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Introduction 
 

The long-term  goal of this research projec t is to develop CCR5 antagonists with the 
structure feature of anibam ine as novel anti pr ostate cancer agents . T he tasks of this 
project include: 1. Chemical synthesis of the ligand designed as anibamine derivatives; 2. 
Radio-ligand com petition binding assay to ev aluate the b inding af finity of  the ligands 
synthesized; 3. Characteriza tion of CCL5 and CCR5 expre ssion in SV40T-imm ortalized 
human prostate epithe lial ce ll lines of  the  sam e cellular lin eage with v arying 
tumorigenicity and m etastatic capacity in vivo (P69, M2182, M2205 and M12); 4. 
Investigation of the impact of chemokine receptor CCR5 antagonist on prostate cancer 
cell growth and progression using M12, PC -3, and DU-145 cell lines; 5. Molecular 
modeling study. In order to achie ve these aims, we have firs t designed and synthesized a  
series of anibam ine analogs based on “D econstruction-Reconstruction-Elaboration” 
method.  In the second  year of th is project , additional twenty novel ligands have been 
prepared as derivatives of anibamine for biological scr eening assays. Second, several 
progressive biological assays to  evaluate th e anti prostate cancer activity  of the ligands 
have been set up and pursued. Prim arily, a Ca 2+ mobilization assay ha s been set u p and 
the protocol has been tested successfully. So me of known ligands and new ligands in our 
library have been tested in the assa y. Second, a RANTES-binding inhibition assay 
protocol has been set up and som e new ligands have been tested in this assay. 
Additionally, biological screening includes the test of capacity of these novel com pounds 
to inhibit proliferation and/or apoptosis by the human prostate cancer cell lines M12, PC-
3, and DU-145 has been conducted continuously to  evaluate the efficacy of more ligands. 
A molecular modeling study (3D QSAR) protocol has been set up and tested with som e 
representative ligands in our library. Combined the result of the expression of CCL5 and 
CCR5 in hu man prostate epithelial cell li nes of the sam e cellu lar lineage but with 
differing in vivo phenotypes (P69SV40TA g, M2182, M2205, and M12), one m anuscript 
focusing on the com prehensive ch aracterization of anibam ine as anti pros tate cancer 
agent has been accepted for publication in Bioorganic and Medicinal Chemistry Letters. 
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Annual Progress Report  

The long-term goal of this research project is to develop CCR5 antagonist with the structure feature of 
anibamine as novel anti prostate cancer agents. Based on the approved Statement of Work (SOW) of this award, 
the following tasks were planned originally to be accomplished within two-year period of time: 

Task 1. Chemical synthesis of the ligand designed as anibamine derivatives 

Task 2. Radio-ligand competition binding assay to evaluate the binding affinity of the ligands synthesized 

Task 3. Characterization of CCL5 and CCR5 expression in SV40T-immortalized human prostate epithelial cell 
lines of the same cellular lineage with varying tumorigenicity and metastatic capacity in vivo 

Task 4. Investigation of the impact of chemokine receptor CCR5 antagonist on prostate cancer cell growth and 
progression using M12, PC-3, DU-145 and LNCaP cell lines 

Task 5. Molecular modeling study 

In the first year all five tasks had been pursued accordingly and the results were summarized, submitted and 
reviewed. In the second year we again kept conducting our research based on the approved SOW and made 
significant progress. Right now the award is under No-Cost Extension period (06/01/2010 to 06/30/2011). The 
research outcome in the second year of performance is summarized as below: 

Task 1. Chemical synthesis of the ligand designed as anibamine derivatives 

Our laboratory has accomplished the total synthesis of anibamine and published the results in Organic Letters, 
2007, 9(10), 2043-6. This biosynthetic approach is being applied directly to our current chemical synthesis of 
the newly designed derivatives of anibamine. The initial structural modification of anibamine is following the 
“Deconstruction-Reconstruction-Elaboration” method, as proposed in Figure 1. In this second year project 
period, we further explored the method more exhaustedly in order to define the structure-activity-relationship of 
anibamine comprehensively. 

N

CH3

TFA
( )5

Figure 1. Initial structure modification of anibamine

( )5
H3C

Deconstruction: remove
the ring system to see its
influence on activity

Elaboration: different configuration: cis 
or trans; or saturated side chain

Elaboration: different configuration: cis or
trans; or saturated side chain

Decontruction:remove
this side chain to test
its influence on the
anti-cancer activity Decontruction:remove

this side chain to test
its influence on the
anti-cancer activity

 

1.1 Ring System Deconstruction 

The central ring system of anibamine largely determines the molecular conformation of anibamine. Thus, by 
removing the fused ring, the conformation of the molecule will be changed.  Shown in scheme 1, the synthesis 
of another non-ring derivative of anibamine was accomplished. 

N
CH3COOH

N

Br BrBr2

B(O-i-Pr)2H3C(H2C)7

H H

PPh3, Na2CO3 N

(CH2)7CH3

(CH2)7CH3Pd(OAc)2

1

Scheme 1. The synthesis of non-ring derivative of anibamine  

1.2 Elaboration procedure 

Further deconstruction/elaboration products were designed based on anibamine main skeleton to exhaust the 
structural variants of anibamine. The purpose of this study includes: one, the chemical synthesis of these new 
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ligands provides synthetic methodologies to future preparation of more structure-diversified anibamine 
derivatives; two, the biological screening study on these ligands will help identify any possible missed structure 
features that are critical to anti cancer activity from our previous studies.  
Compound 2 and 3 will test the combination of deconstruction and elaboration by removing one side chain in 
anibamine while changing the stereochemistry of the double bond on the other one. The chemical synthesis of 
compound 2 and 3 is shown in scheme 2 while compound 4 and 5 were prepared simply by reducing the 
double-bond of compound 2 and 3. 

Pd(OAc)2/

H

B(OH)2

H3C(H2C)7

H

N
OPMB

N

Br

OPMB

Br

N
+TFA-

H3C(H2C)7

N
+TFA-

(CH2)7CH3

2

3

or
PPh3, Na2CO3

a) 1N HCl

b) MsCl/Et3N or

N
+TFA-

H3C(H2C)7

N
+TFA-

(CH2)7CH3

4

5

H2

Pd/C
or

Scheme 2. The chemical synthesis of compound 2 to 5.  
 
Compound 6 to 11 were designed to see if changing the configuration of double bond on only one side chain of 
anibamine will influence the anti cancer activity. 

N

(CH2)7CH3

+TFA-
(  )n

n = 1, compound 6
n = 2, compound 7
n = 3, compound 8

N

H3C(H2C)7

+TFA-
(  )n

n = 1, compound 9
n = 2, compound 10
n = 3, compound 11

(CH2)7CH3

(CH2)7CH3

The chemical synthesis of compound 6 through 11 
required regio- and stereo- selective introduction of 
trans- and cis- double bond moiety. The stereo-
selectivity were achieved by applying Suzuki’s 
Coupling Reaction, while the regio-selectivity were 
achieved by taking advantage of the steric hindrance of 
the 2-position side chain, as shown in scheme 3 using 
compound 6 as an example.  
 

a) 1N HCl

b) MsCl/Et3N

N

Br

(CH2)7CH3
B(O-i-Pr)2H3C(H2C)7

H H

Pd(OAc)2/PPh3, Na2CO3N

Br Br

OPMB

(1 eq)

OPMB Pd(OAc)2/

H

B(OH)2

H3C(H2C)7

H

PPh3, Na2CO3

(3 eq)

N

(CH2)7CH3

OPMB

(CH2)7CH3

N

(CH2)7CH3

+TFA-

(CH2)7CH3

6

Scheme 3. The chemical synthesis of compound 6
 
1.3 Further side chain modification 
We decided to modify the side chains of anibamine more dramatically. The reasons are, at first, the calculated 
log Kow for anibamine is 9.1, which indicates that its lipophilicity is significantly higher than the value set forth 
by “Lipinski’s rule of 5” for drug-like compounds. Second, in comparing the chemical structure of anibamine 
with other known CCR5 antagonists, a major difference is that their two side chains are simple, undecorated, 
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aliphatic chains.  Introduction of more chemical structure features on these side chains will likely have very 
revealing consequences that will effectively drive this structure-activity relationship study. 

H
NN

O

HN

O

TFA

R

R

 

Therefore, an amide bond was first used as linkage for the side chain to introduce 
possible hydrogen bonding property and to utilize its partial double bond character. 
Then, an aromatic moiety (substituted phenyl ring system at this stage) were 
introduced to simulate the aliphatic chain of anibamine with similar number of 
carbon atoms. The substitutions on the phenyl ring were sequentially introduced by 
following Topliss Operation Scheme (“Topliss Tree”), as shown in sequence of H, 
4-Cl, 4-OMe, 4-Me, 3,4-Cl2, 3-Cl, 4-tBu, 4-CF3, 3-CF3. Total 9 new compounds have been 
synthesized. 

The chemical synthetic routes to pursue these ligands have been formulated and shown in scheme 4. 
 

N

NC CN

OPMB
N

OPMB

NH2H2N

N
OPMB

N
H

N
H

O

R

O

R

N

N
H

N
H

O

R

O

R

+TFA-

H2/Pd/C

HOAc

COOH
R

EDCI, HOBT

a) 1N HCl

b) MsCl/Et3N

12

Scheme 4. The chemical synthetic routes to synthesize novel ligands.  
In summary, total of twenty novel ligands as anibamine derivatives have designed and synthesized through 
multi-step chemical synthesis in the second year. They all have been fully characterized by NMR, IR, and MS.  
Elementary analysis was also conducted for each compound for final verification of their chemical composition. 

Task 2. Radio-ligand competition binding assay to evaluate the binding affinity of the ligands synthesized 

In the first year we setup a radio-ligand binding assay protocol to conduct the RANTES binding inhibition 
assays to test the CCR5 receptor affinity of all the compounds synthesized. The assay protocol has been 
validated. The shortcomings of this assay include that the radio-ligand [125I]RANTES is a radio-safety harzard, 
this radio-ligand is costly and short-life, and it is difficult to realize high-throughput screening. 

Therefore, in order to overcome these shortcomings, we also developed a Ca2+ mobilization assay as the pre-
screening method in the second year. This Ca2+ mobilization assay has been applied in the binding affinity and 
function characterization of GPCRs ligands successfully in the literature. Specifically it has been adopted in the 
chemokine receptor CCR5 antagonists development. The advantages of Ca2+ mobilization assay over the 
traditional radio-ligand binding assay and GTPS functional assay are economic, efficient, high-throughput, and 
environment-friendly. 

2.1 Ca2+ mobilization assay 

We developed the Ca2+ mobilization assay protocol in our lab and tested against some known CCR5 
antagonists. As shown in Figure 2, CCR5 agonist CCL5/RANTES gave full stimulation of Ca2+ release while 
CCR5 antagonist Maraviroc showed dose-response inhibition of RANTES stimulation of Ca2+ mobilization. 
Similar results were observed with another CCR5 antagonist TAK-779. When anibamine was tested, it also 
showed potent antagonism with a much higher IC50 value. The results are summarized in Table 1. Interestingly, 
the IC50 values of these antagonists correlated nicely with their binding affinity reported in literature, which 
indicates that Ca2+ mobilization assay may be also applied to evaluate their binding affinity to CCR5 indirectly. 
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Figure 2. Ca2+ mobilization assay results. 

 

Table 1. Ca2+ mobilization assay results for known 
CCR5 antagonists 

Compound IC50 in Ca2+ 
mobilization 

IC50 in affinity 
binding against 

RANTES 

Maraviroc 1.57 nM 5.2 nM 

TAK-779 1.48 nM 1.4 nM 

Anibamine 1.20 uM 1.0 uM 

    

While we mainly look for CCR5 antagonists, the ligands were first tested with various doses for possible 
agonist activity. The protocol is the same for antagonism study, except no CCL5 (RANTES) will be added. 

In the antagonism assay, CCL5/RANTES at 20 nM alone were used as agonist control, Maraviroc at 1 nM were 
used as antagonist positive control while DMSO were used as negative control. 

Cell Culture Conditions: Cells are cultured in a humidified atmosphere of 5% CO2/95% air at 37°C. The base 
medium for this cell line is ATCC-formulated RPMI-1640 Medium with 10% FBS, 1% L-Glu and 0.1% 
geneticin. Media needs to be added every 2-3 days and the cell concentration needs to be kept below 2,000,000 
cells/ml. 

Experimental Protocol: MOLT-4 cells were plated in black 96-well plates with transparent bottom (Greinier 
Bio-one) at 100,000 cells per well in 50:1 HBSS:HEPES  assay buffer. They were incubated for 1 hour at 37º 
and 5% CO2 with control buffer or varying concentration of antagonist for a total volume of 130 μL per well. 
Cells were then incubated with 50 μL of Fluo-4-AM loading buffer (40 μL 2 μM Fluo-4 dye, 100 μL 2.5 mM 
probenacid, in 5 mL assay buffer) for an additional hour. 20 μL 200 nM RANTES solution in assay buffer or 
assay buffer alone were added to the wells and changes in Ca2+ concentration were monitored for 1 minute 
using a multichannel plate reader (FlexStation 3, Molecular Devices). Fifteen seconds before addition of 
chemokine or buffer were measured to detect background fluorescence. Normalization of data obtained from 
each fluorescence trace was performed by the following equation: (peak fluorescence - basal 
fluorescence)/basal fluorescence, where peak fluorescence is the highest peak in fluorescence after addition of 
chemokine and basal fluorescence is the average of the basal fluorescence in the first 15 seconds of the assay. 
IC50 calculation: The half maximal inhibitory concentrations (IC50) of compounds were determined with Prism 
2 (GraphPad software) by constructing their dose-response curves to the logistic equation. 
Screening results as follows (For discussion convenience, the numbering system for Task 2 is different from 
Task 1 since the biological screening results may include the compounds from the first year performance): 

N
(CH2)7CH3

(CH2)7CH3

+TFA-
(  )n

n = 1, anibamine 1
n = 2, compound 2
n = 3, compound 3  

N

H3C(H2C)7 (CH2)7CH3

+TFA-
(  )n

n = 1, compound 4
n = 2, compound 5
n = 3, compound 6

N

H3C(H2C)7 (CH2)7CH3

+
TFA- (  )n

n = 1, compound 7
n = 2, compound 8
n = 3, compound 9

Table 2. Ca2+ mobilization screening results. 
Compounds 1 2 3 4 5 6 7 8 9 
IC50 (Ca2+) 

uM 
0.65 0.84 0.77 2.76 2.15 1.56 2.7 >10 7.7 
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From Table 2 we can see that the ring size is critical for the binding affinity of these ligands to the receptor. 
 
2.2 Radio-ligand binding assay 
Once the ligands are characterized in Ca2+ mobilization assay, the ones that show IC50 value lower than 1 uM 
were further tested in the [125I]RANTES radio-ligand binding assay to characterize their binding affinity to 
CCR5 receptor directly. 
To test the CCR5 receptor affinity of the compounds synthesized, Chinese hamster ovary (CHO) cells 
expressing human CCR5 were used in the binding experiments.  The experiment were conducted at room 
temperature in the presence of [125I]RANTES. IC50 values (the concentration required to inhibit the binding of 
[125I]RANTES by 50%) were used to evaluate the relative affinity of the compounds to CCR5.  Normally, 
compounds with an IC50 concentration at 10M or lower are considered active and will be further evaluated in 
additional in vitro assays. The binding assay will provide preliminary data for further molecular design, 
especially as guided by molecular modeling where downstream biological effects are not explicitly considered. 

2.2.1 CCR5/CHO Cell Transfection CHO Cells are transfected with CCR5 plasmid DNA (UMR cDNA 
Resource Center) using LipofectAMINE Reagent (GibcoBRL) according to the manufacturer’s 
recommendation.  Briefly, a lipid/DNA mixture is prepared in 200 µL of serum-free media (3 µL lipid and 1 µg 
DNA) and incubated for 45 min at 22°C.  Serum-free media is then added to bring the final volume to 1 mL, 
which is then added to each well of cells.  After 3 hr, the lipid/DNA mixture is removed and replaced with 1 mL 
of FBS-containing medium.  For selection of stable cell lines, the media is replaced with selection media 
(containing 4 to 6 mg/mL of G418) after 36 hr. These cells are then split into 96 well plates at a concentration 
of 1 cell per three wells. The entire time the cell are being grown in the presence of 1 mg/mL of G418 to 
continue to maintain the selection process. Once the cells get confluent, Western blots will be conducted for 
each clone utilizing a human CCR5 polyclonal antibody. The cloned cells with CCR5 expression will be 
adopted to further cell culture. 

2.2.2 Cell Culture and Drug Treatments Cells are cultured in a humidified atmosphere of 5% CO2/95% air 
at 37°C.  The medium is a 1:1 mixture of DMEM and Nutrient Mixture F12 containing 5% fetal bovine serum, 
100 units/mL each of penicillin and streptomycin.  Transfected cell medium also contains 0.4 mg/mL G-418. 

2.2.3 Membrane Homogenate Preparation Cells are harvested by replacing the media with PBS + 0.4% 
EDTA and collected by centrifugation at 1000 x g.  Samples are homogenized in 20 volumes ice-cold 
membrane buffer (50 mM Tris-HCl, 3 mM MgCl2, 1 mM EGTA, pH 7.4) with a Polytron.  The homogenate is 
centrifuged at 48,000 x g for 10 min, resuspended in assay buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM 
EGTA, pH 7.4), centrifuged again as above, and resuspended in assay buffer.  Protein values are determined by 
the Bradford method. 

2.2.4 CCR5 Receptor Binding  Saturation binding is performed by incubating membranes for 90 minutes 
at 30°C with 0.5-15 nM [125I]RANTES in assay buffer in a 0.5 mL volume.  Non-specific binding is determined 
with 200 nM RANTES. For competition assays, membranes are incubated as above with 2 nM [125I]RANTES 
and various concentrations of unlabeled ligand, to determine competitor affinity for CCR5.  The reaction is 
terminated by rapid filtration (GF-C filter paper is presoaked for at least half hour in 0.3% PEI solution).  
Bound radioactivity is determined by gamma counter for [125I] immediately [54]. 

2.2.5 Data analysis For competition binding assay, linear regression analysis of Hill plots (plot of log[B / (B0 

- B)] as a function of log[X]; where B is the pmol/mg of radioligand bound and X is the concentration of 
unlabeled competitor) will be conducted to determine the IC50 value for each ligand.  “B” will be calculated as 
% of radioligand bound at each concentration of competitor and B0 will be normalized to be 100%.  The IC50 
values (inverse log X where B = 50%) will then be determined and corrected to Ki values using the Cheng-
Prusoff equation: Ki = IC50 / (1 + (L/KD)), where L is the concentration and KD is the KD value of the 
radioligand. All linear and non-linear curve-fitting analyses will be performed using Prism 4.0 software. 

2.3 Results The binding assay is now being conducted under the supervision of Dr. Dana E. Selley of the 
Department of Pharmacology and Toxicology at Virginia Commonwealth University. Both the PI’s lab and Dr. 
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Selley’s lab have fully functional binding assay facility. The assays is being pursued mainly in the PI’s lab 
while Dr. Selley’s lab will provide necessary technical support. The results for some of our ligands are 
summarized in Table 3 for the compounds showed IC50 lower than 1 uM in Ca2+ mobilization screening. 

Table 3. [125I]RANTES radio-ligand binding assay results. 

Compounds 1 2 3 

Ki (uM) 1.30 ± 0.12 1.68 ± 0.44 1.96 ± 0.33 

As we can see from Table 3, the direct binding affinity assay for these three compounds correlated with their 
Ca2+ mobilization screening results. This further approved that using Ca2+ mobilization assay as pre-screening is 
a right decision. Therefore, in the future we are going to pursue the binding screening assays following the same 
route to save funds and be environmental friendly. 

Task 3. Characterization of CCL5 and CCR5 expression in SV40T-immortalized human prostate 
epithelial cell lines of the same cellular lineage with varying tumorigenicity and metastatic capacity in 
vivo 

This task had been finished in the first year and the results will be published in the near future (the manuscript 
has been published on-line).  

Task 4. Investigation of the impact of chemokine receptor CCR5 antagonist on prostate cancer cell 
growth and progression using M12, PC-3, DU-145 and LNCaP cell lines 

4.1 Anti Proliferation Assays  The capacity of each synthesized compounds to inhibit the proliferation of 
several prostate cancer cell lines will be tested primarily as the first biological assay to evaluate their anti cancer 
activity. 

4.2 Protocol 

All cell lines, P69, PC-3, DU-145 and M12, were incubated at 37 ºC in the presence of 5% CO2. RPMI 1640 
serum free media (GIBCO Invitrogen) containing 1 % L-glutamine, 0.1 % ITS (insulin, 5μg/ml; transferrin, 
5μg/ml; and selenium, 5 μg/ml; Collaborative Research, Bedford) and 0.1 % gentamicin was used to cultivate 
all cells.  

The media for DU-145 and PC-3 cell lines also included 10 % fetal bovine serum (FBS). The serum containing 
media for the M12 and P69 cell lines contained 5 % FBS. While the DU-145, PC-3 and P69 cells were all 
originally plated in media containing serum, the M12 cells were originally plated in serum containing media 
and then the next day were plated in serum free media and 0.01 percent epidermal growth factor (EGF). B. 
Anti-Proliferation Drug Assays  

The effect of compounds designed as CCR5 antagonists on various prostate cancer tumor cell lines was 
assessed utilizing WST-1 Cell Proliferation Reagent (Roche). Prostate cancer tumor cells (DU-145, PC-3, M12 
and P69) were plated out into 96 well plates (BD Falcon, VWR) at a concentration of 2000 cells per well. For 
the purpose of this study all cells were plated in RPMI media (GIBCO Invitrogen) containing 10 % fetal bovine 
serum, 1 % L-glutamine, 0.1 % ITS and 0.1 % gentamicin. The cells were placed in a total volume of 100 
microliters per well and incubated overnight at 37 ºC and 5% CO2. Various concentrations of drug were plated 
the following day, maintaining a final total well volume of 150 microliters per well. In wells containing only 
cells and media or just media, a volume of 50 milliliters of PBS was added to each well. All drugs were 
dissolved in a minimum amount of dimethysulfoxide (Sigma-Aldrich) and the further dissolution was 
conducted with PBS buffer (GIBCO Invitrogen). Once the drugs were plated they were allowed to incubate 
with the cells for 24 hours at 37 ºC and 5% CO2.The next day 10 microliters of WST-1 Cell Proliferation 
Reagent (Roche) was added to each well, and incubated at 37 ºC and 5% CO2 for 3 hours. The absorbance of 
each well was then measured using an EL 312e Microplate Bio-kinetics Reader (BIO-TEK Instruments). 
Calculations of % inhibition and IC50 of each drug was performed utilizing a spreadsheet (Microsoft Office 
Excel 2007). The percent inhibition was calculated by subtracting the average absorbance of the cells in the 
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presence of drug from the absorbance of the cells with just media and then this value was divided by the 
difference between the absorbance of the cells without the drug and the absorbance of the media, all of which 
were multiplied by one hundred. The equation is, percent inhibition = [ (Acells – Adrug) / (Acells – Amedia) ] x 
100, where A is the absorbance, cells is wells growing cells with no drug, drug is cells growing in the presence 
of drug and media is just media in the absence of both cells and drug. 

4.3 Results and Discussion 
All the anibamine derivatives so far synthesized have been tested or are being tested in anti proliferation assays 
against PC-3, DU145, and M12 prostate cancer cell lines. Here we report the results in the way to demonstrate 
the Structure-Activity relationship. Therefore the numbering system is different from other Tasks. 
For the deconstruction products, compound 2, 3, and 4 were tested. Compared with parent lead anibamine (1), 
compound 2’s anti proliferation activity diminished drastically (IC50 values higher than 10 uM). This tells us 
that the ring system is necessary to secure the positive charge of the molecule for anti prostate cancer activity. 
Compound 3 and 4 showed some activity in anti proliferation assays (Table 4), but not as good as anibamine 
itself overall to all three cell lines. It seems that both side chains are needed to retain anti cancer activity. 
So essentially the reconstruction product came back to anibamine (1) itself. 
To further apply the method, a series of elaboration products were tested. First, compound 5 was designed to 
test the influence of the double bond configuration of the side chains to the activity. As shown in Table 4,  

N
(CH2)7CH3

(CH2)7CH3

N

(CH2)7CH3

+

N
(CH2)7CH3

+
TFA- TFA-

2 3 4
TFA

N

H3C(H2C)7 (CH2)7CH3

+TFA-
(  )n

n = 1, compound 5
n = 2, compound 6
n = 3, compound 7  

double bond configuration does influence the activity somehow 
significantly and trans- configuration seems to be beneficial to 
the anti cancer activity to all three cell lines compared with 
anibamine. Based on this promising result, compound 6 to 7 
were further designed to test the influence of the ring size to the 
activity. As we can see, the ring size seems to be important. 
While the introduction of six member ring reduced the activity 
dramatically, seven member ring system seems favorable to the 
activity against all three cell lines, especially to M12. 

To summarize, the “Deconstruction-Reconstruction-Elaboration” method helped us to define the Structure-
Activity-Relationship of anibamine primarily (Figure 3). It seems that overall compound 7 is showing more 
significant anti proliferation activity than anibamine. So we decide to apply it as our new lead compound in our 
future molecular design. 
Table 4. Anti proliferation assay results for 
anibamine and compound 2-7 

 

Compound IC50 (uM) 

N

CH3

H3C

( )5

Figure 3. Initial structure activity relationship of anibamine

( )5

Removal of the ring system
lead to decreasing of
anti-cancer activity

configuration of trans seems to benefit
anti-cancer activity

configuration of trans seems to benefit anti-
cancer activity

Removal of this side chain
lead to decreasing of
anti-cancer activity

Removal of this side chain
lead to decreasing of
anti-cancer activity

 PC-3 DU-145 M12 
Anibamine (1) 0.37±0.04 0.15±0.07 0.50±0.08 

2 >10 >10 >10 
3 0.85±0.23 4.42±1.11 2.33±0.82 
4 0.14±0.05 1.21±0.31 5.9±0.60 
5 0.19±0.07 0.08±0.03 0.34±0.16 
6 0.94±0.31 4.9±1.4 6.8±1.2 
7 0.12±0.05 0.20±0.03 0.05±0.01 

 
Task 5. Molecular modeling study 

5.1. Homology modeling study of CCR5 receptor 3D model 

The part of research results have been published in the Journal of Chemical Informatics and Modeling, 2009, 
49(1), 120-32. 

The purpose of this work is to provide a molecular modeling study template for our on-going docking study. 
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5.2 Small molecule construction For all the small molecules (designed and synthesized ligands), their 
conformation has been optimized after being constructed in Sybyl 7.0. Further dynamics simulation of each has 
been conducted in order to study their conformation change and possible lowest energy conformation under 
experimental condition. The result from this study will provide the starting point conformation of each ligand to 
pursue the docking study and 3D QSAR study. 

5.3 3D QSAR (Quantitative Structure-Activity Relationships) Study 

As proposed in our proposal, we will utilize 3D QSAR (Quantitative Structure-Activity Relationships) algorism 
to optimize the activities of our compounds. Some of the choices are CoMFA (Comparative Molecular Field 
Analysis) method and related tools such as CoMSIA.  The premise of 3D QSAR is that, even in the absence of a 
known and structurally characterized receptor, a mathematical model of biological activity as a function of 
structure can be derived if a chemically and biologically meaningful 3D alignment of compounds can be made.  
The advantage here is that these methods do not rely upon docking the ligands into the homology model of 
CCR5, and therefore should provide an independent method of predicting suitability and activities for designed 
compounds. The structural diversity of known CCR5 antagonists are beneficial in deriving a pharmacophore 
model. 

We now are using both binding affinity data and anti-HIV data from literature to train the QSAR models. These 
known CCR5 antagonists all carry high affinity to the receptor. Based on our published results and literature 
report, they all seem to share some common binding sites in the receptor antagonist binding domain. Therefore 
it is possible to define some common pharmacophore(s) among these known ligands. During the training 
session of our QSAR model, we have successfully defined such pharmacophores. Further comparision of these 
pharmacophores with the chemical structural characters of anibamine and its derivatives is being conducted 
right now. Following this track, we wish to publish the results in near future. Also we will adopt such result to 
direct our 3D QSAR study in the following year. 
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Key Research Accomplishments 
 
● Another series of novel ligands have been designed based on the chemical 
structure of anibamine, the first nature product chemokine receptor CCR5 antagonist. 
 
● Chemical synthesis of twenty (20) novel ligands among this series has been 
finished and all the ligands have been characterized fully to verify their chemical 
structures. 
 
● A RANTES binding inhibition assay has been set up and the protocol has been 
verified using RANTES and TAK-779. The method is ready for the screening of 
synthesized compounds. At the meantime, a pre-screening method, Ca2+ mobilization 
assay, has been setup to test ligands primarily. 
 
● Antiproliferation assay to evaluate the anti prostate cancer activity of the new 
ligands has been conducted for nine new ligands. Three different prostate cancer cell 
lines are adopted and the cells are treated for 24, 48, and 72 hours with varies 
concentrations of ligands tested. The Structure-Activity-Relationship analysis has been 
conducted based on the testing results.  
 
● 3D QSAR method has been chosen to conduct our molecular modeling study. A 
series of known CCR5 antagonists are being training in the algorism to set up the QSAR 
model. Important pharmacophores have been defined and further comparision of these 
pharmacophores with the chemical structural characters of anibamine and its derivatives 
is being conducted right now. 
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Reportable Outcomes 

One manuscript has been published so far (see Appendices) and two more manuscripts 
are under preparation for publication. 

 

Two poster presentations related to this project have been presented at National and 
International level symposiums. They are: 

1. Kendra Haney, Guo Li, John Bajacan, Amanda Richardson, Joy Ware, Yan Zhang. 
Structure-Anticancer Actvity Relationship of Anibamine, a Natural Product CCR5 
Antagonist. The 239th American Chemical Society National Meeting, March 21-25 San 
Francisco, California, USA. 

2. Kendra Haney, Guo Li, John Bajacan, Amanda Richardson, Joy Ware, Yan Zhang. 
Structure-Anticancer Actvity Relationship of Anibamine, a Natural Product CCR5 
Antagonist. VCU School of Pharmacy Research and Career Day, Octobor 2009, 
Richmond, VA. 

 

One provisional invention disclosure related have been filed: 

Title: Anibamine and its analogues as novel anti-HIV and anti-cancer agents 
Inventor: Yan Zhang 
VCU Invention No. ZHA-10-024 

 

One Master Degree student (Kendra Haney) has graduated after finishing a research 
project related. 

One Master Degree student (Shilpa Singh) is expected to graduate in the Summer of 2010 
upon the completion of thesis based on this project. 

 

One Postdoctoral Associate (Guo Li) has been trained under the support of this award and 
has moved onto another postdoctoral training site in Purdue University. 

One Postdoctoral Associate (Shashidhar Akubathini) is being trained under the support of 
this award and is ready to apply for industrial chemist position. 
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Conclusion 

The major focus of the research pro ject is the syntheses of the ligands we designed as  
chemokine receptor CCR5 antagonists with nove l structural featur e(s) derived fro m 
anibamine, the first natural product as a CCR5 antagonist. The biological characterization 
of these ligands for anti prosta te cancer activity is being conducted. Once biological test 
results are available, Structure-Activity-Relationship (SAR) analyses will be conducted to 
identify the structural feat ures for the next generation lead compound(s).  W hen enough 
data is available, 3D QSAR studies will be performed. 

In the second year we have finished the chemical synthesis of another twenty novel 
ligands that are designed based on “Deconstr uction-Reconstruction-Elaboration” method. 
A RANTES-binding inhibition assay protocol has been set up  and ready to test our drug 
candidates. A Ca2+ mobilization assay as the pre-scr eening method has been set up in the 
second year. Other biological screening includ es the test of capac ity of these novel 
compounds to inhibit prolifer ation and/or apoptosis by th e hum an prostate cancer cell 
lines M12, PC-3, DU-145 and LNCaP has been conducted to evaluate their efficacy . For 
the m olecular m odeling study we have setup the training set of com pounds from  
literature and have successf ully defined im portant pharm acophores for these ligands. 
Further comparision of these pharm acophores with the chem ical structural characters of 
anibamine and its derivatives is being conducted right now. 

In the last year of this project (no cost extension period), we will f ocus on the stru cture 
modification/elaboration part of the pr oposal by introducing more varieties of 
substitutions at the two side chains by follo wing the “Lipin ski’s rule of 5” f or drug-like 
compounds. Further bio logical screening will start from  the Ca2+ mobilization assay  to  
the radioligand binding assay, to in vitro anti prostate cancer tests. We wish to identif y a 
promising lead com pound with novel chem ical a nd structural features  as well as high 
therapeutic indices to serve our lon g-term goa l in finding a potent anti prostate cancer 
agent. 

The medical product expected from  this projec t in long term  is di scovery of a novel and 
potent anti prostate cancer agent with high therapeutic index. 

 



16 
 

Appendices 

 

Publication Reprint 

Xueping Zhang, Kendra M. Haney, Am anda C. Ri chardson, Eden W ilson, David A. Gewirtz, 

Joy L. Ware, Zendra E. Zehner, Yan Zhang. Anibamine, a Natural Product CCR5 Antagonist, as 

a Novel Lead for the Developm ent of  Anti Prostate Cancer Agents. Bioorg. Med. Chem. Lett. 

2010, in press. 

 

Invention Disclosure 

Title: Anibamine and its analogues as novel anti-HIV and anti-cancer agents 

Inventor: Yan Zhang 

VCU Invention No. ZHA-10-024 

 

 



Bioorganic & Medicinal Chemistry Letters xxx (2010) xxx–xxx
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Anibamine, a natural product CCR5 antagonist, as a novel lead for the
development of anti-prostate cancer agents

Xueping Zhang a,�, Kendra M. Haney b,�, Amanda C. Richardson c, Eden Wilson d, David A. Gewirtz d,e,
Joy L. Ware c,e, Zendra E. Zehner a,e, Yan Zhang b,e,*

a Department of Biochemistry and Molecular Biology, Virginia Commonwealth University, Richmond, VA 23298, USA
b Department of Medicinal Chemistry, Virginia Commonwealth University, 800 East Leigh Street, PO Box 980540, Richmond, VA 23298-0540, USA
c Department of Pathology, Virginia Commonwealth University, Richmond, VA 23298, USA
d Department of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA 23298, USA
e Massey Cancer Center, Virginia Commonwealth University, Richmond, VA 23298, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 February 2010
Revised 27 May 2010
Accepted 1 June 2010
Available online xxxx

Keywords:
Chemokine receptor CCR5
Antagonist
Anibamine
Prostate cancer
0960-894X/$ - see front matter Published by Elsevier
doi:10.1016/j.bmcl.2010.06.003

* Corresponding author. Tel.: +1 804 828 0021; fax
E-mail address: yzhang2@vcu.edu (Y. Zhang).

� These authors contribute equally to this work.

Please cite this article in press as: Zhang, X
Accumulating evidence indicates that the chemokine receptor CCR5 and the chemokine CCL5 may be
involved in the proliferation and metastasis of prostate cancer. Consequently, chemokine receptor
CCR5 antagonists could potentially act as anti-prostate cancer agents. As the first natural product CCR5
antagonist, anibamine provides a novel chemical structural skeleton compared with other known antag-
onists identified through high-throughput screening. Our studies demonstrate that anibamine produces
significant inhibition of prostate cancer cell proliferation at micromolar to submicromolar concentrations
as well as suppressing adhesion and invasion of the highly metastatic M12 prostate cancer cell line. Pre-
liminary in vivo studies indicate that anibamine also inhibits prostate tumor growth in mice. These find-
ings indicate that anibamine may prove to be a novel lead compound for the development of prostate
cancer therapeutic agents.
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Prostate cancer is the most common non-cutaneous solid can-
cer occurring amongst men in the USA, and the second most com-
mon malignant cause of male death worldwide.1 Current therapies
remain limited to surgery, radiation, and/or androgen ablation.2

Recent investigations indicate that there is a relationship between
some inflammatory processes and cancer, specifically, prostate
cancer development.3–13 For example, the prostate cancer cell lines
PC-3, DU145, and LNCaP express the chemokine CCL5 (RANTES)
and the chemokine receptor CCR5. Furthermore, the chemokine
receptor CCR5 antagonist, TAK-779 inhibited CCL5-induced prolif-
eration of these prostate cancer cell lines.12 Levels of CCL5 and
CCR5 are also reported to be greater in prostate cancer specimens
than in benign hyperplasia.13 Collectively these findings in both
patient-derived specimens and prostate cancer cell lines suggest
that development of the appropriate chemokine receptor CCR5
antagonists could provide a novel prostate cancer therapy.

Anibamine ( Fig. 1), a novel pyridine quaternary alkaloid re-
cently isolated from Aniba sp., was found to bind to CCR5 with
an IC50 of 1 lM in competition with 125I-gp120, an HIV viral envel-
op protein.14 Thus far, anibamine is the first known natural product
acting as a CCR5 antagonist. While the chemokine receptor CCR5
Ltd.

: +1 804 828 7625.

.; et al. Bioorg. Med. Chem. L
has mainly been targeted in HIV therapies since it was first cloned
more than a decade ago,15–21 CCR5 antagonists could provide a no-
vel therapeutic approach for prostate cancer treatment through the
inhibition of CCL5-induced cell proliferation.

Anibamine has a novel structural skeleton compared to other
CCR5 antagonists identified through high-throughput screening.
Considering the binding affinity to CCR5 of other original lead
O

Vicriviroc

O

Maraviroc

Figure 1. Anibamine and some known CCR5 antagonists.
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Figure 3. Inhibition of prostate cancer cell proliferation by anibamine. Three
prostate cancer cell lines, M12, PC-3, and DU145 were exposed to a series of
concentrations of anibamine. Proliferation was assessed using the WST-1 cell
proliferation reagent (Roche).

Figure 4. Effect of anibamine on invasive capability of M12 cells. Equal numbers of
M12 cells were plated in Transwell chambers ± anibamine at the indicated
concentrations as described in Materials and methods. Filters were coated with
1:10 diluted lrECM prior to cell plating. Medium containing 20% FBS, EGF (20 ng/ml)
and 5 ng/ml CCL5 was added as a chemo-attractant to the lower chamber. Bars
indicate standard error. ANOVA testing indicates a significant difference with a
P-value <0.001.
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compounds,22–24 the inhibitory binding affinity of anibamine at
1 lM to CCR5 appears quite promising.

Recently, the total synthesis of anibamine has been reported by
one of our laboratories.25 The development of this synthetic path-
way provides the opportunity for generating anibamine derivatives
in order to explore their structure–activity relationships as CCR5
antagonists. The binding of anibamine to the chemokine receptor
CCR5 has been characterized and compared with that of other
CCR5 antagonists in different homology models of CCR5.26 The
binding pocket of anibamine shares some common features with
other high affinity CCR5 antagonists, suggesting binding to similar
binding sites. The current studies were designed to explore the
utility of developing anibamine as a novel lead compound against
prostate cancer.

As indicated previously, the expression of CCL5 and CCR5 has
been observed in various prostate cancer cell lines, including PC-
3, DU145, and LNCaP.12,13 Expression of CCR5 and CCL5 mRNA
was quantitated via qRT-PCR in the highly metastatic M12 prostate
epithelial cell line, as well as in its non-tumorigenic parental cell
line P69.27 The results, shown in Figure 2, indicate that while both
genetically related sublines express CCR5, CCL5 expression was
evident in the M12 tumorigenic subline but was barely detectable
in the parental p69 line. From our results, the relatively elevated
levels of CCL5 in the metastatic M12 cell line compared to the
non-tumorigenic parental p69 line suggest that CCL5 and its recep-
tor CCR5 could be involved in prostate cancer metastatic progres-
sion, providing additional support for the potential value of
targeting the chemokine receptor CCR5 in prostate cancer.

Previously, M12 cells were shown to have a very high invasive
ability.27 It is also known that adhesion and invasion are important
steps that further promote prostate tumorigenesis and metastasis.
The growth inhibitory properties of anibamine were evaluated in
the prostate cancer cell lines, PC-3, DU145, and M12. Results of these
assays are summarized in Figure 3. Anibamine was observed to
interfere with prostate cancer cell growth in a dose-dependent man-
ner at micromolar to submicromolar concentrations in all three cell
lines. The observations that anibamine can inhibit the invasion and
adhesion of M12 cells support the possibility that anibamine may
have anti-metastatic properties against prostate cancer.

In invasion and adhesion assays, the addition of anibamine
inhibited M12 invasive ability by 42–65% (Fig. 4) depending on
the dose and M12 adhesion up to 26% (Fig. 5). No additional effects
Figure 2. Differential expression of CCL5 and CCR5 in isogenic P69 and M12
prostate cancer sublines. SYBR-based qRT-PCR was performed with total RNA
extracted from P69 and M12 sublines as described in Materials and methods. The
Y-axis represents the relative mRNA level of CCL5 or CCR5 normalized to RNU48 as
an internal control. The standard error of the mean is shown as error bars. Student’s
t-test indicates a significant difference with a P-value <0.001 for both CCL5 and
CCR5.

Figure 5. Effect of anibamine on M12 cell adhesion. Equal numbers of M12 cells
were pre-treated ± anibamine at the indicated concentrations for 24 hours and
were then plated in 96-well cells coated with diluted lrECM as described in
Materials and methods. The X-axis represents the concentration of anibamine,
while the Y-axis represents the relative adhesion index normalized to the M12
control without drug. Bars indicate standard error. ANOVA test indicates a
significant difference with a P-value of <0.001 (F = 26.8).

Please cite this article in press as: Zhang, X.; et al. Bioorg. Med. Chem. L
on adhesion were evident at higher concentrations (data not
shown).

Further, M12 cells embedded in lrECM gels were studied to assess
the effect of anibamine on tumor cell morphology. As shown in
Figure 6, the M12 subline displayed a disorganized mass of cells
when grown in 3D (which is in agreement with its metastatic char-
acter); the addition of anibamine reverted M12 cells to spheroid-like
ett. (2010), doi:10.1016/j.bmcl.2010.06.003
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Figure 6. Growth properties of M12 cells ± anibamine in 3D lrECM gels. M12 cells
(1 � 105) were mixed with 100 ll of undiluted lrECM gel ± 500 nM or 1 lM
anibamine and then plated in 96-well plate as described in Materials and methods.
Light microscopy images were taken from cultures at day 5 and 8 as indicated.
Magnification is at 10�.

Figure 7. Comparison of content and localization of vimentin and integrin within
the morphological structures formed by the M12 prostate sublines ± anibamine
grown embedded in lrECM gels. Confocal immunofluorescence microscopy of
structures formed at day 8 stained with anti-bodies to vimentin (red, top panel),
a6-integrin (green) and b1-integrin (red) as indicated. The overlay of a6b1-integrin
is shown on the bottom panel. All pictures are taken at a magnification of 63� and
nuclei were counterstained with 40 ,6-diamidino-2-phenylindole (DAPI; blue) as
discussed in Materials and methods.

Figure 8. Assessment of red blood cell hemolysis by anibamine. Sheep red blood
cells were exposed to anibamine in PBS for 60 min. Samples were centrifuged and
the absorbance of the supernatant determined at 540 nm. Lysis in distilled water
was used as a positive control.
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structures referred to as acini. These observations further support
the premise that anibamine indeed could potentially inhibit pros-
tate tumor metastasis.

After that, immunohistochemical staining for relevant cell pro-
teins coupled with confocal microscopy was conducted to better
examine the morphological differences displayed by these cells
when grown embedded in lrECM gels. The M12 subline, which
shows high expression of vimentin, spread throughout the lrECM
as a disorganized mass, which reflects the highly tumorigenic/met-
astatic behavior of these cells when injected into male, athymic
nude mice.28 Interestingly, vimentin gene expression declined with
the addition of anibamine (Fig. 7). In addition, while the expression
of a6- and b1-integrins was quite disorganized in M12 cells. The
addition of anibamine reverted the disorganized mass of cells to
an acinus with a distinct luman displaying basal polarization of
a6- and b1-integrin as shown previously for the parental, benign
P69 cells.

As with the development of any new class of drugs, it was crit-
ical to determine whether these compounds could be used at con-
centrations that are not toxic to normal cells. For our initial
screening studies, we examined hemolysis of sheep red blood cells
by anibamine, since this was thought to be a possible limitation on
the use of this class of agents.29 Our result indicates that no toxicity
was observed in this assay below or at a concentration of 1 lM
(Fig. 8), which would support the potential selectivity of this agent.

In addition, preliminary data from an on-going in vivo analysis
suggests that anibamine can reduce the subcutaneous growth of
M12 tumor cells in athymic nude mice. In the three mice with sub-
cutaneous M12 tumors, four days after four injections of anib-
amine, the size of the tumors was 321.4 mm3, 80.0 mm3, and
202.2 mm3, respectively, averaging 201.2 ± 69.7 mm3. In contrast,
the size of the tumors injected with the solvent control was
421.6 mm3, 182.6 mm3, and 384.6 mm3, respectively, averaging
329.6 ± 74.3 mm3. Thus anibamine did appear to reduce the rate
of growth of the M12 tumors by roughly 50% (Fig. 9). Such obser-
vation that anibamine can reduce the subcutaneous growth of M12
tumor cells in athymic nude mice support the premise that
Please cite this article in press as: Zhang, X.; et al. Bioorg. Med. Chem. Lett. (2010), doi:10.1016/j.bmcl.2010.06.003
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Figure 9. Influence of anibamine on prostate tumor growth in vivo. Six athymic
nude mice were injected subcutaneously with 2000 M12 cells. After the tumors
became visible, the mice were injected intravenously via a lateral tail vein with
0.3 mg/kg of anibamine or with 0.3 mg/kg of saline over a 16 day period for four
injections (once every fourth day). The tumor size was recorded accordingly as the
number of day right after the first injection.
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anibamine and/or its derivatives could prove to have utility in the
treatment of prostate cancer.

In summary, anibamine showed significant inhibition of pros-
tate cancer cell proliferation at 1 lM and lower concentrations
while direct hemolysis was not evident until an approximately
10-fold higher concentration. Anibamine also suppressed the inva-
sive and metastatic properties of M12 cells and compromised the
growth of these tumors in vivo. Overall these preclinical studies
suggest that anibamine could have a reasonable therapeutic index,
supporting the potential utility of this compound as the lead for fu-
ture drug design and development.

One reservation is that the calculated log Kow for anibamine is
9.1,29 which indicates that its lipophilicity is significantly higher
than the value set forth by ‘Lipinski’s rule of 5’ for drug-like com-
pounds.30 In comparing the chemical structure of anibamine with
other known CCR5 antagonists (Fig. 1), a major difference is that
the anibamine side chains are simple, undecorated, aliphatic
chains. Therefore, further drug development for CCR5 antagonists
based on the chemical structure of anibamine, the first natural
product with high binding affinity to the CCR5 chemokine receptor,
may lead to a new type of therapeutic agent for metastatic prostate
cancer therapy. Further studies of anibamine and its analogs
should also serve to clarify the mechanisms by which targeting
the chemokine receptor CCR5 may suppress metastatic processes
of prostate cancer cells.
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