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Abstract
The G-protein coupled receptor CXCR4 is a co-receptor for HIV-1 infection and is involved in
signaling cell migration and proliferation. In a previous study of non-peptide, guanide-based
CXCR4-binding compounds, spermine and spermidine phenylguanides inhibited HIV-1 entry at
low micromolar concentrations. Subsequently, crystal structures of CXCR4 were used to dock a
series of naphthylguanide derivatives of the polyamines spermidine and spermine. Synthesis and
evaluation of the naphthylguanide compounds identified our best compound, spermine tris-1-
naphthylguanide, which bound CXCR4 with an IC50 of 40nM and inhibited the infection of TZM-
bl cells with X4, but not R5, strains of HIV-1 with an IC50 of 50–100nM.
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Chemokine receptor type 4 (CXCR4) is an integral membrane protein of the G-protein
coupled receptor family. CXCR4 signaling is induced by the binding of its natural ligand,
stromal-derived-factor-1 (SDF-1), and can lead to physiological effects such as stem cell
homing to the bone marrow and lymphocyte chemotaxis. The expression of CXCR4 by
certain tumor cells has also been shown to be an important factor in metastasis of those cells
to tissues with high SDF-1 expression such as bone marrow, lungs, lymph nodes and liver.1

CXCR4 is also one of the co-receptors used by human immunodeficiency virus type 1
(HIV-1) for infection of human lymphocytes.

The structure of CXCR4 has been solved bound to two different inhibitors: CVX15, an
analog of the peptide T140, and IT1t, a small-molecule isothiourea derivative.2 CXCR4 was
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found to have a large, open, extracellular binding pocket capable of holding the entire cyclic
CVX15 peptide, and this large pocket was similarly found when IT1t was bound to CXCR4,
even though the molecule only inhabits a small part of the bottom of the binding pocket.

Maraviroc, a small molecule antagonist of the CCR5 receptor was the first drug of its type to
be approved, and it has proven to be effective against “R5” HIV-1 that uses the CCR5 co-
receptor.3 However, most patients that have failed conventional therapies also harbor “X4”
HIV-1 that uses CXCR4 or dual-tropic viruses that can use either CCR5 or CXCR4. The
appearance of the X4 viruses is associated with progression to AIDS,4 and drug resistance is
more often linked to X4 than to R5 HIV-1.5 Despite the need for an effective drug that
blocks CXCR4, no CXCR4 antagonists have shown promise in HIV-1 clinical trials to date.

T-140 is a 14-residue peptide antagonist of CXCR4 that displaces the natural agonist ligand
SDF-1α with nanomolar affinity and blocks binding of X4, but not R5, strains of HIV-1 in
vitro 6–8, but is rapidly degraded in serum8 and has not been pursued as an HIV-1
therapeutic. The structure of T-140 contains 5 Arg and 2 Lys residues; the latter can be
substituted with uncharged sidechains without loss of activity.7, 9 In a previous study,10 we
developed a series of small molecule inhibitors containing multiple guanide or biguanide
groups to test their ability to inhibit HIV-1 binding to CXCR4. Among these non-peptide
compounds with 2–8 guanide groups, spermine and spermidine phenylguanides (PheG) were
identified as CXCR4 ligands that inhibit T-140 binding with IC50s around 200 nM and
inhibit HIV-1 entry at low micromolar concentrations. In the present study, we have
improved on these results by synthesizing naphthylguanide (NapG) compounds based on
predicted affinity increases in docking simulations with the published CXCR4 structures and
then examining their ability to inhibit the binding of T140 to CXCR4, block binding of anti-
CXCR4 antibodies to CXCR4+ cells, and inhibit HIV-1 infection. These new compounds
inhibited infection by X4, but not R5, strains of HIV-1 with IC50s 5–10 fold lower than the
previously reported compounds. The results demonstrate the potential of these compounds
to be further improved and lead to the development of an effective X4 HIV-1 entry inhibitor.

Making naphthylguanide derivatives of spermine and spermidine seemed an obvious
extension of our initial study in which the phenylguanide derivatives showed increased
activity compared to the related guanide and biguanide derivatives, and the linear
oligoamine scaffolds (spermine and spermidine) showed the best CXCR4 binding and
HIV-1 inhibition. Additionally, the CXCR4 inhibitor T140 includes a naphthyl-alanine
residue with a 2-naphthyl substituent, which has been shown to be critical for CXCR4
binding9 as well as being critical in cyclic pentapeptides based on T140.11

Initially, we examined the potential CXCR4 binding of the naphthylguanide derivatives of
spermidine and spermine by docking model compounds to published crystal structures of
CXCR4 as ‘rigid’ receptors with no flexible side chains using Autdock Vina.12 In order to
minimize the effect of any small changes in the crystal structures caused by the binding of
the two structurally diverse ligands, two of the published crystal structures were used for the
docking simulations: 3OE0 which has the T140 peptide analog, CVX15, bound and 3ODU
which includes the bound small molecule IT1t.2 The ligand guanidinium bonds were set to
non-rotatable, but care was taken to allow the C-N bond between the guanidine group and
the naphthyl group to rotate freely. The affinity of the best docking models (kcal/mole) for
each compound are listed in Table 1. The docking studies suggested that the
naphthylguanide derivatives should bind more tightly to CXCR4 compared to the previously
tested phenylguanide compounds. There was not a clear preference for 1-naphthyl vs. 2-
naphthyl substitution on the aromatic rings among all of the models examined, but it
appeared that the affinity generally increased with the addition of more naphthyl groups.
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Subsequently, the compounds were docked to one of the CXCR4 crystal structures (3ODU)
in which the side chains of the amino acids lining the binding cavity of the protein were
allowed to be ‘flexible’ and sample the amino acid rotamers during the docking process. Not
surprisingly, this led to models with higher affinity binding values, but the overall trends
between the phenylguanide and various naphthylguanide compounds remained the same
when using a ‘flexible’ receptor or a ‘rigid’ receptor (Table 1).

Naphthylguanide derivatives of the oligoamine compounds spermidine and spermine (Figure
1) were synthesized similarly to the previously published phenylguanide derivatives.10 1-(2-
naphthyl)-2-thiourea was prepared from 2-naphthylamine as previously published.13,14 S-
methyl-N-(1- or 2-)-naphthylisothiouronium iodide was prepared as previously published10

by the addition of methyl iodide to the thioureas. Addition of the naphthylguanide reagent
(S-methyl-naphthylisothiouronium iodide, in excess) to the amine compounds, spermine and
spermidine, was performed in 1:1 acetonitrile:water at reflux for approximately 24 h. The
pH of the reactions were monitored and adjusted with 1 M NaOH when it fell below pH~8.
Reaction progress was monitored by MALDI analysis. Due to loss of naphthylguanide
reagent through hydrolysis, additional reagent was added when necessary as observed by
MALDI. Completed reactions were acidified by the addition of 100% trifluoroacetic acid
and lyophilized. The reactions were resuspended in water/acetonitrile with the minimal
amount of acetonitrile required for solubility and purified by reverse phase HPLC.

Naphthylguanide derivatization reactions were not pushed to completion in order to examine
the structure-activity relationship relative to the number of groups added. This allowed us to
isolate and screen the bis- and trisnaphthyl derivatives of spermidine and the bis-, tris-, and
tetranaphthyl derivatives of spermine. The bisnaphthyl derivatives of both spermidine and
spermine appear to be mainly derivatized on the terminal primary amines, due to the
difference in reactivity between the primary and secondary amines. The 1H NMR data
suggest that in each case at least 80–90% of the isolated products are derivatized on the two
primary amines, but there is a small amount of each bisnaphthyl derivative in which one of
the naphthylguanide groups is attached to an internal, secondary amine. The spermine
trisnaphthyl derivatives appear to be only formed as the products with naphthylguanides on
the two terminal amines and a single naphthylguanide on one of the internal nitrogens. The
symmetric nature of spermine thus yields only a single trisnaphthyl derivative. The series of
derivatives for spermidine and spermine were synthesized for both the 1-naphthyl and 2-
naphthyl structural isomers (Figure 1).

The compounds were tested for CXCR4 binding by inhibiting the cross-linking of a
photoactive, fluorescent derivative of the known CXCR4 binding peptide T140 as
previously described.10 The results of the CXCR4-T140 cross-link inhibition assay are
shown in Table 1. As a whole, the naphthylguanide derivatives of spermidine and spermine
have lower IC50 values in the CXCR4-T140 cross-link inhibition screening assay than the
previous phenylguanides. Five of the compounds tested were notably more active than the
phenylguanides and the other naphthylguanides: spermidine bis-2-naphthylguanide,
spermidine tris-1-naphthylguanide, spermine bis-2-naphthylguanide, spermine tris-1-
naphthylguanide, and spermine tris-2-naphthylguanide.

The toxicity of the compounds was evaluated after 48 to 72 hours of exposure to a CXCR4
expressing human breast cancer cell line (MDA-MB-231) for all of the compounds using
Promega’s CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS)
following the manufacturer’s instructions (Table 1). The naphthylguanide derivatives appear
to be more cytotoxic to mammalian cells compared to the phenylguanide derivatives. The
cytotoxicity appears to roughly correlate with the number of naphthyl rings on the
compounds with the bis-naphthylguanide derivatives being less toxic than the more heavily
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derivatized tris- and tetra- derivatives. Toxicity of spermine tris-1-NapG was also tested on
TZM-bl, H9, and PHA blast cultures. There was no significant inhibition in MTS dye
reduction at 72 h in concentrations up to 4 μM, greater than the highest concentration used
in the HIV-1 inhibition assays (data not shown).

The isolation of the bisnaphthylguanide derivatives of spermidine and spermine as mixtures
raises the possibility that one of the minor isomers (with one of the groups added to an
internal, secondary amine) may be significantly more active and/or cytotoxic than the major
isomer (with both groups on the terminal primary amines). We examined the docking of all
possible isomers using Autodock Vina. Only for the spermine bis-2-NapG derivative was
there a significantly higher (> 0.5 kcal/mole) predicted affinity for a minor isomer compared
to that of the major isomers reported in Table 1 consistent between the two CXCR4
structures. However, the spermine bis-2-NapG was one of the most pure of the bis derivative
mixtures (≥90% by 1H NMR); thus, the minor isomer would have to be many times more
active and/or more cytotoxic than the major isomer to significantly impact the observed
results. Since spermidine is asymmetric, there are 3 isomers of each bisnaphthylguanide, and
separation of these by HPLC could not be achieved. The analyzed compound was ~80%
derivatized on the terminal amines, but the modeling did not predict significant differences
in binding for the minor isomers.

Four of the best naphthylguanide derivatives were tested for their ability to interfere with the
binding of anti-CXCR4 mAbs to the CD4+, CXCR4+ lymphoma cell line H9 and primary
PHA-induced T-cell blast cultured cells15 (Figure 2). Four different anti-CXCR4 44716,
44717, 44708, and 12G516 were obtained from the NIH AIDS Research and Reference
Reagent Program (ARRRP), as was the specificity control anti-CD4 mAb Sim.2.17 The
isotype control Ab was anti-ricin mAb RAC18.18 Cells were incubated with
naphthylguanide derivatives in PBS, 1% bovine serum albumin, 0.01% sodium azide (PBS/
BSA/Azide) for 20–60 min at 4°C, and then mAb was added to a final concentration of 1
μg/ml. Cells were incubated for an additional 1 h, washed, and resuspended in Alexa Fluor
488-conjugated goat anti-mouse IgG (H+L chain, Invitrogen) at 2 μg/ml. After 1 h the cells
were washed and fixed in 2% paraformaldehyde. Cells (10,000 events) were analyzed in an
LSR-II flow cytometer (BD Biosciences, San Jose CA), and percent inhibition was
determined using median fluorescent intensity (MFI) according to the formula:

Spermine tris-1-NapG (Fig. 2A) was the most effective at blocking mAb binding, spermine
tris-2-NapG was next best, whereas the bis- derivatives had marginal effects. Panel B shows
a titration of spermine tris-1-NapG and spermine on the inhibition of binding of Abs to
CXCR4 and CD4 expressed on two different cell types. The naphthylguanide derivative
inhibits anti-CXCR4 binding, but not anti-CD4; spermine does not inhibit anti-CXCR4. In
panel C, we tested the inhibition of binding of four different anti-CXCR4 mAbs by spermine
tris-1-NapG or spermine. No inhibition of any mAb was observed with spermine. The
binding of mAbs 44716 and 12G5 was completely inhibited by 3μM spermine tris-1-NapG,
while that of 44717 and 44708 was only partly inhibited, suggesting that these two sets of
mAbs bind to somewhat different epitopes on CXCR4. This information could give insight
into the binding mode of spermine tris-1-NapG. It is known that these antibodies show
differential reactivity to various CXCR4 point mutations and interspecies chimeric
constructs.19–20 The limited mutational data in those studies suggest that the epitopes of
44708 and 44716 are more similar to each other than they are to 44717 and 12G5, but are
not inconsistent with the observation that spermine tris-1-NapG reduced the binding of
12G5 and 44716 more effectively than 44708 and 44717 (figure 2C). This may be due to the
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latter having more interactions with CXCR4 in the parts of their epitope that are not blocked
by the binding of spermine tris-1-NapG. Although the binding studies presented here were
performed with the naphthylguanide compounds present at the same time as the anti-
CXCR4 mAb, we obtained similar results when the cells were washed prior to the addition
of the Ab (not shown).

The four most active compounds were selected for testing as HIV-1 infection inhibitors
using a standard TZM-bl HIV-1 neutralization assay (Fig. 3A). HIV-1 isolates 92-HT-599,
92-UG-029, and BZ-167 were obtained from ARRRP and the UNAIDS Network for HIV-1
Isolation and Characterization.21 Cell-free virus supernatants were prepared in PHA blast
cultures as described elsewhere.15 TZM-bl cells22 were obtained from the ARRRP. CXCR4
inhibitors were added to the cells (4 × 104 cells per well) for 1 hour at 37°C. Predetermined
dilutions of the virus supernatants, representing 10–20 Tissue Culture Infective Doses
(TCID50) in 15 μg/ml DEAE-dextran, were then added to the wells containing the cells plus
inhibitor. Three days later, the cells were lysed and luciferase activity measured (Bright-Glo
Luciferase assay, Promega) in relative luminescence units (RLU) measured at a sensitivity
of 125 on a Bio-Tek Synergy plate reader. The percent inhibition was determined according
to the formula:

Consistent with the results observed in live cell binding, spermine tris-1-NapG was the most
effective, followed by spermine tris-2-NapG. We then tested spermine tris-1-NapG against a
panel of four X4-tropic viruses (figure 3B), and showed that all were inhibited at
submicromolar concentrations. The compounds were also tested against R5-tropic HIV-1
isolates and had no effect (data not shown).

One of the new compounds reported in this study, spermine tris-1-naphthylguanide, bound
CXCR4 with an IC50 of 40 nM, a 5-fold higher affinity than the previously published
phenylguanides. This is better than some other non-peptide analogs of T-140 that have been
reported,23 though it does not approach the nanomolar affinity of T-140 itself. Spermine
tris-1-naphthylguanide inhibited X4 HIV-1 infection by multiple X4 strains at 50–100 nM,
at least a 30-fold lower concentration than observed previously with the phenylguanides.

The optimal structure for a non-peptide CXCR4 antagonist cannot be readily predicted from
the crystal structures of CXCR4 in complex with a T-140 analog and a small molecule
inhibitor2 because the binding cavity is very large and allows for many interactions with
ligands. Attempts to develop small cyclic peptide and non-peptide analogs from
T-14011, 23–24 have pointed to the importance of both a guanide functional group (in the
form of an arginine sidechain) and a naphthyl group. This led us to model the docking of a
series of guanide derivatives of polyamines to two of the published CXCR4 structures.
Although the simulations allowed for many different binding conformations of these
compounds, most of which are much smaller than T-140 and have plenty of room in the
binding cavity, the results were in general agreement with the relative binding affinities
observed in our T-140 competition assays. There were clear trends indicating that the
spermine and spermidine naphthylguanide derivatives would have higher affinity than their
phenylguanide counterparts, which had been the most effective inhibitors of HIV-1 infection
in our previous study. When the naphthylguanides were synthesized and tested, their
observed affinities were indeed generally higher than the phenylguanides, but the predicted
binding energies among the various naphthylguanides did not correlate completely with their
observed IC50s, pointing out the limitations of the docking models. The
tetranaphthylguanide derivatives in particular had lower affinities than predicted; they
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tended to fold into conformations that stacked the aromatic rings in the simulations, which
may have biased those results. The balance between charge and hydrophobic character
appeared to be important in our previous study, and the tetranaphthyl derivatives may be too
hydrophobic and interact nonspecifically with other sites, limiting their effectiveness.
Alternatively, the bulky naphthyl groups may be preventing some important polar
interactions between the receptor and the guanide or amine groups of the ligands which are
not being adequately accounted for in the models.

We have shown that we can selectively derivatize the terminal primary amines of spermine
and spermidine with naphthylguanide groups. These derivatives can be used to synthesize
additional compounds with the secondary amines changed to guanide or phenylguanide
groups. Additional structures can also be synthesized to create molecules with a mixture of
naphthyl, phenyl, and guanide groups at different spacings that more closely mimic those in
T-140 and/or are predicted to have higher binding energies in more sophisticated docking
simulations than those reported here. Previous studies have also shown that spacing between
the functional groups is important, and this can be explored systematically by using
synthetic polyamine precursors other than spermine and spermidine to make these guanide
compounds. Docking simulations with such constructs suggest that further improvements in
affinity may be possible (data not shown).

The naphthylguanide compounds have significantly improved effectiveness compared to the
phenylguanides in inhibiting infection of CXCR4 positive cells by X4 strains of HIV-1.
Therefore, they represent more promising leads for developing non-peptide inhibitors of X4
HIV-1 infection. Their cytotoxicity is somewhat higher than the phenylguanides; however,
reducing the overall hydrophobicity by adding a guanide or phenylguanide group to a
spermine or spermidine mono- or bis-naphthylguanide may reverse this trend and make
them promising candidates for future animal and clinical studies; their non-peptide
structures may also give them greater serum stability than T140.
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Figure 1.
Guanide derivative structures. Spermidine and spermine were derivatized to make the
phenylguanide, 1-naphthylguanide, or 2-naphthylguanide derivatives. The dotted lines on
the guanide functional groups show the attachment point to the nitrogens of the spermidine
and spermine starting amines.
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Figure 2. Inhibition of binding of anti-CXCR4 mAbs to cells by naphthylguanide derivitives
a. H9 lymphoma cells were incubated at 4°C with 1 μM naphthylguanide derivatives in
PBS/BSA/azide. After 20 min, anti-CXCR4 mAb 44716 or an isotype control was added to
1 μg/ml. After 1 h at 4°C, the cells were washed and Alexa-fluor 488-conjugated anti-mouse
IgG was added. Cells were incubated at 4°C for one hour, washed, and fixed in 2%
paraformaldehyde. Fluorescence of the cells (10,000 events) was then analyzed by flow
cytometry. b. H9 cells or primary T cell blasts were incubated with varying concentrations
of spermine tris-1-NapG or spermine alone, and then stained with anti-CXCR4 mAb 12G5
or, as a control, anti-CD4 mAb Sim.2 as described in panel A. c. Inhibition of four different
anti-CXCR4 mAbs by 3 μM spermine tris-1-NapG or spermine. Cells were stained as in
panel A.
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Figure 3. Neutralization of HIV infectivity by naphthylguanide derivatives
Neutralization of X4 isolates of HIV-1 was measured using TZM-bl cells. Compounds were
added to cells, followed by a virus dilution representing 10–20 TCID50. Cells, drug, and
virus were incubated for 72 h. The cells were lysed and chemiluminescence measured in
relative luminescence units. Samples were run in duplicate. Percent inhibition was
calculated and is displayed as mean and SEM. a. Isolate 92-HT-599 was tested against four
naphthylguanide derivitives, spermine, and spermidine. b. Four different X4 isolates were
tested against spermine tris-1-NapG.
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