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Abstract: Agaritine, or B-N-[y-L(+)-glutamyl]-4-hydroxymethylphenylhydrazine, is a Chinese herbal medicine, known
having the antiviral and anticancer function. However, so far no reports whatsoever have been made for its potential as an
anti-HIV agent. It was observed by docking experiments for more than 9,000 compounds extracted from various Chinese
medicines that the compound agaritine distinguished itself from all the others in binding to the HIV protease with the most
favorable free energy. Based on this, a series of derivatives were generated by modifying agaritine. It has been observed
thru an extensive docking study that some of agaritine derivatives had markedly stronger binding interaction with the HIV
protease than agaritine, suggesting that these derivatives might be good candidates for developing drugs for AIDS ther-

apy.
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INTRODUCTION

Functioning as a dimer, the HIV (human immunodefi-
ciency virus) protease is made up of two identical subunits,
each having 99 residues, but with only one active site [1,2].
The function of HIV protease is essential for the replication
of HIV [3.,4], the culprit of AIDS (acquired immunodefi-
ciency syndrome). Accordingly, as a complement to the
strategy targeting the HIV reverse transcriptase [5-11], the
design of HIV protease inhibitors represents a different and
promising approach to AIDS therapy [1,2,12-16].

Agaritine, or B-N-[y-L(+)-glutamyl]-4-hydroxymethyl-
phenylhydrazine, is a Chinese herbal medicine. As a deriva-
tive of glutamic acid, agaritine has the antiviral and antican-
cer function [17,18], but so far no studies have ever been
reported for its potential as an anti-HIV agent. In view of
this, the present study was initiated in an attempt to investi-
gate the interaction of agaritine with HIV protease thru dock-
ing studies. Based on the results thus obtained, a scenario of
modifying the functional groups of agaritine was proposed
for designing potent inhibitors against HIV protease.

MATERIALS AND METHODS

1. Selection of the Docking Receptors

In the RCSB Protein Data Bank (http://www.pdb.org/),
there are 87 HIV proteases deposited. Therefore, it is prereq-
uisite to find the most appropriate proteases for conducting
the docking study. This can be realized as follows. First,
those proteases which have no effects on the HIV viruses,
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such as Abacavir, Didanosine, Dideoxyadenosine, Lami-
vudine, Stavudine, Zidovudine, Emtricitabine, Zalcitabine,
Capravirine, Efavirenz, Nevirapine, Aciclovir, Acyclovir,
Valacyclovir, Adefovir, Amantadine, Amidinomycin, Stalli-
mycin, Atevirdine, Delavirdine, Cidofovir, Sorivudine, Cyta-
rabine, Desciclovir, Edoxudine, Famciclovir, Floxuridine,
Ganciclovir, Valganciclovir, Idoxuridine, Imiquimod, Ketho-
xal, Methisazone, MADU, Moroxydine, Oseltamivir, Penci-
clovir, Pleconaril, Podophyllotoxin, Ribavirin, Rimantadine,
Taidingan, Tenofovir, Tilorone, Trifluridine, Tromantadine,
Valaciclovir, Vidarabine, and Zanamivir, could be excluded
for further consideration. For the remaining proteases, some
known HIV-1 protease inhibitors, such as Indinavir, Nelfi-
navir, Lopinavir, Ritonavir, Saquinavir, Amprenavir, were
used to winnow for the desired ones according to the crite-
rion, to wit: only those which had good binding with the
known HIV protease inhibitors and poor binding with non
HIV protease inhibitors were chosen for further studies. It
was derived via the aforementioned screening procedures
that 1D4H, 1FQX, 1HSG, 1KZK and 4PHV were the best
candidates. Furthermore, it was found thru sequence align-
ment among the above five HIV proteases that 1D4H, 1FQX
and 1HSG are exactly the same (Fig. 1). So the scope of the
HIV proteases was further reduced to the following three:
1FQX, 1KZK, and 4PHV. For simplification, let us just take
4PHYV as a paradigm for demonstration.

2. Design of Agaritine Derivatives

Using 4PHV as HIV protease receptor, docking experi-
ments were conducted for more than 9,000 compounds ex-
tracted from various Chinese medicines. It was found that
the agaritine distinguished itself from all the other com-
pounds in binding to the receptor with the most favorable
mode. Here our efforts were focused on how to modify aga-
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(a) The sequence alignment of chain A of the 5 HIV proteases
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(b) The sequence alignment of chain B of the 5 HIV proteases

Fig. (1). Sequence alignment of 1D4H, 1FQX, 1HSG, 1KZK and 4PHV for (a) chain A and (b) chain B, where sequences 1, 2, 3, 4, and 5
refer to 1D4H, 1FQX, 1HSG, 1KZK, and 4PHV, respectively. The amino acids are colored according to their function: acidic-red; basic-
blue; neutral hydrophilic-pink; aliphatic-dark green; aromatic-light green; thiol containing-yellow; and imino-orange. The active-site triad
is Asp-25, Thr-26, Gly-27. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this paper).

ritine in order to determine if its derivatives could be even
better in inhibiting HIV proteases.

To realize this, let us decompose the structure of agari-
tine into four regions: A, B, C, and D (Fig. 2), where some
important positions of the compound are marked as 1, 2, 3,
and 4, respectively. It is quite clear that region B and D are
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Fig. (2). Schematic illustration to show the structure of agaritine
decomposed into four regions: A, B, C, and D. Marked as 1, 2, 3
and 4 are the four important positions of the compound.

hydrophilic, and A, hydrophobic. It was observed that the
hydrophilic groups of regions B and D matched very well
with the hydrophilic surface of the receptor. However, be-
cause some part of the receptor surfaces near region A is

hydrophilic, it does not match with the hydrophobic groups
of regions A, particularly in the lower left region. To im-
prove their binding interaction, a logic strategy is to modify
the agaritine molecule by adding some hydrophilic group to
region A. Shown in Table 1 are the 19 chemical groups used
to substitute those in the positions 1, 2, 3, and 4. The details
of the structure modification (SM) of agaritine are as fol-
lows.

SM1

Substituting hydrogen atom at position 1 of region A in
turn by each of the 19 groups listed in Table 1 while keeping
all the other parts exactly the same.

SM2

Substituting hydrogen atom at position 2 of region A in
turn by each of the 19 groups listed in Table 1 while keeping
all other parts exactly the same.

SM3

Substituting hydrogen atom on the carbon atom of hy-
droxy methyl at position 3 of region A in turn by each of the
19 groups listed in Table 1 while keeping all the other parts
exactly the same.
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Table 1. List of Chemical Groups Used for Modifying Agaritine
1 11 O
—H I
—CH,—C—OH
2 12 (0]
—CHj, I
—CH,—CH,-C—OH
3 —C\H—CH;, 13 (‘)‘
CH, —CH,—C—NH,
4 —CHZ—C‘H—CH3 14 (‘)‘
CH, —CH,~CH,—C—NH,
5 —CH—CH,—CHj, 15
\ ; —CH,—SH
CH,
6 16
—ch, —CH,—CH,—S—CHj,
7 17
—CH, OH —CH,~CH,—CH,—CH,—NH,
8 18 NH
—CH, Il
| | —CH,—CH,—CH,—NH-C—NH,
NH
9 19 —CH, N
—CH,—OH ‘ J
NH
10 —C‘H—CH3
OH
SM4 Table 2. List of Substructures Mentioned in the Text

The hydrophilic group amido in region D is replaced in
turn by each of the 19 groups listed in Table 1 while keeping
all the other parts exactly the same.

SM5

The hydrophilic group carboxyl in region D is replaced in
turn by each of the 19 groups listed in Table 1 while keeping
all the other parts exactly the same.

SM6 — SM10

Doing the same operations as described in SM1-SM5
after replacing substructure-1 of Table 2 in region C (see
Fig. 2) by substructure-2 of Table 2.

SM11 - SM15

Doing the same operations as described in SM1-SM$5
after replacing substructure-1 of Table 2 in part C (see Fig.
2) by substructure-3 of Table 2.

The molecules thus created were optimized, and their
partial charges were assigned by electric equilibrium electric
charge method using Sybyl 7.0 in AMBER99 [19]. Then the
structures were optimized again using the AMBER99 force
field and saved in mol2 format to be used for docking.

~CH,CH, -

Substructure-1

Substructure-2

Substructure-3

The FlexX/Run muti-ligand mode of Sybyl 7.0 software
package [20,21] was used to perform docking studies. Sev-
eral techniques developed for doing the structure-based drug
design are incorporated in the package. During the docking
process, the base fragment (the ligand core) is automatically
selected and is placed into the active site using a new algo-
rithmic approach based on a pattern recognition technique
called pose clustering. The remainder of the ligand is built
up incrementally from other fragments. The new fragment is
added in all possible conformations to all placements found
in the previous iteration, but only the k best placements are
taken on to the next construction step. The conformational

flexibility of the ligand is included by generating multiple
conformations for each fragment and including all in the

3. Docking Studies and Results
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ligand building steps. Placement of the ligand is scored on
the basis of protein-ligand interactions, as the shape alone is
a weak descriptor, especially for small or flexible ligands.
Finally, the binding energies are estimated, and the place-
ments are ranked.

The residues within 8A around the ligand were taken into
account for computing the binding energy. The free energy
was evaluated and scored as a measure for binding: the
smaller (more negative) the score, the better the binding.
Each of the 15x19 = 285 compounds modified from agari-
tine was docked to the 4PHV protease receptor, and their
corresponding docking free energies are given in Table 3.

As is well known, saquinavir is a powerful protease in-
hibitor and is also the first HIV protease inhibitor authorized
by the FDA [22-24]. It was observed that saquinavir was
tethered to Gly27 and Asp29 of 4PHV by three hydrogen
bonds. In contrast, agaritine was tethered to the residues
around the active site of 4PHV by four hydrogen bonds (Fig.
4), and the modified agaritine by five hydrogen bonds (Fig.
5), suggesting that the hydrogen bonding interaction of the
HIV protease with the modified agaritine was even stronger.
It is instructive to note that the modified structure forms a
hydrogen bond with Asp 25, which is one of the most impor-
tant residues in the active site.

Gao et al.
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Fig. (3). A close view of the binding interaction of agaritine with the
residues of the HIV protease (4PHV). Agaritine is in the ball-stick
representation. The receptor surface near the ligand is displayed
with the blue and green colors referring to hydrophobic and hydro-
philic areas, respectively. It is quite clear that the ligand is well situ-
ated in the receptor pocket and that the hydrophilic features of the
two molecules are well matched to each other, except a small part of
the A region (cf. Fig. 2). (For interpretation of the references to col-
our in this figure legend, the reader is referred to the web version of
this paper).

Table3. The Docking Free Energy (Kcal/mol) of Agaritine Derivatives after Various Structure Modifications (SM)
CHEMICAL SM (STRUCTURAL MODIFICATION) SCHEME
GROUP*
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 — e — -21.7 -33.3 — e — =253 -22.3 e e E— -26.4 -26.6
2 -30.5 -26.1 -24.8 -24.8 -25 -33.7 -30.3 -31.3 =225 -24.2 -36.3 -34.7 -33.7 -29.2 -27.8
3 -26.8 -25 -23.6 -20.2 =222 -25.7 -24.3 -25.5 -19.8 -20.8 -37.1 -33.2 -31.6 -30.6 -28.2
4 -28 -25.7 -25.4 -21.5 -22.5 -35.7 -25.8 -30.4 -21.9 -26.3 -37.2 -32.8 -32.2 -27.5 -28.5
5 -26.2 -26 -25.5 -17.9 | -19.8 -299 | -194 | -26.6 -31 -24 -36.8 | -37.6 | -36.8 -36 -26.6
6 -279 | 279 | -286 | -274 | -255 =279 | -27.6 -289 | -27.6 -219 | -383 -36.1 -33.7 | -30.3 -26.1
7 -27 -26.5 -289 | -26.6 | -233 -28.3 -24.9 -28.6 | -25.6 -24.3 -359 | -329 | -29.6 | -333 -28.5
8 -32 =279 | -32.1 -29.1 -26.2 =293 -39.2 -35 -23.4 -24.6 | -339 | -344 | -348 -31.8 | -31.7
9 -29.5 -25.8 | -31.2 -24.1 -27 -29.8 -25 -27 -25.5 -28.7 -33 -37.3 -33.5 -28 -28.8
10 -31.2 =27 -28.7 | -264 | -26.7 -32.0 | -232 -279 | 214 =279 | -36.1 -35.3 -333 -29.2 | -35.6
11 -30.3 -29.3 -32 -33.6 | -29.1 -34.0 | -22.9 -348 | -31.2 -33.5 -38.1 -36.2 | 369 | -335 -37

12 -33.1 -29.3 -30.3 =332 | 252 -32.4 | -32.8 -353 -26.1 =274 | -36.5 -38.1 -39 -29.6 | -313
13 -32.8 | 292 | 414 | -334 | -293 -32.1 -31.5 -354 | -349 -30.6 | -383 -30.0 | -349 | -358 | -382
14 -36.3 -309 | -36.2 | -339 | -29.6 | -345 | -313 -36.3 -29.4 -28.5 -36.7 | -34.5 -31.7 -32 -33.4
15 -26.8 | -28.6 | -27.7 | -22.1 -21.1 -29.5 | -28.7 -27.1 -25.4 -25.7 | 352 | 357 | -29.6 | -275 -23.8
16 -24.6 -25.1 -26.3 -20.3 -21.4 -26.4 -24.7 -26.4 -19.7 -28.7 -32.1 -32.2 -28.8 -27.1 -26.4
17 -30.1 =252 -30.8 -22 -24.8 -32 -27.2 -28.3 -26.4 -23.3 -33.4 -40.2 -32.6 -28.5 -28.5
18 -39.7 -31.8 -34.9 -29.5 -29.4 -29.9 -32.9 -31.9 -31.2 -28 -34.9 -38.4 -28.1 -33.7 -33.2
19 -29.7 -30.3 -33.7 -31.5 -26.6 -31.3 -27.8 -26.8 -26.1 -24 =322 =355 -32.8 -27.4 -25.7

“See Table 1 for the corresponding chemical groups.
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Fig. (4). A close view of the binding interaction between agaritine
and the residues of receptor 4PHV. The agaritine is in the ball-stick
representation, the residues of the receptor is in the stick representa-
tion with oxygen, nitrogen, carbon, and hydrogen colored in red,
blue, gray, and white, respectively. The green lines represent the
hydrogen bonds which are formed with Asp29 and Gly27 of 4PHV,
respectively. Gly27 is the key residue for the enzyme’s active site.
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this paper.)
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Fig. (5). A close view of the binding interaction between the modi-
fied agaritine and the residues of receptor 4PHV. The modified
agaritine is in the ball-stick representation, the residues of the re-
ceptor is in the stick representation with oxygen, nitrogen, carbon,
and hydrogen colored in red, blue, gray, and white, respectively.
The green lines represent the hydrogen bonds which are formed
with Asp25 and Gly27 of 4PHV, respectively. Both Asp25 and
Gly27 are the key residues for the enzyme’s active site. (For inter-
pretation of the references to colour in this figure legend, the reader
is referred to the web version of this paper).

It can be seen from Table 3 how the substitution with
various chemical groups affect the binding of the modified
agaritine to the protease. Let’s first compare the average
docking results of SM1 and SM2. The average docking free
energy over the 19 substituting groups of SM1 and SM2 are

Medicinal Chemistry, 2007, Vol. 3 No. 3 225

-30.14 Kcal/mol and -27.64 Kcal/mol, respectively, suggest-
ing that it is more effective to add a functional group in posi-
tion 1. This is understandable because the groups in position
1 have more space to adapt to the receptor. It is interesting to
see that SM6 and SM10 have much lower average free en-
ergy, -35.67 Kcal/mol and -35.28 Kecal/mol, which is
achieved by replacing substructure-1 (see Table 2) of region
C (see Fig. 2) by substructure-2 and substructure-3 (see Ta-
ble 2), respectively, suggesting that the introduction of an
aromatic group in region C would improve the binding
interaction.

The second type of modification scheme (SM3) involves
replacing hydrogen atom on the carbon atom of hydroxy
methyl in region 1 in turn by each of the 19 groups listed in
Table 1. The average docking free energy was -30.12 Kcal/
mol, which was slightly lower than that of SM2 and very
close to that of SM1. After the C region was replaced by
substructure-2 and substructure-3 of Table 2, the correspond-
ing average docking free energies were -30.19 Kcal/mol and
-32.98 Kcal/mol, indicating that free energy changes were
not as much as in the case of SM1 and SM2. This is because
replacing hydrogen on carbon by an aromatic group might
impose stricter special and geometric requirement for the
binding interaction.

The third type of modification scheme is to replace the
hydrophilic amido at position 4. The average docking free
energy is -26.27 Kcal/mol. And after changing the frame-
work structure for substructures 2 and 3, the corresponding
docking free energies were -26.02 Kcal/mol and -30.39
Kcal/mol, respectively. Similar result (-25.68 Kcal/mol) was
obtained by replacing carboxyl at position 4. After changing
the framework structure for substructures 2 and 3, the corre-
sponding docking free energies were -26.04 Kcal/mol and -
29.78 Kcal/mol respectively. It indicates that the hydrophilic
groups in position 4 should be kept and introduction of other
type groups did not improve the binding. The existence of
the benzene ring was favorable for the binding, while sub-
structure-2 did not much help the binding interaction.

We found thru the above analysis that replacing region C
with substructure 3 of Table 2 would certainly improve the
binding interaction. Introducing the functional groups in re-
gions A could make the ligand more active. The best result
with the free docking energy -40.2 Kcal/mol was achieved
by following the SM12 scheme; i.e., substituting chemical
group 17 of Table 1 for the position 2 of region A and substi-
tuting substructure-3 for substructure-1 in region C.

CONCLUSION

Agaritine is a compound extracted from Chinese herbal
medicine. It has been observed through an extensive docking
experimental study that some of its derivatives have very
favorable binding interaction with the HIV protease. The
findings reported here might provide useful clues and foot-
ings for designing powerful drugs against AIDS.
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