C¢Hs, —SO,C4Hs-3-CHs,
—7-CBjoH;,, —1-CBy{H;y, —[1-8,8' <(1,2-C,BoH()-3,3'Co] ",
R = none, H, —C,Hs, n = 1 and 2) (1—13) or [n-C4;H,-
H,N-(10-(CoH40),-nido-7,8-Co,BoH )2] (14) and  investi-
gated their HIV PR inhibition properties. We have determined
the crystal structure of the parental compound [H,N-
(8-(C2H4O)2-1,2-C2B9H10)(1/,2/-C2B9H1 1)-3,3/-CO)2]N3. (desig-
nated here 1) in complex with wild-type HIV-1 PR. As the lack
of a continuous electron-density map in the crystal structure
suggested numerous possible linker conformations, we explored
the conformational space of the linker computationally. This
study demonstrates the capacity of linker-substituted dual-cage
cobalt bis(dicarbollides) as lead compounds for design of more
potent HIV PlIs.

Results

Inhibitor Design and Synthesis. The structural formulas of
the compounds studied in this work are shown in Table 1. The
series involves symmetric molecules designed based on
the most effective structures from our previous study.?
These zwitterionic—anionic molecules contain two or three
carborane clusters bonded via an N-substituted bis(ethy-
leneglycol)amine linker. We focused on the substitution of
the central part. In addition to hydrocarbon/functional group
substituents, we also used various boron hydride clusters
differing distinctively in hydrophobicity and acidity. It should
be noted here that the total negative charge of several tested
members of the series is increased to —2 due to the presence of
the third anionic cluster or due to the substitution pattern.

The selection of synthetic routes was limited to double
(triple) ring-opening of the 8-dioxane cobalt-bis(dicarbollide)
zwitterion by a variety of organic amines or carborane and
metallacarborane building blocks substituted with amine/
ammonium functions as shown in Scheme 1 and Table 1.

Compounds containing three boron cages 11—13 are also
available through this approach if a boron cluster substituted
with ammonium function (deprotonated using NaH) is used
instead of the organic amine in the first ring-opening step.
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These synthetic routes are efficient, reliable, and almost
quantitative for the majority of compounds presented in this
article.

The synthesis of compound 14 was also based on this
methodology but using 10-dioxane-nido-7,8-C,BoH;; (15)
reactive building block instead of 1. The 11 vertex carborane
derivative 155-P has been known for a long time from
reactions of the parent nido-[7,8-C,BoH 5]~ anion with
dioxane promoted by formaldehyde/HCI'> or HgCl,.'® We
report here that the compound 155-P can be obtained more
effectively if the neutral nido-7,8-C,BgH; 3 carborane is
heated in toluene in the presence of an excess of dioxane.
For details on the synthetic procedures, see the Supporting
Information.

Enzyme and Antiviral Inhibition Studies. The inhibitory
properties of all compounds were tested in an in vitro
spectrophotometric enzyme assay using a chromogenic sub-
strate and recombinant wild-type HIV-1 PR. The results are
shown in Table 1. First, the ICs, values were measured to
screen for inhibition potency. The ICs, values in submicro-
molar range proved the inhibition potency for all dual-cage
cobalt bis(dicarbollide) compounds. Significantly higher
ICso values for compound 14 provided evidence for the
requirement of a bulkier cobalt bis(dicarbollide) moiety for
effective inhibition of HIV PR.

Inhibition mechanism was determined using double reci-
procal Lineweaver—Burk plot'” (Figure S1 in Supporting
Information). The tested compounds exhibited various in-
hibition types: competitive, noncompetitive, and for four
compounds 2, 9, 10, and 12, the inhibition mechanism was
dependent on the compound concentration (Table 1). At low
concentrations, the inhibition mechanism was noncompeti-
tive or mixed, and with the increasing concentration the
mechanism shifted toward the competitive mode (Figure
S1C in Supporting Information).

For six compounds with competitive mode of inhibition,
inhibition constants (K; values) were determined (Table 1).
These values can be directly compared in order to draw
conclusions on the relation between compound structure and
inhibition efficiency. Connection of the two parental cobalt
bis(dicarbollide) clusters with a hydrophilic linker in 1
resulted in an approximately 14-fold improvement of the
K; value compared to value for parent cobalt bis(1,2-
dicarbollide) ion.* Further improvement of the in vitro
inhibitory potency (about two times lower K; values) was
attained by subsequent substitutions of the central second-
ary amino group of the linker by small hydrophobic groups,
e.g., the butyl moiety in 3 or tert-butyl (1,1-dimethylethyl)
moiety in 5. The addition of small substituents with a polar
group (e.g., hydroxyethyl in 4 or carboxypropyl in 7) had no
significant effect on the K; value. Interestingly, the addition
of a bridged cobalt(III) bis (dicarbollide) substituent in 13
significantly improved the inhibitory efficiency (K; values
lowered 20 times compared to 1).

The inhibition potency against resistant HIV PR variants
was tested for selected competitive inhibitors from this series
and seven HIV PR variants representing enzyme mutations
for various FDA-approved protease inhibitors. Four of the
HIV PR variants (PR1—4, Figure 1) used in the inhibition
assay were prepared by site-directed mutagenesis, whereas
three highly resistant HIV PR species (PR5—7, Figure 1)
were amplified from HIV-positive patients failing antiretro-
viral therapy with HIV PR inhibitors. In Figure 1, the
resistance profile for four compounds is expressed as a
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Table 1. Structures and Inhibitory Constants of Metallacarborane Inhibitors of HIV-1 PR

General formula®

14"

|
@_«\ﬂﬁﬁw

Compound description

in vitro enzyme assay

No. R ICsy Mechanism K; (nM)
1 H H 140 nM competitive 49+£21
A~ A~ concentration
2 .S e 160 nM dependent" N.D.
3 WS H 100 nM competitive 22+12
4 i ~~OH H 140 nM competitive 47+12
5 §—€-.. H 130nM|  competitive 27411
H
6 $—(u—0H H 190 nM| noncompetitive N.D.
OH
7 | WO"coc® H 110nM|  competitive 42+15
Q & N.D.
8 r H 110 nM | noncompetitive
T
Lt
W concentration N.D.
? H 140 M dependent 5
o) @ _ N.D.
i concentration
10 §_f.5_@_ none 70 nM spendunt b
o
N.D.
11° 50nM | noncompetitive
- concentration
12 58 nM dependent” N.D.
13° 250 nM competitive 0.27£033
14 see Fig. above 8.5 uM N.D. N.D.

“Color coding: orange, BH groups or B (if substituted); black, CH groups or C (if substituted); blue, Co atom. ” With the increasing concentration, the
inhibition mechanism changes from noncompetitive through mixed toward competitive. “ The carborane or metallacarborane cluster substituents are
covalently bound to the central nitrogen atom of the linker in the case of compound 13 by a bridging manner.

vitality value representing a measure of the relative capa-
city of the mutated enzyme to cleave its substrate in the
presence of an inhibitor.'"® For comparison, seven clini-
cally used inhibitors (saquinavir, indinavir, nelfinavir,
lopinavir, amprenavir, atazanavir, and darunavir) were
included in our inhibition assay. Tested cobaltacarborane
compounds show low relative loss of activity as indicated
by low values of vitalities for all tested HIV-1 PR variants
and proved thus to be specific inhibitors of the mutated
HIV-1 PRs. Similar inhibition profiles were obtained pre-
viously for 3, 1, and other cobaltacarborane compounds
and the molecular mechanism of inhibition potency toward
Pl-resistant HIV PR species was studied by molecular

modeling.'* Strikingly, the compound 13, which shows
the highest in vitro inhibitory efficiency, loses its potency
against four of the tested HIV PR variants. The vitality
values could not be determined for compound 13 and
proteases PR6 and PR7 because the inhibitor concentra-
tion needed to inhibit these enzyme variants was above the
compound solubility limit. This, however, indicates high
resistance of PR6 and PR7 species against 13. Interest-
ingly, the comparison of values for PR2 and PR3 variants
(differing only by the presence or absence of mutation
M461, respectively) shows 4.5-fold increase in vitality
value for PR2. This suggests a role of residue 46 in
compound 3 binding.
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Crystal Structure. To gain structural information on
binding of metallacarborane compounds containing two
linked cobalt bis(1,2-dicarbollide) clusters to the HIV PR,
we have determined the crystal structure of wild-type HIV-1
PR in complex with the parent compound of this series, the
inhibitor 1. Crystals of the complex exhibited the symmetry
of orthorhombic space group (222 and contained one
protease monomer in the asymmetric unit with a solvent
content of 50%. The crystal structure was determined
by molecular replacement and was refined using data to
1.7 A resolution. The final model contains complete HIV-1
PR monomer (99 residues) and 23 non-hydrogen atoms of
one cobalt bis(1,2-dicarbollide) cluster of the compound 1.
The biologically relevant unit, the HIV PR dimer, can be
generated through crystal symmetry operations (rotation
along 2-fold axis, Figure 2A). In addition to dimer, a crystal-
lographic tetramer with two dimers arranged head-to-head

PR1: D30N/N88D

PR2: M46I/AT1VA/E2T/184V

PR3: A71V/V82T/184V

PR4: V321/147A

PRS: L10I/115V/E35D/N37S/R41K/
162V/LE3P/AT1V/GT3S/LOOM

PR6: L10I/L241/L33F/M46L/N54V/
L63P/ATIVIVE2A/I84V

PR7: L10F/L19I/K20R/L33F/E35D/M361/

R41K/F53L/154V/L63P/HBOK/

ATIV/T74P/184V/L89M/LIOM/93L

inhibitor

Figure 1. Vitality values of seven clinical inhibitors and five cobal-
tacarborane compounds analyzed with the panel of HIV-1 PR
resistant species. Mutations in HIV-1 PR variants are shown in
the figure inset. The vitality'® is defined as (Kikcai/Km)mut/(Kikcad/
Kn)wt, where MUT and WT are mutated and wild-type enzyme
variant, respectively. The vitality values could not be determined for
compound 13 and proteases PR6 and PR7 because the inhibitor
concentration needed to inhibit these enzyme variants was above the
compound solubility limit. Enzyme characteristics and K; values are
summarized in Tables S1 and S2 in Supporting Information. The
asterisks mark data published in our previous work.'*
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by their active sites is also observed for this structure. This
crystal packing was also present in previously determined
crystal structure of HIV PR in complex with the parent
cobalt bis(1,2-dicarbollide) ion (PDB code 1ZTZ*. The
biological relevance of this crystallographic oligomer in
solution, however, remains to be addressed by further
studies.

Overall, the enzyme structure resembles the structure of an
apoenzyme with open flap conformation rather then closed
conformation typical for complexes with active-site inhibi-
tors; however, the conformation of the flaps’ tips (residues
47—55)is unique. The cobalt bis(1,2-dicarbollide) cluster of 1
could be modeled into well-defined electron density, how-
ever, no continuous map for the linker connecting the two
cobalt bis(1,2-dicarbollide) clusters of 1 was observed
(Figure 2B). This part is thus missing in the final crystal-
lographic structure. The fact that the linker is disordered in
the crystal structure of the PR:1 complex suggests that it is
inherently flexible and is able to adopt alternative conforma-
tions. To determine which of these 1 conformers would be
energetically feasible in the enzyme cavity, we employed
computational procedures.

Comparison of the HIV PR:1 complex with the previously
determined crystal structure of HIV PR in complex with the
parent cobalt bis(1,2-dicarbollide) ion (PDB code 1ZTZ?
revealed an overall similar inhibitor binding mode but un-
covered numerous differences in protein—inhibitor interac-
tions. The overall deviation (rmsd) of the main-chain atoms
of HIV PR dimers in 1 and cobalt bis(1,2-dicarbollide) ion
complexes is 0.87 A, suggesting that the inhibitor binding
slightly alters the protein structure. Significant structural
differences (with the rmsd values for main-chain atoms
>0.7 A19) are localized in the tip of flap residues 46—55
(Figure 3) and solvent exposed inherently flexible surface
loop (residues 66—71).

In both crystal structures, the cobalt bis(1,2-dicarbollide)
cluster occupies a hydrophobic pocket whose bottom is
formed by enzyme residues Pro81, Val82, and Ile84 and is
covered by the flap residues Ile47, Gly48, and Ile54. This
site corresponds approximately to S3 and S3’ substrate-
binding subsites. Two cobalt bis(1,2-dicarbollide) clusters
bind to HIV PR dimer, and their binding blocks the
closing of the two flexible flaps over the enzyme active site
(Figure 3A).

While the HIV PR complex structure with parent cobalt
bis(dicarbollide) ion shows an asymmetric binding of the two

Figure 2. (A) Overall view of the crystal structure of the HIV PR:1 complex. The HIV PR main-chain is represented as a cartoon with catalytic
aspartates shown in sticks. Atoms of cobalt bis(1,2-dicarbollide) cluster of 1 are shown as spheres with boron and carbon atoms colored pink
and yellow, respectively. One HIV PR monomer with cobalt bis(1,2-dicarbollide) cluster of 1 present in the crystal asymmetric unit is
represented in rainbow coloring (N-terminus blue, C-terminus red), while gray colors represent the symmetrically related molecule. (B) Close
view on the 1 cobalt bis(1,2-dicarbollide) cluster bound to HIV PR monomer with F, — F, omit map contoured at 2.00 (blue) and 8.00 (red).
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Figure 3. Comparison of cobalt bis(1,2-dicarbollide) ion and 1:HIV-1 PR complex structures. (A) Stereo view of a superposition of the overall
structures of HIV-1 PR with cobalt bis(dicarbollide) ion (PDB code 1ZTZ*) and 1 compounds, respectively, bound to the enzyme dimer. The
enzyme is represented by its Col trace, and cobaltacarboranes are shown as sticks. HIV PR:cobalt bis(1,2-dicarbollide) ion and HIV:1
complexes are colored red and green, respectively. The linker connecting two cobaltacarborane clusters in 1 is disordered and thus missing in
the crystallographic model. (B) Close-up top view into the enzyme active site showing differences in HIV PR:cobalt bis(1,2-dicarbollide) ion
(red) and HIV PR:1 (green) structures. Carbon and boron atoms in cobaltacarboranes are shown as sticks with central cobalt atom represented
by a sphere. (C) Same view and color coding as in (B). Cobalt bis(1,2-dicarbollide) clusters are represented by their longitudinal axes with the

central cobalt atom shown as a sphere.

cobalt bis(1,2-dicarbollide) clusters into two symmetrical
binding sites present in the enzyme dimer, in the HIV PR:1
complex, the two cobalt bis(1,2-dicarbollide) clusters of 1
occupy their binding sites symmetrically. The symmetry in
binding of the two clusters of 1 into the symmetric protease
dimer is also reflected in higher symmetry of the HIV PR:1
crystals. The HIV PR:cobalt bis(dicarbollide) crystals be-
longed to the monoclinic space group C2 with one protease
dimer related by noncrystallographic 2-fold axis in one
asymmetric unit.* On the other hand, the HIV PR:1 crystal-
lized in the orthorhombic space group C222 with a crystal-
lographic 2-fold axis relating the two protease monomers
with bound metallacarborane cluster of 1.

Although the inhibitor binding site is conserved in both
complexes, the orientation of the parent metallacarborane
cluster and 1 differ (Figure 3B). The clusters’ central cobalt
atoms in 1 are shifted by 1.5 and 1.3 A compared to the
corresponding atoms in parent bis(1,2-dicarbollide) cluster.
Also, the 1 clusters are rotated by 37 and 44° with respect to
the two clusters of bis(1,2-dicarbollide) ion. As a result of
these cluster position rearrangements, the extent of interac-
tions with individual protein residues differs. Compound 1
forms more interactions with flap residues (Ile 47, Gly 48,
and Ile 54) than with the bottom of the binding site.

Binding Mode of the Linker in 1. Molecular modeling and
calculations were employed to explore the conformational
space of the inherently flexible linker of 1. By use of
molecular-dynamics based quenching technique (MD/Q)
(for details, see Supporting Information), accessible confor-
mations of the 1 linker within the HIV PR active site were
computationally sampled. Quantum mechanics/molecular
mechanics (QM/MM) optimizations for 20 snapshots from
the MD/Q protocol resulted in a set of conformers differing
substantially in energy (differences up to 40 kcal/mol). On the
basis of a criterion of copopulation/interchangeability in the
enzyme—inhibitor complex, we selected five lowest-energy

structures differing in the linker conformation with an
energy span of at most 3 kcal/mol (for a discussion of the
energy cutoff, see ref 20). These five 1 conformers shared the
common position of the central nitrogen atom of the linker
secondary amino group. Interestingly, in the crystal struc-
ture, a spherical electron density is noticeable in the vicinity
of this predicted nitrogen atom position (distance of 1.5—
3.4 A). This electron density was modeled in the crystal
structure as a water molecule (W110). However, this electron
density peak can also be explained by a common position of
the central nitrogen atom shared by various conformations
of the disordered linker. Further refinement of the models
was therefore carried out using QM/MM calculations, where
the central nitrogen atom was constrained to the position of
the spherical electron density map yielding the final predicted
linker conformations. Four resulting lowest-energy con-
formers fall within the range of 3 kcal/mol and are thus
predicted to be copopulated in the complex structure
(Figure 4A).

Discussion

In this study, we focused on substituted cobalt bis-
(dicarbollides) as specific inhibitors of HIV PR.* We explored
the inhibition properties of compounds based on the parent
formula [HzN-(S-(C2H40)2- 1 ,2-C2B9H 10)( 1/,2/-C2B9H1 1)-
3,3’-Co),]Na (compound 1, Table 1). In an attempt to map
steric requirements of substituents at the central nitrogen
atom as well as the influence of the hydrogen bonding
potential on the activity of compounds, we focused on the
substitution of the central part by a variety of groups differing
in functionality/bulkiness/charge of the substituent. We used
reactions on a cobalt bis(dicarbollide)(1—) cage (Scheme 1),
based on Plesek’s original synthetic concept,?'** which have
recently become a versatile approach for incorporating me-
tallaborane clusters into various functional molecules and
materials (see Semioshkin et al., 2008, for a recent review>>).
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Figure 4. Molecular modeling of the 1 linker. (A) The four lowest-
energy 1 conformers obtained from molecular modeling and calcu-
lations are represented by stick model with differentially colored
carbon atoms and oxygen atoms in red. Boron and cobalt atoms are
colored pink and blue, respectively. The 2F, — F. map modeled as a
water molecule in the crystallographic model is shown at 1.0 ¢. The
position of this water molecule (shown as gray sphere) was used to
fix the position of the nitrogen atom of the linker’s central secondary
amino group. The dashed lines and numbers represent the distances
to catalytic aspartates (in A), catalytic water is shown as a red
sphere. (B) Top view into the HIV PR active site with the lowest
energy model of the compound 1 linker. Protease is represented by
its solvent accessible surface colored by the atom type (carbon gray,
oxygen red, and nitrogen blue). The closest distances between linker
atoms and the catalytic water (red sphere) are shown as dashed lines
and numbers (in A).

The in vitro inhibition assays proved their inhibition effi-
ciency toward wild-type HIV PR as well as toward resistant
variants. Strikingly, it also revealed various modes of inhibi-
tion for various compounds in our series: competitive, mixed,
and noncompetitive.

The competitive mode of inhibition implies that the inhi-
bitor competes with the substrate for binding to the enzyme
active site. This mode of action is supported by previously
published crystal structure of the parent bis(1,2-dicarbollide)
ion* bound to the active site of HIV PR as well as by the crystal
structure of compound 1:enzyme complex presented in this
work.

Mixed and noncompetitive types of inhibition might sug-
gest specific binding of compounds outside the enzyme active
site. The binding site most likely involves a functionally

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 22 7137

important part of the enzyme other than the active site, i.e.,
the dimerization interface or the flap region. A noncompeti-
tive mode of inhibition might also be explained by the activity
of inhibitor aggregates that bind outside of the enzyme active
site cavity. The aggregation behavior of cobalt bis(dicar-
bollides) in solution was previously described and studied in
detail.** Light scattering and atomic force microscopy tech-
niques revealed that the behavior of aggregates of cobalt(I1I)
bis(1,2-dicarbollide) compounds in aqueous solutions is fairly
complex and depends on numerous factors, including com-
pound concentration.”*** Interestingly, the formation of
larger aggregates upon dilution of cobalt bis(dicarbollide)
ion solutions was observed.>> Indeed, for some compounds
in this study, we observed concentration-dependent inhibition
mode. For high compound concentration, the inhibition
mechanism was distinctly competitive, while for low com-
pound concentration, the transition to mixed and noncompe-
titive inhibition mechanism was obvious (Figure S1C3 in
Supporting Information). Potential binding of the aggregates
to the enzyme, however, must be tested experimentally and
will be a subject of our further studies.

The X-ray structure of 1 bound to the wild-type HIV-1 PR
is the second structure of this enzyme with bound metalla-
carborane in the active site. Although the linker part of 1
molecule is disordered in our crystal structures, the position of
cobalt bis(1,2-dicarbollide) cluster and especially the position
of the sandwiched cobalt atom was supported by well-defined
electron density maps (Figure 2B). This map was used to
model and refine one bis(1,2-dicarbollide) cluster to one
enzyme monomer in the asymmetric unit. The average atomic
displacement parameter (ADP) for the cluster atoms is
higher by about 35% compared to the average ADP for the
protein atoms (52 vs 38.2 A), suggesting partial static or
dynamic disorder of this part within the crystal. Comparison
with our previous structure of HIV-1 PR in complex with
parent cobalt bis(dicarbollide) ion* revealed that the metalla-
carborane cluster can acquire various positions within the
common inhibitor binding site. Freedom in positions was
indeed already proposed from modeling of parent cobalt
bis(dicarbollide)(1—) binding into resistant protease species
with mutations in S3 and S3’ substrate-binding subsites.'*

Computational procedures helped us to model the position
of the linker connecting two cobalt bis(1,2-dicarbollide) clus-
ters of 1. Because of the inherent flexibility of the linker of 1
within the HIV PR active site cavity, there is no continuous
experimental electron density for the linker. The set of alter-
native models with similar energy shared a common position
of the nitrogen atom of the linker’s central secondary amino
group, which is corroborated by the presence of electron
density map peak in our crystal structure. The linker is placed
asymmetrically within the symmetric cavity of the enzyme
active site (with symmetrically bound metallacarborane
clusters). The central nitrogen is within hydrogen bonding
distance of 3.5 A with one of the two catalytic aspartates
(Figure 4A) and in a distance of 4.6 A from the catalytic water
(Figure 4B). Another possible hydrogen bonding partner is
the main-chain carbonyl oxygen of Gly27 (distance 3.6 A).
The position of the linker in our model allows an opportunity
for small substituents on the central amino group to be placed
into the hydrophobic groove formed by Val82, Ile84, Leul0,
and Leu23 (pointing “upwards” in Figure 4B) or even deeper
into the dimeric interface and perhaps result in mixed inhibi-
tion by disrupting the active protease dimer. Another option
for the substituent binding is to replace catalytic water and
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occupy the polar pocket formed by the catalytic aspartate
dyad (Figure 4B).

Our model can be used to propose potential binding mode
of the compounds with the competitive mode of inhibition
(Table 1). The nonpolar substituents of 2 and 5 could be
accommodated in the hydrophobic pocket, and this interac-
tion could account for the slight increase in their inhibition
potency compared to compound 1. To accommodate the zert-
butyl moiety of 5 into the rather narrow hydrophobic groove
structural rearrangements in PR would have to occur to
achieve a productive binding conformation. The polar chains
of4and 7 could fit well into the polar groove with a possibility
of hydrogen bonding interactions to the catalytic aspartates.
Our model is unable to explain binding of the compound 13,
as modeling of the bulky metallacarborane substituent pro-
duces sterical clashes with PR. Larger structural rearrange-
ments in PR as well as in the compound 13 are needed for
inhibitor binding. The binding mode of compound 13 prob-
ably differs substantially from the other substituent in our
series. This is, indeed, indicated by the differential resistance
profile of 13 (Figure 1) compared to other metallacar-
borane competitive inhibitors. To evaluate our hypotheses,
the enzyme—inhibitor cocrystal structures are needed. How-
ever, our current models can be used in future compound
optimization and design. Specifically, in our future design we
will address the issue of optimal size and flexibility of the
linker and also focus our optimization effort on improving
physicochemical properties of the compounds to increase
solubility and prevent aggregation.

In conclusion, our structure-based design led to the develop-
ment of HIV PR inhibitors utilizing a novel boron-cage
scaffold. Our X-ray structure analysis and modeling of a
protein—inhibitor complex uncovered potentially important
molecular interactions useful in the design of more potent
inhibitors based on substituted cobalt bis(dicarbollides).

Experimental Procedures

Chemical Syntheses. Instrumental Methods Used for Com-
pounds Characterization and Purity Check. A combination of
instrumental methods was used for identification, characteriza-
tion, and purity check of all compounds. The 'Hand ''Band "*C
NMR spectra were recorded on Varian Mercury 400 Plus
instrument. The spectral pattern and peak intensities corre-
sponded to a particular structure and substitution pattern on
each cluster molecule. Mass spectrometry measurements were
carried out on a Thermo-Finnigan LCQ-Fleet ion trap instru-
ment using electrospray ionization (ESI) in a negative mode. In
most cases, negative ions corresponding to the molecular ion
were observed with 100% abundance for the highest peak in the
isotopic distribution plot. Molecularions [M] ™ were detected for
all univalent anions (compounds 1—6,9, and 14). [M]*~ and [M +
H] or [M + Na] ions were observed for the divalent anions
(compounds 7, 8, and 10—13). The isotopic distribution in the
boron plot of [M]*~ peaks was in agreement with the charge,
showing distances of 1/2 mass units for dianionic compounds.
Full agreement of the experimental and calculated isotopic dis-
tribution pattern was observed for all the compounds.

As previously verified, the data of elemental analyses of
sodium salts of cobalt bis(dicarbollides) are often misleading
due to variable content of water or other solvent molecules
associated with the cation and cannot be considered as appro-
priate criterion of purity.?® The identity of the reported com-
pounds has been unambiguously proven by their spectral data
and the purity assessed by analytical HPLC. A Merck-Hitachi
HPLC system LaChrom 7000 series was used through the study
employing an Ion-Pair RP chromatographic method with an
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isocratic elution based on the methods previously reported®’ for
the separation of hydrophobic borate anions. The purity of all
compounds, as determined by HPLC, was better than 98.0%.

Chemical Syntheses of Inhibitors (General Procedure). The
synthesis of 1 and 3 was already reported in the previous paper
along with the corresponding data for the compound’s
characterization.* The general methods for the synthesis of
double-cluster cobalt bis (1,2-dicarbollide) compounds con-
sisted from ring cleavage of the [(8-O(C,H4),0-1,2-C,BoH )-
(1',2'-(C,BgH  1)-3,3'-Co]° (8-dioxane-1) by amines.

The starting cobalt bis(dicarbollide) building block (8-diox-
ane-1, 165 mg, 0. 40 mmol) was dissolved in toluene/DME (3:1,
10 mL) solvent mixture and stirred with the respective amine
(0.41 mmol) in the same solvent (10 mL) at room temperature.
The reaction course was monitored on TLC until the spot of the
starting 8-dioxane-1 disappeared. The intermediate products,
i.e., the respective hydrogen 8-(XINNH,-3-oxa-pentoxy)-3-cobalt
bis(1,2-dicarbollide)ate zwitterions were not isolated, but their
solutions were directly stirred with NaH 22 mg (dry, 96%,
0.84 mmol) for 2 h. Then one additional equivalent of
8-dioxane-1 (165 mg, 0.41 mmol) in toluene/DME solution
(3:1 v/v, 10 mL) was added dropwise from a syringe and the
reaction mixture was stirred 12—16 h at ambient temperature
when the spot of 8-dioxane-1 on TLC diminished. The reaction
was quenched by careful addition of methanol (I mL). Water
was added (2 mL) and the resulting solution was neutralized
with few drops of acetic acid (1.0 M), and solvents were removed
in vacuum. The crude products were dissolved in Et,O (25 mL)
and shaken with water (2 x 20 mL). The organic layer was
filtered, and the solvent was removed under reduced pressure.
The purification of the crude product was accomplished by
successive column chromatography over silica gel using
CH,Cl,—CH;CN mixture (1:4 to 1:3 v/v) as the mobile phase,
eventually by crystallization from CH,Cl, (with few drops of
CH3;OH until dissolution) upon layering with hexane.

Representative examples of compound preparations and
their spectral data are summarized below. For yields, NMR,
MS, and other data were used for characterization of remaining
compounds (see the Supporting Information).

Sodium Diethylimino Bis-8,8-[5-(3-oxa-pentoxy)-3-cobalt Bis-
(1,2-dicarbollide)]diate (1—), [(C2Hs5),N-(8-(C;H40),-1,2-C,Bo-
Hlo)(l’,Z’-Cngﬂl1)-3,3’-C0)2]Na, 2. Dlethyldmlne was used for
the ring cleavage. Yield 305 mg (83%); mp 268 °C (decomp.);
TLC (acetonitrile/chloroform 1:2 v/v); R = 0.27 (CHCl;:
CH;CN, 2:1); HPLC k' = 6.04; MS-ESI (m/z): 894.82 (100%)
caled 894.75, 899.78 (2%) M] "~ caled 999.73. 'H {''B} NMR
(400 MHz, acetone-dj), [IH{I Bielective} 1N square brackets]: 0
4.167 (s, 4H, CHc¢arp), 4.092 (s, 4H, CHcyrp), 4.035 (br t, J=4.0,
4H, OCH,—CH,0), 3.746 (t, J = 4.4, 4H, O-CH,-CH,0),
3.698 (q, J = 7.1, 4H, CH3-CH>-N), 3.627 (t, J = 4.6, 4H,
OCH,—CH,0), 3.597 (m, J = 4.8, 4H, O-CH,-CH>-N), 1.418
(t,J=17.2,6H, CH,.N);[2.92] (H10),[2.79] (HY8), [2.71] (H4',7"),
[2.68] (H10),[2.955s,2.055s, 1.84s] (H4,7,9, 12,9, 12'), [1.68]
(H6'), [1.62] (HY, 11'), [1.55] (H5, 11), [1.45] (H6). *C{'H}
NMR (100 MHz, acetone-dg): 6 73.07 (CH,—0O), 69.75
(CH,—0), 65.19 (CH,—0), 56.2, 55.5 (CH,—N), 54.23
(CHearp), 47.45 (CHeary), 19.91 (—CH3). ''B NMR (128 MHz,
acetone-dg): 6 23.89 (s, 2B, B8), 5.48 (d, J=137,2B, B&'),0.42 (d,
J=150,2B, B10’), —2.63 (d, /=150, 2B, B10), —4.55 (d, /=149,
B4',7), —=7.05d, —7.67 (2d, overlap B9, 12, 9", 12'), —17.30 (d,
J=159,4B, B5, 11"), —=20.15(d, J=161,4B, B5, 11), —22.25(d,
J=158, 2B, B¢), —28.73 (d, J (B,H) = 140, 2B, B6).

Sodium Hydrogen 2-Hydroxyethylimino Bis-8,8-[5-(3-oxa-
pentoxy)-3-cobalt Bis(1,2-dicarbollide)]diate (1—), [[HOC,Hy)-
NH-(8-(C,H40),-1,2-C,BoH9)(1',2'-C,BoH {)-3,3'-Co0),]Na, 4.
Ethanolamine was used as the respective reagent. Yield of the
sodium salt: 323 mg (89%). TLC (CHCI;/CH5CN 2:1 v/v) Rg=
0.22; HPLC k' = 3.37, MS 883.80 (100) (calc 883.71), m/z =
887.68 (2) [M] ™ (calc 887.68). 'H {''B}NMR ['H{''Byjcciive} in
square brackets], (400 MHz, acetone-dg): 0 7.82 br's (2H, NH),



Article

Table 2. X-ray Crystallography Statistics”

Data Collection Statistics

space group C222

cell parameters (A) 58.16, 92.34, 48.95
wavelength (A) 0.975

resolution (A) 50—1.7 (1.76—1.7)
unique reflections 14821

redundancy 8.2(5.9)
completeness (%) 95.4 (70.1)

Rierge” 4.9 (30.8)

average I/o(1) 55.87 (4.3)

Wilson B (A%) 21.0

Refinement Statistics

resolution range (A) 23.8—1.7 (1.76—1.7)

no. of reflections in working set 13436 (694)
no. of reflections in test set 703 (30)

R value (%)° 17.6 (24.3)
Riree value (%) 21.2(29.5)
rmsd bond length (A) 0.013
rmsd angle (deg) 3.76

no. of atoms in a.u. 945
protein atoms 806

ligand atoms 23

water molecules 111

mean B value (AZ) 39.2
protein atoms ADP (Az) 38.2
inhibitor atoms ADP (A?) 52.1
solvent atoms ADP (AZ) 45.7
Ramachandran plot

residues in favored regions (%) 96.2
residues in allowed regions (%) 3.8

“The data in parentheses refer to the highest-resolution shell. ADP,
atomic displacement parameter. ” Runerge = Domkry_ili(hkl) — (I(hkD))|/
S my_i I{hkl), where the I(hkl) is an individual intensity of the ith
observation of reflection skl and (I(hkl)) is the average intensity of
reflection Akl with summation over all data. ¢ R value=||F,| — |F.||/|F,|,
where F, and F. are the observed and calculated structure factor
amplitudes, respectively. 9 Riree i equivalent to R value but is calculated
for 5% of the reflections chosen at random and omitted from the
refinement process.42

4.158 s (4H, CHearp), 4.095 s (4H, CH o), 3.94t (8H, 'J (H,H)=
5.6 Hz, O-CH,-CH,-0), 3.749 m (4H, O-CH,-CH»-0), 3.749 m
(6H, O-CH,-CH,0; O-CH,-CH;N), 3.53 t (5 Hz, 2H, O-CH,>-
CH,N), [2.98] (H10"), [2.85] (H8') [2.69] (H4', 7"), [2.68] (H10),
[2.955s,2.045s, 1.84s] (H4,7,9,12,9, 12", [1.68] (H6'), [1.61]
(H5', 11), [1.54] (H5, 11), [1.45] (H6). *C{'H} NMR (100 MHz,
acetone-dg): 0 72.99 (CH,-0), 69.73 (CH,-0), 65.11 (CH»-O),
56.31 (O-CH,-CH>-N), 54.65 (HO-CH,-CH,-N), 53.76
(CHearp), 53.25 (HO-CH»-CH>-N), 47.44 (CHeurp). ''B NMR
(128 MHz, acetone-dg): 6 24.01 (s, 2B, B8), 5.65 (d, 137 Hz, 2B,
B8’), 0.42 (d, 142 Hz, 2B, B10’), —2.58 (d, 143 Hz, 2B, B10),
—4.74 (d, 143 Hz, 4B, B4’, 7') —7.00 (3d overlap, 12B, B4, 7, 9,
12,9',12'),—17.28(d, 'J (B,H)=156 Hz, 4B, B, 11'), —20.27 (d,
158 Hz, 4B, B5, 11), —22.22 (d, 173, Hz, 2B, B6'), —28.6 (d, 142
Hz, 2B, B6).

Sodium Hydrogen 3-Cobalt-bis(1,2-dicarbollid)-x-8,8'-yl-imi-
no-bis-8,8-[5-(3-oxa-pentoxy)-3-cobalt Bis(1,2-dicarbollide)]di-
ate (2—), [(17,2"-C;ByH;)2-3"-Co)-8"-pu-N-(8-(C;H,40),-1,2-
CngH]O)(ll,zl-C2B9H]])-3,3,-C0)2]N32, 13. The [8,8/-M-NH2-
(1,2-C,BoH 1)»-3,3'-Co] bridge derivative® (135 mg, 0.40 mmol)
was dissolved in toluene/DME (3:1, 15 mL) and treated with
sodium hydride (22 mg, 0.84 mmol) under stirring for 2 h. Then
solution of 8-dioxane-1 (165 mg, 0.41 mmol) in toluene/DME
(3:1, 15 mL) was injected. After stirring for 16 h, an additional
portion of sodium hydride (11 mg, 0.42 mmol) was added,
followed by dropwise addition of the second equivalent of 8-
dioxane-1 (165 mg, 0.41 mmol). The product was purified by
chromatography and crystallization as described in general
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synthetic method above. Yield 215 mg (45%); mp 243 °C;
TLC (acetonitrile/ chloroform 1:2 v/v) Rg = 0.20; HPLC k' =
2.20; MS 579.25 (100), m/z = 581.90 (8) [M]*~ (calc 581.92), (4);
1180.88 (55), 1190.89 (1) [M + Na]~ (calc 1190.88). 'H {''B}
NMR (400 MHz, CD;CN) ['H{''Biective} int square brackets]:
0 4.186 (s, 4H, CHcap), 4.123 (s, 4H, CHearp), 3.727 (t, J = 6.0,
4H, O-CH,-CH,0), 3.608 (s, 4H, CH_,1), 3.481 (t, J=4.2, 4H,
OCH,—CH,0), 3.399 (t, J=4.3, 4H, O-CH,-CH,-0), 3.204 br.
(s, 4H, O-CH,-CH>-N); [3.72, 3.49] (H4", 7", 9", 12"), [3,4]
(H10", [2.79] (H10'), [2.606] (H10), [2.57] (H4',7'), [2.42] (HY'),
[2.78,1.88s,1.625](H4,7,9,12,9,12'),[1.66] (H5",11"),[1.62]
(HO), [1.57] (HY, 11"), [1.54] (H6"), [1.47] (H5, 11), [1.45] (H6).
BC{'H} NMR, (100 MHz, CD;CN): § 72.90 (CH,-0), 69.10
(CH»-0), 65.30 (CH,-0), 56.08 (CH,-N), 54.93 (4C, CHarp),
47.57 (8C, CHeyrp). "B NMR (128 MHz, CD5CN): 6 22.97 (s,
2B, B),9.64 (s, 2B, B8"), 3.74 (d, /=138, 2B, B8'), —0.58 (d, /=
142, 2B, B10’), —0.85 (d, overlap, 2B, B10"), —2.65 (d, J =153,
2B, B10), —4.81(d,J=144,2B,B4',7), —8.174(d, overlap, 16B,
B9, 12,9,12,4",77,9”,12"),15.8d (d, 2B, B5",11""), —17.44 (d,
J=153,4B, B, 11'), —20.53 (d, /=153, 4B, B5, 11), —21.8 (d,
J=164,2B, B6'), —24.5 (br d, 2B, B6"), —28.43 (d, /=162, 2B,
Bo6).

Enzymes. For enzymatic assays, wild-type HIV-1 PR and its
resistant variants were used. Resistant PRs were prepared by
site-directed mutagenesis (HIV-1 PR 1—3) as described earlier™
or selected under pressure of clinically used PIs (HIV-1 PR
4-6).% For crystallographic studies, HIV-1 PR variant bearing
three mutations (Q7K, L331I, L63I) that minimize the autopro-
teolytic cleavage without changing other enzyme properties’
was used. The expression, refolding, and purification of HIV-1
PR were performed as described previously.?

Enzymatic Assays. The inhibition analyses were performed by
spectrophotometric assay using the chromogenic peptide sub-
strate KARVNIe*NphEANIe-NH, as previously described.?

Substrate was added to final concentration near the K, of the
enzyme to 1| mL of 0.1 M sodium acetate buffer, pH 4.7, 0.3 M
NaCl containing 6—8 pmol of PR and various concentrations of
inhibitor dissolved in DMSO. The final concentrations of
DMSO were kept below 2.5% (v/v). Substrate hydrolysis was
followed as a decrease in absorbance at 305 nm using a UNI-
CAM UVS00 UV-—vis spectrophotometer (Thermo, Cam-
bridge, MA). The data were analyzed using the equation for
competitive inhibition according to Williams and Morrison.*'
1Cs5p values were calculated for a given inhibitors by determining
concentration needed to lower the initial HIV PR activity
velocity to half using GraFt 5 software. The mechanism of
inhibition was determined by Lineweaver—Burk plot.'” Double
reciprocal fits of initial rates versus concentration of substrate
carried out at three fixed inhibitor concentrations were overlaid
and yielded a pattern of lines characteristic of a particular mode
of inhibition (Supporting Information).

Crystallographic Analysis. The complex for crystallization
was prepared by mixing HIV-1 PR with 5-fold molar excess of
compound 1 dissolved in DMSO. The complex was concen-
trated by ultrafiltration using Microcon-10 (Millipore) to con-
centration 7—9 mg/mL, and initial crystallization conditions
were obtained by the vapor diffusion method in hanging drop
mode using Wizard I and II crystallization screens (Emerald
Biostructures). Optimal crystals were prepared by mixing 1 4L
of protein at 7 mg/mL (in buffer contaning 50 mM sodium
phosphate pH 6.5, 75 mM sodium chloride, | mM EDTA,
0.05% (v/v) p-mercaptoethanol, and 20% (v/v) glycerol) with
1 uL of reservoir solution (0.1 M N-cyclohexyl-3-aminopropa-
nesulfonic acid (CAPS) pH 10.5, 1.2 M sodium dihydrogen
phosphate, 0.2 M pottasium hydrogen phosphate, and 0.2 M
lithium sulfate, final pH 6.0) and equilibration at 20 °C over 1
mL of reservoir solution.

Plate-like crystals grew to final size of 0.25 x 0.2 x 0.08 mm?
within 3 days. For cryoprotection, the crystals were transferred
into reservoir solution supplemented with 20% (v/v) ethylene
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glycol, flash-cooled by plunging into liquid nitrogen and stored
in liquid nitrogen until used for X-ray diffraction experiments.

Diffraction data were collected at 100 K at beamline 19-1D of
the Structural Biology Center at the Advanced Photon Source,
Argonne National Laboratory, Argonne, IL. Diffraction data
were processed using the HKL-3000 suite of programs.>? Crys-
tal parameters and data collection statistics are given in Table 2.

The structure solution and refinement were performed using
CCP4 program suite®® graphical interface. HIV PR structure
was solved by molecular replacement with the program Mol-
Rep* using protease monomer from Protein Data Bank struc-
ture 1ZTZ*. Initial F, — F, difference Fourier map clearly
showed presence of high positive maxima in the enzyme active
cavity, indicating position of cobalt atom present in compound
1. At this stage, the metallacarborane cluster of 1 was included
into the model and the model was subjected to consecutive cycles
of refinement using program Refmac5® and model building
using Erogram Coot.*® The final steps included TLS refine-
ment.?” Atomic coordinates and experimental structure factors
have been deposited with the Protein Data Bank with the code
3I8W. Refinement statistics is given in Table 2. The quality of
the final model was validated with Molprobity.*® All figures
showing structural representations were prepared with the
programs PyMOL.* The following services were used to ana-
lyze the structures: PISA server*® and protein—protein interac-
tion server.*

Molecular Modeling and Calculations. The structural model
for the calculations was based on the PR:1 crystal structure (this
work). The linker was modeled connecting the two metal bis-
(dicarbollide) cages. A computational screening of accessible
conformations of the compound 1 linker was performed using a
molecular dynamics based quenching technique (MD/Q) fol-
lowed by quantum mechanics/molecular mechanics (QM/MM)
optimizations. Details of this procedure are summarized in the
Supporting Information.
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