Bioconjugate
Chemistry

pubs.acs.org/bc

Paradoxical Downregulation of CXC Chemokine Receptor 4 Induced
by Polyphemusin II-Derived Antagonists

Ryo Masuda,* Shinya Oishi,*’+ Noriko Tanahara,* Hiroaki Ohno,-r Akira I—Iiraiawa;r Gozoh Tsujimoto,*
Yoshiaki Yano,Jr Katsumi Matsuza.ki;r Jean-Marc I\Tavem:»t,i Stephen C. Peiper,” and Nobutaka F'ujii*’Jr

"Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan
iDepa.rtment of Pathology, Anatomy and Cell Biology, Thomas Jefferson University, Philadelphia, Pennsylvania 19107, United States

© Supporting Information

ABSTRACT: CXC chemokine receptor 4 (CXCR4) is a G
protein-coupled receptor implicated in cell entry of T-cell line-
tropic HIV-1 strains. CXCR4 and its ligand stromal cell

derived factor-1 (SDF-1)/CXCL12 play pivotal parts in many =~

physiological processes and pathogenetic conditions (e.g,
immune cell-homing and cancer metastasis). We previously
developed the potent CXCR4 antagonist T140 from
structure—activity relationship studies of the antimicrobial
peptide polyphemusin II. T140 and its derivatives have been
exploited in biological and biomedical studies for the SDF-1/
CXCR4 axis. We investigated receptor localization upon ligand

TY14015
(CXCR4 antagonist)

stimulation using fluorescent SDF-1 and T140 derivatives as well as a specific labeling technique for cellular-membrane CXCR4.
Fluorescent T140 derivatives induced translocation of CXCR4 into the perinuclear region as observed by treatment with
fluorescent SDF-1. T140 derivative-mediated internalization of CXCR4 was also monitored by the coiled-coil tag-probe system.
These findings demonstrated that the CXCR4 antagonistic activity and anti-HIV activity of T140 derivatives were derived (at

least in part) from antagonist-mediated receptor internalization.

B INTRODUCTION

CXC chemokine receptor 4 (CXCR4) is a G-protein-coupled
receptor. It is widely expressed in leukocytes such as T-cells, B-
cells, and monocytes.”* Under physiological conditions, the
endogenous ligand, stromal cell-derived factor-1 (SDF-1)/
CXCL12, is secreted by bone marrow stromal cells for
expansion and development of precursor B-cells.’ High
concentrations of SDF-1 are present at inflammatory sites, so
the migration of CXCR4-expressing stem cells toward an SDF-
1 gradient promotes repair of injured tissues.* There have been
many reports on the pathology of CXCR4-related cancer,
including CXCR4 overexpression and organ-specific metastasis
among various types of cancer cells.>® During metastasis, SDE-
1 from secondary lesions functions as a chemoattractant for
directional migration of CXCR4-expressing malignant cells.>®

The activation process of CXCR4 by SDF-1 has been well
documented.” Upon SDF-1 binding, CXCR4 evokes down-
stream signaling via dissociation of heterotrimeric G proteins,
followed by decrease in intracellular cyclic adenosine mono-
phosphate (cAMP) concentrations, upregulation of Ca**
release, and increase in extracellular-signal-regulated kinase
(ERK) 1/2 phosphorylations.*™'° Furthermore, CXCR4
internalization in response to SDF-1 occurs in early endosomes
through f-arrestin recruitment, just like other GPCRs,"" in
which phosphorylated serine residues and a dileucine motif at
the CXCR4 C-terminus have critical roles.'>"* The complex is
sorted into late endosomes/lysosomes for the degradation
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pathway or for recycling endosomes.''* In addition, CXCR4 is
used as a major co-receptor for the entry of T-cell line tropic
human immunodeficiency virus type 1 (HIV-1) into target host
cells.">'® The inhibitory effect of SDF-1 on HIV infection is
thought to be by competitive binding to CXCR4 as well as
CXCR4 downregulation."””'® CXCR4 is a promising molecular
target for potential anti-metastatic agents and anti-HIV agents,
so several CXCR4 ligands have been developed.>'?~*

We previously developed the potent anti-HIV peptide T140.
This was designed from the structure—activity relationship
studies of a self-defense peptide of horseshoe crabs,
polyphemusin II (Figure 1)." Inhibition of HIV-induced
cytopathogenicity by T140 and its derivatives was derived
from selective CXCR4 antagonistic and/or inverse agonistic
activity (in which the basal signal levels were decreased in the
guanosine triphosphate (GTP) binding and intracellular
calcium flux assay using a constitutively active mutant).” A
recent report on the crystal structure of CXCR4 in complex
with the T140 derivative CVX1S revealed that arginine residues
in CVX15 made polar interactions with Asp171 and Asp187 in
CXCR4.** Point-mutation experiments of CXCR4 revealed that
additional residues on the extracellular domain (Argl88,
Gly207, and Asp262) are necessary for the interaction of
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Figure 1. Amino acid sequences of CXCR4 antagonist peptides. The disulfide bonds between cysteine residues are shown by solid lines. p-Amino
acids are not first-letter capitalized. Abbreviations: Nal, L-3-(2-naphthyl)alanine; Cit, 1-citrulline; 4FBz, 4-fluorobenzoyl; AF488, AlexaFluor 488;

TMR, tetramethylrhodamine.

T140, which is independent of the interaction with SDF-1.>%*¢
These residues contribute to stabilization of the CXCR4
structure via formation of hydrogen bonds with adjacent
residues, so T140 binding to these residues may impair SDF-1
binding via conformational changes of CXCR4. ALX-40C is an
alternative CXCR4 antagonist that inhibits HIV-1 infection into
T-cells.”” The anti-HIV activity of ALX-40C with a sequence of
nine p-Arg is also reported to be derived from binding to acidic
residues in the second extracellular loop of CXCR4.”

It was demonstrated that highly basic peptides such as ALX-
40C and HIV-1 Tat translocate into the intracellular compart-
ment through endocytosis.”*>' On the basis of the biological
properties of these highly basic peptides, we assumed that
polyphemusin II-derived CXCR4 antagonists could induce the
internalization and/or translocation of receptors into the
intracellular compartment, resulting in the apparent antago-
nistic or inverse agonistic activity for CXCR4.

In the present study, we investigated the mechanism of
action of T140 derivatives using novel fluorescent probes. The
uptake and localization of CXCR4 was monitored by analyses
of flow cytometry and confocal microscopy using the coiled-coil
tag-probe system’” for the labeling of cell-surface CXCR4.

B EXPERIMENTAL SECTION

Quantitative Analyses of Cell-Surface E3-CXCR4 Using
a Fluorescent K4-Peptide by Flow Cytometry. E3-CXCR4
CHO cells were detached using versene and incubated with 100
nM FL-K4 in F-12 medium (500 L) at 0 °C for 15 min in the
absence or presence of unlabeled K4-peptide or SDEF-1. The
intensity of cell staining was analyzed using a FACScalibur
system (BD Biosciences, San Jose, CA, USA). Ten thousand
events per sample were analyzed, and the data collected from
FL1 in log mode. Fluorescent intensity was calculated as a
geometric mean of cellular fluorescence. Data were analyzed
using CellQuest Pro software (BD Biosciences). Data were
analyzed using a two-tailed Student’s ¢ test with significance set
at p < 0.05.

Quantitative Analyses of Ligand-Mediated CXCR4
Internalization by Flow Cytometry. E3-CXCR4 CHO
cells were detached using versene and resuspended in F-12
medium (100 uL) containing each ligand. After incubation at
37 °C for 30 min, ice-cold F-12 medium (400 xL) was added to
the mixture, and cells centrifuged at 500 X g for S min at 4 °C.
Cell pellets were then incubated with 100 nM FL-K4 in F-12
(100 pL) at 0 °C for 15 min. The mixture was diluted with ice-
cold F-12 medium (400 xL), and analyzed using a FACScalibur
flow cytometer.

Binding and Displacement of ['%°|]-SDF-1. A membrane
fraction of cells expressing CXCR4 was incubated with 0.5 nM
of ['*I]-SDF-1 and FL-K4 in binding buffer [S0 mM HEPES
(pH 7.4), 5 mM MgCl,, 1 mM CaCl,, and 0.1% bovine serum
albumin (BSA) in H,0] for 1 h at room temperature. Reaction
mixtures were filtered through GF/B filters (PerkinElmer,
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Waltham, MA, USA) pretreated with 0.1% polyethyleneimine.
The filter plate was washed with wash buffer [SO mM HEPES
(pH 7.4), 500 mM NaCl, and 0.1% BSA in H,0] and bound
radioactivity measured by TopCount (PerkinElmer).

Confocal Microscopy Analyses of Ligand and CXCR4
Internalization. E3-CXCR4 CHO cells were plated on 35 mm
glass-bottomed dishes and cultured in F-12 medium containing
10% heat-inactivated fetal bovine serum supplemented with
penicillin/streptomycin and hygromycin. Cells were washed
once with cold F-12 medium, and incubated with fluorescent
ligands [SDF-1*"*¢ (100 nM) or TY14015 (1 uM)] in F-12
medium (100 L) at 30 °C for 30 min. After rinsing once with
cold F-12 medium, cells were observed by confocal microscopy
(Eclipse Ti-E: Nikon, Tokyo, Japan). To monitor CXCR4
localization, E3-CXCR4 CHO cells were pretreated with 100
nM fluorescent K4-peptide in F-12 medium (100 uL) at 0 °C
for 15 min before treatment with CXCR4 ligands.

For staining of cellular compartments, after incubation with
fluorescent ligands or K4-peptide, cells were rinsed once with
cold F-12 medium and treated with the marker (FM 4—64 for
the cell membrane; LysoTracker Red DND-99 for lysosomes;
ER-tracker Red for the endoplasmic reticulum; or AlexaFluor
568-conjugated transferrin for endosomes) according to the
manufacturer (Invitrogen, Carlsbad, CA, USA, for all markers)
protocol. The green (AlexaFluor 488 and ATTO488) channel
was excited by a 488 nm laser and detected through a BP 500—
550 nm emission filter. The red (TMR and AlexaFluor 568)
channel was excited by a 568 nm laser, and detected through a
BP 575—605 nm emission filter. The blue (FM 4—64) channel
was excited by a 568 nm laser, and detected through a LP 665
nm emission filter. Data were analyzed using EZ-C1 Viewer

software (Nikon).

B RESULTS

Labeling of Cell-Membrane CXCR4 by the Coiled-Coil
Tag-Probe System. A stable CXCR4-expressing cell line was
established to monitor the internalization of CXCR4. The
surface-exposed tag sequence E3 (EIAALEK), was appended at
the N-terminus of CXCR4 for detection using the peptide
probe K4 (KIAALKE), with an appropriate tracer group.’> This
coiled-coil tag-probe system provides several distinct advan-
tages to visualize cell-surface CXCR4. For example, K4-peptide
is much smaller than anti-epitope antibodies, so ligand binding
to the receptor is hardly disturbed. In addition, specific labeling
of E3-tagged receptors on cell membranes with fluorescent K4-
peptides can distinguish the internalized receptor from the
receptor that is originally present in the cytosolic compartment.
This is in contrast to receptors fused with fluorescent proteins,
which have usually been employed for monitoring receptor
localization,'#**

CHO cells stably expressing E3-tagged CXCR4 (E3-
CXCR4) were generated by the Flp-In expression system,
and were studied by flow cytometric analyses. E3-CXCR4

dx.doi.org/10.1021/bc300084h | Bioconjugate Chem. 2012, 23, 1259-1265



Bioconjugate Chemistry

a 6001 i b
oin l ~ 100+
2 £
g 400 £
'E ) E ke
= o 504
-+ -+
X 200+ x ke
= A
s 100-|l| |:-| E #
T T &
FL-K4 (- )
& B cg-" 5 S \@o i
o g?'b
&
o d_
— 1004 - £ 40T
= =3
= £
2 75 2 75
5 =
2 504 ! 504
s a
=
X @
T 25 = 259
2 > = L. 2 > > ¥ 2
SIS @°¢ R RS \@o X

Figure 2. Labeling of E3-CXCR4 cells with fluorescein-K4-peptide
(FL-K4). (a) FL-K4 binding to CXCR4 cell lines. After cells were
treated with FL-K4 (100 nM) at 0 °C for 15 min, bound FL-K4 was
measured by flow cytometry. (b) Inhibition of FL-K4 binding to E3-
CXCR4 by unlabeled K4-peptide. After E3-CXCR4 CHO cells were
labeled with FL-K4 (100 nM) in the presence of various
concentrations of unlabeled K4-peptide at 0 °C for 15 min, bound
FL-K4 was measured by flow cytometry. (c) Effect of SDF-1 on FL-K4
binding to E3-CXCR4. After E3-CXCR4 CHO cells were labeled with
FL-K4 (100 nM) in the presence of various concentrations of SDF-1
at 0 °C for 15 min, bound various concentrations of FL-K4 was
measured by flow cytometry. (d) Effect of K4-peptide on SDF-1
binding to E3-CXCR4. ['*1]-SDF-1 (0.5 nM) binding to E3-CXCR4.
(£S.D,, n = 3; *#* p < 0.005).

CHO cells were clearly seen to be stained by fluorescein-
conjugated K4-peptide (FL-K4) (Figure 2a). This staining was
inhibited by unlabeled K4-peptide in a dose-dependent manner,
suggesting specific labeling of E3-CXCR4 by interaction
between E3-tag and K4-peptide (Figure 2b). FL-K4 binding
to E3-CXCR4 was not disturbed by SDF-1 even at 1 uM, which
demonstrated that FL-K4-mediated staining was independent
of SDF-1 binding to CXCR4 (Figure 2c). SDF-1 binding to E3-
CXCR4 was also unaffected by K4-peptide, which was verified
by the binding inhibition assay using ['**I]-SDE-1 (Figure 2d).
Taken together, specific fluorescent labeling of CXCR4 was
accomplished by the coiled-coil tag-probe system without
mutual competitive inhibition of SDF-1 and K4-peptide
binding to the receptor.

Monitoring and Quantitative Analyses of SDF-1-
Induced CXCR4 Internalization. The level of residual
CXCR4 on the cell membrane after SDF-1 stimulation has
been measured by flow cytometry using a CXCR4-specific
antil:iody,“’35 For example, Honczarenko et al. assessed SDF-1-
induced internalization of CXCR4 by staining cell-surface
CXCR4 by the monoclonal antibody 12GS.>* However, the
possible competitive binding of SDF-1 and antibody to cell-
surface CXCR4 may impair receptor detection. To overcome
this potential disadvantage, the coiled-coil tag-probe pair
system could be an alternative to quantify cell-surface CXCR4.
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Figure 3. CXCR4 internalization induced by SDF-1 derivatives. (a)
Quantitative analyses of E3-CXCR4 internalization by flow cytometry.
After E3-CXCR4 CHO cells were treated with various concentrations
of SDF-1 at 37 °C for 30 min, cells were labeled by FL-K4 (100 nM)
at 0 °C for 15 min (£8.D,, n = 3; * p < 0.05; *** p < 0.005). (b)
Confocal microscopy images of SDF-1-mediated CXCR4 internal-
ization. After E3-CXCR4-expressing cells were labeled with
ATTO488-K4 (100 nM) at 0 °C for 15 min, cells were treated with
SDF-1 (100 nM) at 30 °C for 30 min. (c) Confocal microscopy
images of internalized fluorescent SDF-1. E3-CXCR4-expressing cells
were treated with SDE-14F* (100 nM) for 30 min. (d) Confocal
microscopy images of internalized SDF-1 (green) and CXCR4 (red).
After E3-CXCR4-expressing cells were labeled with TMR-K4 (100
nM) at 0 °C for 15 min, and cells were treated with SDE-145 (100
nM) at 30 °C for 30 min. Representative z-slice confocal microscopy
images are shown.

SDF-1-mediated CXCR4 internalization was investigated
using the established system. Initially, quantitative analyses of
residual cell-surface E3-CXCR4 after SDF-1 stimulation were
undertaken by flow cytometry. Cells were stained with FL-K4
after E3-CXCR4 CHO cells were treated with SDF-1 over a
range of concentrations. The fluorescent intensity of FL-K4 was
significantly decreased in a dose-dependent manner (Figure
3a). Confocal microscopy studies using ATTO488-conjugated
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K4-peptide (ATTO488-K4) confirmed the translocation of E3-
CXCR4 to the intracellular compartment by treatment with
SDE-1, whereas ATT0488-K4/E3-CXCR4 remained on the
cell surface without SDF-1 treatment (Figure 3b). Both results
suggested that SDF-1 stimulation induced FL-K4 labeled E3-
CXCR#4 internalization, and that the E3 sequence on the N-
terminus of CXCR4 could work as a functional tag to detect
receptor localization without disturbing receptor internal-
ization.

CXCR4 internalization was also monitored by confocal
microscopy using a fluorescent SDEF-1 derivative.** Trans-
location of SDE-1*¥* into the intracellular compartment was
observed by treatment of E3-CXCR4 cells (without labeling by
fluorescent K4-peptide) (Figure 3c). This was consistent with
the SDEF-1-mediated internalization of FL-K4-labeled E3-
CXCR4 (Figure 3b). The intracellular localization of SDF-
14548 was not observed in CHO cells without CXCR4
expression (see Supporting Information, Supplementary Figure
1). Hence, it could be concluded that this translocation was
mediated by the interaction with CXCR4. To confirm the
colocalization of SDF-1 and CXCR4, the same experiment was
conducted using E3-CXCR4-expressing cells labeled with
TMR-conjugated K4-peptide (TMR-K4). Incubation of cells
with SDF-1**** induced translocation of TMR-K4/E3-CXCR4
complexes into the intracellular compartment, which was
verified by colocalization of SDE-1*F**® and TMR-K4/E3-
CXCR4 (Figure 3d). An identical phenotype was observed in
an experiment using SDE-1"™® and ATT0488-K4/E3-CXCR4,
indicating that the fluorophore functional groups on the ligand
and receptor did not influence the translocation (see
Supporting Information, Supplementary Figure 2).

Polyphemusin-Derived CXCR4 Antagonists Induce
Receptor Internalization. Next, we investigated receptor
internalization by CXCR4 antagonists using the coiled-coil tag-
probe system. E3-CXCR4 CHO cells were treated with
polyphemusin II and CXCR4 antagonists (TF 14016” or
FC131°®) at 37 °C. The proportion of residual receptors on the
cell membrane was subsequently determined by flow cytometry
in the presence of FL-K4 (Figure 4a). The fluorescence
intensity of FL-K4 was reduced by 20-25% by the
antagonists.sq In contrast, a decrease in FL-K4 fluorescence
was not observed in the same experiment at 0 °C, in which
receptor internalization does not occur,* suggesting that the
E3-tag/K4-peptide interaction was not inhibited by the
antagonists. Antagonist-induced internalization was also con-
firmed by fluorescence microscopy analyses of ATTO488-K4/
E3-CXCR4 CHO cells. TF14016 induced the translocation of
ATTO488-K4/E3-CXCR4 into the perinuclear region, just like
that seen in SDF-1 stimulation (Figure 4b). As such, it was
demonstrated that CXCR4 antagonists partially induced
receptor internalization.

The fluorescent CXCR4 antagonist TY14015 was similarly
accumulated in the cytosolic perinuclear domain in E3-CXCR4
CHO cells after 30 min incubation at 30 °C (Figure 4c).
TY14015-mediated translocation was not observed in the same
experiments using nontransfected CHO cells,*' nor by
incubation of E3-CXCR4 CHO cells with TY1401S5 at 0 °C
(see Supporting Information, Supplementary Figure 1). These
findings indicated that CXCR4 serves as an essential receptor
for the translocation of CXCR4 antagonists by an active
pathway such as endocytosis. In contrast to the experiment
using SDE-147%% (Figure 3c), staining of the cell membrane by
TY14015 was also observed (Figure 4c).
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Figure 4. CXCR4 internalization upon stimulation by CXCR4
antagonists. (a) Quantitative analyses of E3-CXCR4 internalization
by flow cytometry. After E3-CXCR4 CHO cells were treated with each
antagonist (1 gM) at 37 °C for 30 min, and cells were labeled by FL-
K4 (100 nM) at 0 °C for 15 min (+S.D, n = 3; * p < 0.05; *¥** p <
0.005). (b) Confocal microscopy images of TF14016-mediated
CXCR4 internalization. After E3-CXCR4 CHO cells were labeled
with ATTO488-K4 (100 nM) at 0 °C for 15 min, cells were treated
with TF14016 (1 #M) at 30 °C for 30 min. (c) Confocal microscopy
images of internalized TY1401S. E3-CXCR4 CHO cells were treated
with TY14015 (1 gM) at 30 °C for 30 min. (d) Confocal microscopy
images of internalized TY14015 (green) and CXCR4 (red). After E3-
CXCR4 CHO cells were labeled with TMR-K4 (100 nM) at 0 °C for
15 min, cells were treated with TY14015 (1 M) at 30 °C for 30 min.
Representative z-slice confocal microscopy images are shown.

The localization of fluorescent T140 derivatives and CXCR4
was simultaneously monitored by confocal microscopy using
the coiled-coil tag-probe system. After preincubation with
TMR-K4, E3-CXCR4 CHO cells were stimulated by TY14015.
Merged confocal microscopy images revealed that TY14015
colocalized with TMR-K4/E3-CXCR4 (Figure 4d). This
colocalization was not affected by the fluorophores, which
was verified by experiments using ATTO488-K4/E3-CXCR4
and TR14011 (Figure 1, see also Supporting Information,
Supplementary Figure 2). CXCR4-Venus CHO cells (in which
a fluorescent Venus protein was fused at the C-terminus of
CXCR4) showed an identical phenotype upon stimulation with
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Figure 5. Translocation of fluorescent CXCR4 ligands and the
receptor. (ab) Confocal microscopy images of SDF-14F#% (a) or
TY14015 (b) and endosome. After E3-CXCR4 CHO cells were
treated with fluorescent ligands at 30 °C for 30 min, cells were stained
with AlexaFluor S568-transferrin (SO pg/mL) for 60 min. (c,d)
Confocal microscopy images of internalized CXCR4 and endosome
after stimulation with SDF-1 (c) or TF14016 (d). After E3-CXCR4
CHO cells were labeled with ATTO488-K4 (100 nM) at 0 °C for 15
min, cells were treated with ligand at 30 °C for 30 min and stained
with AlexaFluor 568-transferrin (S0 pg/mL) for 60 min. (e,f) Confocal
microscopy images of SDF-1"** (&) or TY1401S (f) and lysosome.
After E3-CXCR4 CHO cells were treated with fluorescent ligands at
30 °C for 30 min, cells were stained with LysoTracker (1 uM) for 30
min. Representative z-slice confocal microscopy images are shown.

SDF-1"™R or TR14011 (see Supporting Information, Supple-
mentary Figure 2). These data suggested that T140 derivatives
translocated into the intracellular compartment with formation
of ligand—receptor complexes.
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Intracellular Translocation of CXCR4 Ligands and
Receptor. The intracellular destination of CXCR4 ligand—
receptor complexes after the binding of CXCR4 antagonists
was investigated by confocal microscopy (Figure S; see also
Supporting Information, Supplementary Figure 3). After E3-
CXCR4 CHO cells were treated with CXCR4 ligands, cells
were stained with several organelle-specific fluorescent markers.
SDE-1%74% translocated to endosomal compartments in 30
min, which were stained by AlexaFluor 568-conjugated
transferrin (Figure Sa). This result was in agreement with
another report on SDF-1-mediated CXCR4 internalization.'”
Similarly, TY14015 accumulated in the same intracellular
compartment (Figure Sb). Localization of ATTO-K4/E3-
CXCR#4 after treatment with SDF-1 and TF14016 was also
similar to the distribution of transferrin, indicating that
internalized CXCR4 ligand—receptor complexes translocate
into endosomal compartments (Figure Sc,d). Meanwhile,
localization of the fluorescent CXCR4 ligands in lysosomes
was partial (Figure Se,f). Agonists and antagonists of CXCR4
may indirectly affect the distributions of lysosomes. Stajnin%
with FM 4—64 or ER-trackers suggested that SDF-14F
existed neither on the cell membrane nor in the endoplasmic
reticulum, whereas partial staining with TY14015 on cell
membranes was observed (see Supporting Information,
Supplementary Figure 3).

B DISCUSSION

Agonist-mediated internalization of GPCRs induces the
transduction of downstream signaling and desensitization to
regulate cell homeostasis. In contrast, reports on antagonist-
induced receptor internalization (e.g,, cholecystokinin A, S-
HT,,, and neuropeptide Y, receptors) are limited.**~** This is
the first report on the antagonist-mediated internalization of
CXCR4. A series of polyphemusin II-derived and other CXCR4
antagonists contain basic functional groups such as arginine and
lysine residues, which are involved in the interactions with the
extracellular domain of CXCR4-bearing negative charges. In the
present study, using the coiled-coil tag-probe system to
visualize cell-surface CXCR4, CXCR4-mediated translocation
of T140 derivatives into intracellular compartments was
demonstrated. Although the internalization effect of surface
CXCR4 by T140 derivatives was partial (only 25%, much less
than the agonist SDF-1), this CXCR4 internalization supports
the apparent antagonistic activity of T140 derivatives against
SDF-1 binding to CXCR4 as well as the induction of inverse
agonistic activity signaling.”® It was reported that treatment of
CXCR4-expressing cells with HIV-1 gp120 peptide induces
similar CXCR4 internalization without agonistic activity, which
is closely related to HIV infection.'* Although T140 derivatives
have been thought to be competitive inhibitors against gp120
binding to CXCR4," antagonist-mediated internalization of
cell-surface CXCR4 could be an alternative mode of action for
anti-HIV activity.'”'® Further investigation of the mechanisms
of this paradoxical antagonist-mediated down-regulation of
CXCR4 could facilitate development of novel anti-metastatic
and anti-HIV agents.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures as well as confocal microscopy images
of ligand and receptor internalization in the control experi-
ments. This material is available free of charge via the Internet
at http://pubs.acs.org.
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ARTICLE INFO ABSTRACT

The lack of small animal models for the evaluation of anti-human immunodeficiency virus type 1 (HIV-1)
agents hampers drug development. Here, we describe the establishment of a simple and rapid evaluation
system in a rat model without animal infection facilities. After intraperitoneal administration of test
drugs to rats, antiviral activity in the sera was examined by the MAGI assay. Recently developed inhibi-
Keywords: tors for HIV-1 entry, two CXCR4 antagonists, TF14016 and FC131, and four fusion inhibitors, T-20, T-20EK,
HIV-1 SC29EK, and TRI-1144, were evaluated using HIV-1y,5 and HIV-1g,, as representative CXCR4- and CCR5-
:‘a‘:m a3ty tropic HIV-1 strains, respectively. CXCR4 antagonists were shown to only possess anti-HIV-1,p activity,
CXCR4 antagonist whereas fusion inhibitors showed both anti-HIV-1 and anti-HIV-1g,,_activities in rat sera. These results
Eusion inhibitor indicate that test drugs were successfully processed into the rat sera and could be detected by the MAGI

assay. In this system, TRI-1144 showed the most potent and sustained antiviral activity. Sera from ani-
mals not administered drugs showed substantial anti-HIV-1 activity, indicating that relatively high dose
or activity of the test drugs might be needed. In conclusion, the novel rat system established here, “phe-
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notypic drug evaluation”, may be applicable for the evaluation of various antiviral drugs in vivo.
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1. Introduction

Numerous antiviral agents have been developed to suppress
infection with viruses such as human immunodeficiency virus type
1 (HIV-1) [1], and have successfully provided excellent outcomes
in vivo. However, the emergence of drug-resistant HIV-1 variants
is a major concern in HIV therapy. Therefore, the development of
novel drugs with sustained activity to resistant variants is desir-
able. Drugs, especially those targeting HIV-1 entry, have been re-
cently developed and approved, such as a CCR5 antagonist,
maraviroc [2], and a fusion inhibitor, enfuvirtide (T-20) [3], where
both drugs effectively suppress HIV-1 in the patient even resistant
to previous drugs [4,5].

In addition to CCRS, which is a main co-receptor for clinical
HIV-1 strains, CXCR4 can also act as a co-receptor for HIV-1
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(X4-tropic HIV-1), such as that seen for the vast majority of labora-
tory-adapted HIV-1 strains [6]. Thus, CXCR4 is also considered an
important therapeutic target. We previously identified a p-sheet-
like 14-residue peptide, T140 [7,8], and its down-sized analog, a
cyclic pentapeptide FC131 (Fig. 1) [9], as potent and specific CXCR4
antagonists. Both T140 and FC131 were proved to inhibit X4-tropic
HIV-1 infection in vitro. T140 has been further modified to TF14016
(4F-benzoyl-TN14003; BKT140) that shows more potent inhibitory
effect [10].

The first fusion inhibitor, T-20, efficiently inhibits replication
of HIV-1 resistant even to inhibitors for reverse transcriptase
and protease [11,12]. However, the genetic barrier to overcome
suppression by T-20 seems to not be high since a 1-2 amino
acid(s) substitution in gp41 appears to be sufficient for resistance
[13-15]. Therefore, we developed T-20EK [16] and SC29EK [17] as
novel and potent fusion inhibitors that sustain their inhibitory ef-
fects on T-20 resistant HIV-1 stains. A series of systematic
replacements with hydrophilic glutamic acid (E) or lysine (K)
was introduced (EK motif) at the solvent-accessible site to en-
hance the a-helicity of the peptides by possible intrahelical elec-
trostatic interactions [18]. T-20EK/S138A [16] was synthesized
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Fig. 1. Amino acid sequences of peptide-based drugs. (A) CXCR4 antagonists used in this study are shown. Nal: 1-3-(2-naphthyl)alanine; Cit: .-citrulline. (B) Fusion inhibitors
used are shown. T-20 is original sequenced of gp41 C-HR region. Electrostatic interactions are indicated by the linker. SC29EK and T-20EK/5138A, contain EExxKKx motif,
while TRI-1144 does ExxxRxx motif. x indicates original and/or modified amino acids. Each motif creates 2 and 1 interaction(s) in each helical turn. T-20 resistance associated
mutation, 51384, is introduced into T-20EK sequence (T-20EK/5138A). All peptides are N-terminally acetylated and C-terminally amidated.

with a combined rational design by the introduction of the EK
motif for enhancement of o-helicity and increased affinity to
mutated gp41 by S138A, a T-20 resistant associated mutation
[19]. Dwyer et al. developed another fusion inhibitor, TRI-1144
(T-2635) that also exerted potent activity against T-20 resistant
variants [20,21]. The amino acid sequence of TRI-1144 is also
modified by substitutions with E and arginine (R), similar to the
EK motif introduced into T-20EK and SC29EK.

Analyses of the efficacy and adverse effects of new drugs in ani-
mal models are important prior to their clinical application. In-
deed, generally, the toxic effects, kinetics, and efficacy of new
drugs are expected to be obtained by animal experiments. In the
case of anti-HIV-1 drugs, the toxic effects of drug candidates can
be determined by animal experiments. Furthermore, the kinetics
of some drugs may be examined by some analytical methods such
as liquid chromatography-mass spectrometry (LC-MS) [22] or bio-
imaging with labeled compounds. Unfortunately, these results may
not be well-correlated with in vivo efficacy due to degradation and/
or modification of drugs, and the detection of false positives of sim-
ilar component(s) in vivo [23]. The efficacy of anti-HIV-1 drugs is,
so far, hard to examine in vivo due to the lack of convenient animal
infection models with low cost. One of the main obstacles to estab-
lish appropriate animal models is restricted infection of small ani-
mals with HIV-1, such as for mice, rats, and ferrets. An HIV-1
receptor-transgenic rat model has been developed for the analysis
of HIV-1 infection in vivo; however, the levels of plasma viremia in
infected rats were modest and not sustained [24,25]. Monkeys in-
fected with simian immunodeficiency virus-HIV chimeric virus
(SHIV) is the only model for the evaluation of HIV-1 replication
[26], but comes at a high cost, especially for animal infection facil-
ities. Taken together, novel rapid, simple, and sensitive HIV-1
infection models with low cost, such as those in small animals,
are urgently needed to be established.

Here, we established a new system to evaluate the anti-HIV-1
activity of drugs and its kinetics in rats in addition to their toxic ef-
fects. The bioavailability of anti-HIV-1 drugs in sera was deter-
mined for the assessment of antiviral activity in vitro. The in vivo
efficacy of various peptide-based entry inhibitors, such as
TF14016, FC131, T-20EK/S138A, SC29EK, and TRI-1144, were as-
sessed using this model and may be useful for the in vivo assess-
ment of novel entry inhibitors.

2. Materials and methods
2.1. Drugs and cells

CXCR4 antagonists, TF14016 and FC131, and fusion inhibitors,
T-20, T-20EK/S138A, SC29EK and TRI1144, were synthesized as
previously described [7,9,16-18,20]. For in vitro drug susceptibility
assays and in vivo administration, the test drugs were dissolved in
50% dimethyl sulfoxide (DMSO; 2 mM) and sterile water (3 or
10 mg/1.5 mL), respectively. MAGI CCR5 cells (HeLa CD4/CCR5/
LTR-B-galactosidase cells) were obtained through the NIH AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID:
from Dr. Julie Overbaugh [27-29] and were maintained in Dul-
becco’s modified Eagle's medium (DMEM) supplemented with
10% fetal calf serum [30].

2.2. Administration of drugs

Animal experiments were performed in the Biotechnical Center
of the Japan SLC, in accordance with the institutional ethical guide-
lines. To examine the pharmacological kinetics in sera, rats were
used for collection of sera. Drugs were used at 3 mgf1.5 mL{kg of
T-20, 3 mg/1.5 mL/kg of TF14016, 10 mg/1.5mL/kg of FC131,
10 mg/1.5 mL/kg of SC29EK, 10 mg/1.5 mL/kg of T-20EK/S138A,
and 3 mg/1.5 mL/kg of TRI1144, and were intraperitoneally admin-
istrated to six groups of six male SD rats (7 weeks). Sera were then
harvested 0.5, 1, 2, 4, 8, and 12 h from the administrated rat, and
stored at —80 °C.

2.3. MAGI assay

The anti-HIV-1 activity of drugs in rat sera after drug adminis-
tration was detected by the MAGI assay, as previously described
[31]. Briefly, MAGI CCR5 cells were transferred to 96-well plates
at 1 x 10* cells per well. On the following day, serially-diluted
drugs or rat sera were added to cells in triplicate with HIV-1 prep-
arations (HIV-1;;g or HIV-1g,. ). After 48 h, cultured cells were fixed
with 1% (v/v) formaldehyde and 0.2% (v/v) glutaraldehyde in phos-
phate-buffered saline (PBS), and were stained with 0.4 mg/mL
5-bromo-4-chloro-3-indolyl-2-p-galactopyranoside (X-gal). Blue
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cells were counted by observation under a light microscope. The
50% effective concentration was defined as the serum dilution fold
or drug concentration that inhibited virus infection in 50% of the
wells.

3. Results
3.1. Anti-HIV-1 activity of drugs in vitro

Prior to animal experiments, the anti-HIV-1 activity of test
drugs in vitro was determined by the MAGI assay. HIV-1yg and
HIV-1p,. were used as representative X4- and R5-tropic HIV-1
strains, respectively. TF14016 exerted most potent anti-HIV-1
activity in vitro compared to other inhibitors as shown in Table 1.
As expected, the two CXCR4 antagonists, TF14016 and FC131,
inhibited replication of only HIV-1y;5, but not HIV-1g,;, which uses
CCRS5 for its entry. All four fusion inhibitors, T-20EK/S138A,
SC29EK, TRI-1144 and T-20, comparably inhibited replication of
both HIV-1j;g and HIV-1p,.. Among newly developed fusion inhib-
itors, T-20EK/S138A showed the strongest inhibitory effect both on
HIV-1yg and HIV-1g,. Our antiviral data are similar to previous
observations for TF14016 and FC131 [7-10,32], T-20EK/S138A
[16], SC29EK [17], and TRI-1144 [20,21].

3.2. Anti-HIV-1 activity of CXCR4 antagonists in rat

First, we examined background anti-HIV-1 activity in four PBS-
injected rat sera as negative controls. In the control rat sera, anti-
HIV-1jyg and HIV-1g, activities were detected (Fig. 2). Rat sera
showed antiviral activity up to the 90- and 160-fold dilution for
HIV-1yg and HIV-1g, (Fig. 2; shown as a baseline activity).

The two CXCR4 antagonists, TF14016 and FC131, were intraper-
itoneally injected into six rats and sera were withdrawn at the
indicated time as shown in Fig. 2. Drug activities were detected
up to 4 h, with peak time point at 1 h after the administration. Sur-
prisingly, sera from two rats injected with TF14016 and four rats
with FC131 also weakly showed anti-HIV-1g, activity (data not
shown). However, both CXCR4 antagonists were generally effective
only against HIV-1,y.

3.3. Anti-HIV-1 activity of fusion inhibitors in rat

Anti-HIV-1y;z and anti-HIV-1g, activities were detected in four
rat sera and all six rat sera, respectively, that were administered T-
20. Anti-HIV-1 activity of T-20 in rats was detected up to 8 h with a
peak time point 1-2 h after administration. Anti-HIV-1yp activities
were detected in sera of six rats injected with SC29EK, T-20EK/
S138A, and TRI-1144, which were detected up to 3, 8, and 8 h,
respectively, with serum peak levels at 1-2 h after administration.
Anti-HIV-1g,. activities were detected in sera with SC29EK,
T-20EK/S138A, and TRI-1144 with similar extent with these for
HIV-1yg. These results indicate that in rats, intraperitoneally in-
jected drug activities were present in sera and may exert anti-
HIV-1 activity in vivo. Among these, TRI-1144 showed stable and
relatively sustained activity.

3.4. Effect of heat inactivation

To identify component(s) for baseline anti-HIV-1 activity in rat
sera, we examined heat inactivation. As expected, non-specific
anti-HIV-1 activity in sera decreased in a time-dependent manner.
At 1000-fold dilution of sera, non-specific activity was completely
abolished (Fig. 3); unfortunately the drugs tested in the study were
not heat stable and irreversible even at 56 °C (data not shown).
However, when administered a physiological dose, anti-HIV-1
activity was detectable even without heat inactivation (Fig. 2).
Therefore, the rat model system proved to be adequate to evaluate
the efficacy of drugs.

3.5. Toxic effect of drugs in rats

All peptides tested showed no apparent lethal effect at the
administered dosages, except for FC131, where one rat succumbed
from unknown causes at a dose of 30 mg/kg.

4. Discussion

To develop effective and safe antiviral agents, in vitro screening
systems are established for some viruses, while in vivo evaluation
systems using small animals are hampered by limited infection
efficiency and the need for specialized facilities. In the case of ani-
mal models for HIV-1, animal models are largely restricted [33]. In
the present study, we describe the establishment of a novel evalu-
ation system of anti-HIV-1 drugs through in vitro detection of anti-
HIV-1 activity in the sera of rats administrated drugs using the
MAGI assay. The in vivo efficacies of five potential entry inhibitors
were evaluated. In this system, only TRI-1144 consistently showed
potent and sustained activity compared with T-20. The glutamic
acid-arginine (ER) modification, but not the glutamic acid-lysine
(EK) modification andfor alanine substitutions to the peptide
(Fig. 1), may have beneficial effects on stability and efficacy, result-
ing in sustained anti-HIV-1 activities. The simple and convenient
in vivo efficacy evaluation system established in this study not only
reveals whether drugs exert anti-HIV-1 activity in vivo, but also
provides in vivo kinetics without the need for infectious animal
facilities. Moreover, this system can be used for the evaluation of
not only anti-HIV-1 drugs in vivo, but also of drugs against other
viruses in vivo. Nonetheless, the sera produced by the rats can be
also applied to resistant virus variants and clinical isolates result-
ing in a reduction of the number animal experiments required.

Other methods, such as a high performance liquid chromatogra-
phy (HPLC), may provide accurate measurement of the drug con-
centration in sera and was performed in this study. Even after
administration of FC131 at 30 mg/kg, we could only detect FC131
at the peak concentration (data not shown). In a case of small
amount of agents with extremely high activity, it is possible to fail
to detect by HPLC. For more sensitive detection by HPLC, further
labeling, such as with radioisotopes, may be needed. In addition,
HPLC analysis can detect drugs that have been modified and/or de-
graded by in vivo metabolism when they are spectrometrically
indistinguishable. However, our system detects only the active

Table 1
Anti-HIV-1 activity of drugs in vitro.
Virus ECso" (nM)
TF14016 FC131 T-20 T-20EK/5138A SC29EK TRI-1144
HIV-1y5 03100 17.4+5.7 423176 2005 83+13 4606
HIV-1ga >10,000 >10,000 16.2+£49 0402 1.4£02 0402

3 Antiviral activity, shown as ECsq, was determined using the MAGI assay. Each ECs; represents the mean + SD obtained from at least three independent experiments.
HIV-1,5 and HIV-1g,_ were used as representative X4 and R5 HIV-1 strains, respectively.
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Fig. 2. Anti-HIV-1 activity of drugs in vivo. Six groups of six rats were administered each drug by intra-peritoneal injection and rat sera were harvested at different time points
post-administration. All serum samples were analyzed by MAGI assay for 50% inhibition of infections of HIV-1,z and HIV-1g,,. This experiment was performed in triplicate
for each rat. Data represent mean % 5D of from six rats. Gray shade indicates average results of age-matched rat sera as negative controls.
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Fig. 3. Heat inactivation of sera. Rat sera without heat activation were examined
using the MAGI assay. Heat inactivation was performed at 56 °C. Ten-fold dilutions
of sera were resistant to heat inactivation even after 1 h inactivation (~20%). At the
1000-fold dilution, most of the inherent inhibitory effect was removed.

form of the agents, and in addition provides direct comparison of
the tested drugs in vitro and in vivo, since the assay utilizes identi-
cal evaluation by the MAGI assay. In comparison, the rat in vitro
system revealed that TRI-1144 showed strong and sustained activ-
ity compared with T-20EK/S138A and SC29EK. In this study, we
only performed intraperitoneal injection that may have an effect
on drug metabolism(s). Further experiments, such as subcutaneous

injection, for which TF14016 shows greater efficacy [34,35], should
be performed and compared with other administration roots.

The two CXCR4 antagonists analyzed in this study, TF14016 and
FC131, showed moderate anti-HIV-1p,. activity in vivo, and sera
from two rats administered T-20 inhibited HIV-1 infection less
efficiently (data not shown). These unexpected data might result
from the relatively high background caused by non-specific inhib-
itory component(s) in sera. As shown in Fig. 2, sera from rats not
administered drugs also showed moderate anti-HIV-1y3 and
anti-HIV-1g, activities. Therefore, the development of a reagent
or method for removal of background activity in rat sera may
improve the accuracy and sensitivity of this in vivo drug efficacy
evaluation method. For instance, serum albumin [36], lactoferrin
[37,38], and transferrin [39] may influence HIV replication. Unfor-
tunately, the drugs used in this study were all peptide-derived
agents, therefore, heat-inactivation may reduce antiviral activity.
Therefore, administration of relatively high doses of drug may be
required to overcome this inhibition.

In conclusion, we established a novel, simple and rapid system
for the phenotypic evaluation of anti-HIV-1 drugs in a rat model.
This system may also be applicable for the analysis of other antivi-
ral drugs for viruses that do not have an appropriate infection
model in rodents, and/or useful for the initial screening, such for
dosing, administration root decision and other factors, prior to ac-
tual animal infection experiments. In this system for HIV infection,
TRI-1144 displayed the most potent anti-HIV-1 activity in vivo of
the six drugs analyzed.
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3.4-Dihydro-2H,6 H-pyrimido[ 1,2-c][1,3 ]benzothiazin-6-imine (PD 404182) is a virucidal heterocyclic
compound active against various viruses, including HCV, HIV, and simian immunodeficiency virus.
Using facile synthetic approaches that we developed for the synthesis of pyrimido[1,2-¢][1,3]-
benzothiazin-6-imines and related tricyclic derivatives, the parallel structural optimizations of the central
1,3-thiazin-2-imine core, the benzene part, and the cyclic amidine part of PD 404182 were investigated.
Replacement of the 6-6-6 pyrimido[1,2-¢][1,3]benzothiazin-6-imine framework with 5-6-6 or 6-6-5
derivatives led to a significant loss of anti-HIV activity, and introduction of a hydrophobic group at the
9- or 10-positions improved the potency. In addition, we demonstrated that the PD 404182 derivative

exerts anti-HIV effects at an early stage of viral infection.

Introduction

Since azidothymidine (AZT), a nucleoside reverse transcriptase
inhibitor (NRTTI), was approved for the treatment of HIV infec-
tions, a number of anti-HIV drugs have been launched. For
example, saquinavir and nevirapine were the first protease inhibi-
tor and non-nucleoside reverse transcriptase inhibitor (NNRTI),
1‘(:5[:l(t‘ctive]y‘I Highly active antiretroviral therapy (HAART)
using a combination of these antiretrovirals is a standard treat-
ment regimen for HIV infections. The HAART regimen signifi-
cantly reduces viral load in infected patients, leading to
significant therapeutic gains and reductions in morbidity and
mortality.> However, long-term administration of multiple anti-
retrovirals to maintain life-long latent infection triggers the emer-
gence of drug-resistant variants’ and drug-related adverse
effects.” For example, high-level viral resistance to NRTT such as
AZT, stavudine, and didanosine is conferred by mutations fre-
quently observed in patients with virologic failure on an NRTI-
containing regimen.’ In addition, lipodystrophy and metabolic
disorders are often observed in patients receiving HIV protease
inhibitors.® To overcome these problems, several antiretrovirals
with new mechanisms of action have been developed in this
decade. A peptide-based fusion inhibitor (enfuvirtide),’ an
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integrase inhibitor (raltegravir),” and a CC chemokine receptor
type 5 (CCRS) antagonist (maraviroc)’ are examples of new
molecular entities used as anti-HIV agents.

Recently, highly potent small-molecule anti-HIV agents have
been reported, which bind to viral envelope proteins (Fig. 1).
2-Thioxo-1,3-thiazolidine derivative 1 shows potent inhibition of
HIV-1 replication at nanomolar levels,'® which are directed at
the deep hydrophobic pocket in the N-terminal heptad repeat
trimer of the viral gp4l. Compound 1 blocks HIV-1-mediated
cell—cell fusion and the formation of gp41 six-helix bundles, as
does enfuvirtide.'®” The bisindole derivative 2 also exhibits sub-
micromolar inhibition of HIV-1 replication by interaction with
the gp4l hydrophobic pocket in which compound 1 binds."!
Small-molecule CD4 mimics with oxalamide and related sub-
structures are another series of anti-HIV agents.'” The representa-
tive BMS-448043 (3) exhibits subnanomolar anti-HIV activity
by interaction with the CD4 binding pocket in gp120.'?“ These
small-molecule entry inhibitors with potential oral bioavailability
will provide alternative combination regimen(s) of anti-HIV
agents for the treatment of drug-resistant variants.

In our efforts to develop novel anti-HIV compounds,” we
have carried out the random screening of small molecules using
multinuclear activation of a galactosidase indicator (MAGI)
assay, in which the inhibitory activity of early-stage HIV infec-
tion, including virus attachment and membrane fusion to host
cells, is evaluated. Among more than 30000 compounds
screened, 3,4-dihydro-2H,6H-pyrimido[1,2-c][1,3 ]benzothiazin-
6-imine 4 (PD 404182) was identified as a potent anti-HIV agent
lead (Fig. 1). Compound 4 was reported to be an enzyme inhibi-
tor against 3-deoxy-p-manno-octulosonic acid 8-phosphate
synthase'* and phosphopantetheinyl transferase,’” exerting
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Fig. 1 Structures of newly reported anti-HIV compounds (1-3) target-
ing HIV-1 envelope proteins, and PD 404182 (4).

antimicrobial effects. In the course of our SAR investigations in
this study, antiviral activities of 4 against HCV, HIV, and simian
immunodeficiency virus were reported.'®!” Although compound
4 exhibits virucidal effects at high concentrations, the mechan-
ism of action and the target molecule remain ambiguous.'”

Recently, we have established two independent approaches for
the synthesis of PD 404182 derivatives (Scheme 1): C-H func-
tionalization of 2-phenyl-1,4,5,6-tetrahydropyrimidine  with
water or fert-butylcarbamate in the presence of copper(m) acetate
provides pyrimido[1,2-c][1,3]benzoxazine or pyrimido[l,2-c]-
quinazoline in one or two step(s) (eqn (1), Scheme 1).'® Alterna-
tively, addition of 2-(2-halophenyl)-1,4,5,6-tetrahydropyrimidine
to carbon disulfide, isocyanate, or isothiocyanate, and sub-
sequent aromatic nucleophilic substitution (SyAr) affords pyri-
midobenzothiazines and -oxazines, and pyrimidoquinazolines
(eqn (2), Scheme 1).'? The derivatives obtained from these reac-
tions were easily converted to the pyrimido{1,2-¢][1,3]benzothia-
zin-6-imine scaffold. Our two synthetic methods provide a
variety of PD 404182 derivatives from the corresponding benz-
aldehydes in a few steps and in good yields, facilitating the lead
optimization process.”’ In this article, a SAR study of PD
404182 derivatives using these synthetic approaches is
described.

(1) Cu(OAc),, O,
N H,O or BocNH,
| DMF
N —————rrrei N (1)
H (2) (carbonylation)

H | X/&O

X=0orNH
N Y=C=2Z N
| NaH I
ﬁ —— N (2)

DMF /&
X Y Z
X=BrorF Y,Z=8,NR,or O

Scheme 1 Our synthetic methods for PD 404182 derivatives.

N n)=no.1,2 N N
I | |
’1«*? e

Modification of
cyclic amidine

&l n

R_@(’“

Modlflcatlon on
benzene rlng

/&NH

PD 404182 (4)

- Y
Ao AeNe Ak,

Substitution with heteroatoms

5-or G-Membered
heterocycle

Fig. 2 Strategy for SAR study of PD 404182 (4).

Results and discussion
Strategy for the SAR study of PD 404182

PD 404182 consists of three components, namely a 1,3-thiazin-
2-imine core, and left-fused benzene and cyclic amidine moieties
(Fig. 2). In order to obtain detailed insights into the relationships
between the compound structure and anti-HIV activity, we
planned to investigate substituent effects on each component: (I)
derivatives with various heteroatom (N, S, and O) arrangements
on the 1,3-thiazin-2-imine core (Fig. 2); (II) pyrimido[1,2-¢][1,3]-
thiazin-6-imine derivatives fused with a substituted benzene ring
or a five- or six-membered aromatic heterocycle; and (III) benzo-
[e][1,3]thiazin-2-imine derivatives fused with a cyclic amidine
ring with or without accessory alkyl or aryl groups.

Synthesis of pyrimido[1,2-¢c][1,3]benzothiazin-6-imines and
related tricyclic heterocycles

Our investigation began with the synthesis of tricyclic hetero-
cycles with different combinations of heteroatoms on the
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1,3-thiazin-2-imine core. Previously, we reported syntheses of
pyrimido[1,2-c][1,3]benzoxazine and pyrimido[l,2-c]quinazo-
line derivatives using copper(n)-mediated C-H functionaliza-
tion;'® this facilitates the introduction of oxygen or nitrogen
functional groups at the ortho-position of 2-phenyl-1,4,5,6-tetra-
hydropyrimidine (5). Using compound 5 as a key starting
material, a divergent approach was used for the preparation of a
series of scaffolds (Scheme 2).

N N
a '/j b !/j
OH o/go
7
N
8
N
H

6

g A

5 O

N/j

g ! h, i

R N ———
/g

S S S
4

oy

NH

Scheme 2 Synthesis of PD 404182 derivatives with different combi-
nations of heteroatoms. Reagents and conditions: (a) Cu(OAc),, H,0,
0,, DMEF, 130 °C, 69%; (b) triphosgene, TMEDA, CH,Cl,, 0 °C to rt,
70% [2 steps (a,b)]; (c) thiophosgene, Et;N, CH,Cl,, 0 °C to 1t, quant.;
(d) BrCN, CH,Cl,, 1t, 34%; (e} Cu(OAc),, BocNH,, O,, DME, 130 °C,
53%; (f) Lawesson’s reagent, xylene, reflux, 19%; (g) Cu(OAc),, CS,,
0,, 1,4-dioxane, 130 °C, 11%; (h) NaOH, MeOH, H,0, reflux; (i)
BrCN, EtOH, reflux, 61% [2 steps (h,i)]; (j) triphosgene, Et;N, CH,Cl,,
0°C tort, 65% [2 steps (h,j)].

A one-pot reaction for Cu(OAc),-mediated C-H functionali-
zation of 5 and subsequent treatment with triphosgene provided
a 1,3-oxazin-2-one derivative 7 (Scheme 2). The same one-pot
procedure using thiophosgene produced a trace amount of the
desired thiocarbonyl derivative 8; treatment of the purified inter-
mediate 6 with thiophosgene provided the desired 1,3-oxazine-2-
thione 8 in high yield. 1,3-Oxazin-2-imine 9 was obtained by
the reaction of 6 with BrCN.

The copper-mediated C-N bond formation of compound 5
with tert-butylcarbamate followed by spontaneous intramolecu-
lar cyclization afforded a pyrimido[1,2-c]quinazolin-6-one scaf-
fold 10, as demonstrated in our previous report (Scheme 2).'%
Subsequent treatment with Lawesson’s reagent led to formation
of the thiocarbonyl derivative 11. Since no hydrolysis of the car-
bonyl or thiocarbonyl group of compound 10 or 11 for construc-
tion of the 2-aminoquinazoline structure in 12 occurred, an
alternative approach starting from 2-aminobenzyl alcohol 15 was
used for the synthesis of the 2-aminoquinazoline derivative 12
(Scheme 3). After protection and PCC oxidation of 15, oxidative
amidination®’ provided 2-(p-tosylamino)phenyltetrahydropyri-
midine 17. Deprotection followed by BrCN-mediated cyclization
of 17 provided the expected 2-aminoquinazoline derivative 12.

For the synthesis of pyrimido[1,2-¢c][1,3]benzothiazine deriva-
tives, we adapted the C—-H functionalization reaction for C-S
bond formation (Scheme 2). After optimization of the reaction
conditions, we found that exposure of compound 5 to CS; in the
presence of Cu(OAc), directly afforded a pyrimido[1,2-¢][1,3]-
benzothiazine-6-thione scaffold 13. Hydrolysis of the thiocarbo-
nyl group in 13 followed by treatment with BrCN or triphosgene
provided 6-imino or 6-oxo derivatives (4 or 14), respectively.

Synthesis of pyrimido[1,2-c][1,3]thiazine derivatives with fused
benzene and heterocycles

Pyrimido[1,2-c][1,3]thiazin-6-imine derivatives 28-30 with a
series of fused ring systems were prepared by consecutive
heterocumulene addition and SyAr reactions (Scheme 4).'°
These reactions provide easy access to the construction of the
1,3-thiazin-2-imine derivatives and are more efficient than the
diversity-oriented C—-H functionalization approach. The oxidative
amidination of aromatic aldehydes 18-20 with an accessory

@E\ oH ab @ECHO
NH, NHTs
15 16

N N
[ l de l
i PN

NHTs N NH,
17 12

Scheme 3 Synthesis of 2-aminoquinazoline derivative 12. Reagents
and conditions: (a) p-TsCl, pyridine, CHCl;, 1t; (b) PCC, silica gel,
CH,Cl,, rt, 80% [2 steps (a,b)]; (c) 1,3-propanediamine, I, K;COs,
+-BuOH, 70 °C, 98%; (d) conc. H,SOy4, 100 °C, then NaOH, H,0; (e)
BrCN, EtOH, reflux, 66% [2 steps (d,e)].
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N
R! CHO a ” |/j
U N
2 H
R X (X =ForBr) 2
R X (X=F orBr)

18 (R' = H, R? = accessory group) 21
19 (R" = accessory group, R? = H) 22

R2
RZ
20 23
(X=F orBr) (X=ForBr)
N
b | d
=~ N
R—- Ar | /g
S
S S
21-23 24
N
c ! e
2 I N
R—- Ar
SENPN
S Nt-Bu
25-27

Scheme 4 Synthesis of pyrimido[1,2-c][1,3]thiazin-6-imine deriva-
tives fused with substituted benzene and heterocycles (28-30). Reagents
and conditions: (a) 1,3-propanediamine, I, K,COs, #-BuOH, 70 °C,
58-91%,; (b) NaH, CS,, DMEF, 80 °C, 67%-quant.; (c) NaH or -BuOK,
t-BuNCS, DMF or DMAc, —20-80 °C, 28-95%; (d) (i) NaOH, MeOH,
H,0, reflux, (ii) BrtCN, EtOH, reflux, 32-68%; (e) TFA, MS4A, CHCl,,
reflux, 63-92%.

functional group afforded the corresponding 2-phenyltetrahydro-
pyrimidine derivatives 21-23. The pyrimidof1,2-c][1,3]thiazine-
6-thione scaffold 24 was obtained by additions of 21f,g,i or
23s,t,u to carbon disulfide followed by SyAr-type C—S bond for-
mation. The desired 6-imino derivatives 28f,g,i and 30s,t,u were
obtained via hydrolysis of the thiocarbonyl group of 24 followed
by BrCN treatment. Alternatively, reactions of other 2-phenyl-
tetrahydropyrimidines 21-23 with tert-butyl isothiocyanate
afforded N-(-Bu)-protected thiazinimine derivatives 25-27,
which were treated with TFA to provide the expected products
28-30.

The intermediates 25e, 25Kk, and 26k were subjected to further
manipulations to obtain the functionalized derivatives
(Scheme 5). The nitro group of 25e was reduced by hydrogen-
ation to form the 9-amino derivative 31. Alkylation of 31
afforded the 9-(N-methylamino) derivative 25b (eqn (1),
Scheme 5). The 9-acetamide derivative 25¢ was obtained by
treatment of 31 with acetic anhydride (eqn (2), Scheme 5). Sand-
meyer reaction of 31 gave the 9-azide derivative 25p (eqn (3),
Scheme 5). Me,N- and MeO-substituted derivatives (25a, 26a,
and 26f) were obtained by Me,NH-mediated N-arylation?® of
the 9-bromo 25k and 10-bromo derivatives 26k, and NaOMe-
mediated Ullmann coupling® of 26k, respectively (eqn (4) and

i
b |
m

N
MeHN s/g NR
25b (R = t-Bu)
28b (R =H)
N N
SEE )
N _— N @
R SANt-Bu AcHN s/g NR
a [ 25eR=NO, 25¢ (R = t-Bu)
>31 R=NH, 28c(R=H)

N
e )
N 3)
ALK

25p (R = t-Bu)
28p (R = H)

N
f |
N )

A

MeoN S NR

25a (R = t-Bu)
° [ 2e (R=H)

N
Nl/j ‘/j
g
NS — N e

Be N

NR

Br 8 Nt-Bu
o]
25k 25d (R = t-Bu)
28d (R = H)
hori N‘/j
N (6)

Ar S/gNR

25h,l-0,q (R = {-Bu)
28h,l-0,q (R = H)

N . N
Br | hor jork R! |
N — N 6]

/gNt-Bu S/gNR2

26a,f,l,m,q (R? = t-Bu)
29af1,m,q (R? = H)

S

26k

Scheme 5 Synthesis of 9- or 10-substituted pyrimido[1,2-¢][1,3]benzo-
thiazin-6-imine derivatives. Reagents and conditions: (a) H,, Pd/C,
EtOH, rt, 88%; (b) NaOMe, (CH,0),, MeOH, reflux, then NaBH,,
91%; (c) TFA, MS4A, CHCl,, reflux, 37-95%; (d) Ac,0, DMAP, Et;N,
CH,Cl,, 1t, quant.; (¢) NaNO,, AcOH, H,0, 0 °C, then NaN;, 70%;
(f) Pd(OAc),, +-BusP, NHMe,, THE, KO#-Bu, toluene, reflux, quant.;
(g) 2-hydroxyethylvinylether, Pd(OAc),, 1,3-bis(diphenylphosphino)-
propane, K,CO;, H,O, 90 °C, 13% [2 steps (g,c)]; (h) R-B(OH), or
R-Bpin, Pd(PPhs)4, PdCly(dppf) CH,Cl,, K;COs5, toluene or 1,4-dioxane,
EtOH, Hy0, reflux, 62-96%; (i) n-BuB(OH),, Pdy(dba);, P(z-Bu)s,
CsCOj, 1,4-dioxane, reflux, 6% (for 25h); (j) Pd(P:+Bu),, NHMe,,
THE, KOt#-Bu, toluene, 170 °C, 67% (for 26a); (k) CuBr, NaOMe,
MeOH, DMEF, reflux, 40% (for 26f).
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(7), Scheme 5). The 9-acetyl derivative 25d was obtained by
Heck reaction®* of 25k with 2-hydroxyethyl vinyl ether (eqn (5),
Scheme 5). Other derivatives with a variety of functional groups
(25h,l-0,q and 26l,m,q) were synthesized by Suzuki—Miyaura
coupling reactions®> of 25k and 26k with boronic acids or their
pinacol esters (eqn (6) and (7), Scheme 5). Final deprotection of
the tert-butyl group in 25 and 26 afforded the 9- or 10-substi-
tuted pyrimido[1,2-c][1,3]benzothiazine derivatives 28 and 29,
respectively.

Synthesis of benzo[e][1,3]thiazine derivatives with fused cyclic
amidines

Benzo[e][1,3]thiazine derivatives with various ring-sized and/or
modified cyclic amidine moieties 35 were also synthesized by
the consecutive heterocumulene addition and SyAr reactions
(Scheme 6). Oxidative amidination using several diamines 32
proceeded efficiently to form five- or six-membered rings
(33a—d). The same reaction for the seven-membered amidine
(33e) was incomplete, but purification of the Boc-protected
amidine 36 followed by subsequent deprotection of the Boc
group gave the pure seven-membered amidine 33e. The resulting
amidines were converted to cyclic-amidine-fused benzole][1,3]-
thiazin-2-imines 34 via tert-butyl isothiocyanate addition and an
SnAr reaction. TFA-mediated deprotection gave the expected
derivatives 35.

Structure—activity relaﬁonships of the central heterocyclic core
in pyrimido[1,2-c][1,3]benzothiazines

Initially, the structural requirements of the 1,3-thiazin-2-imine
core substructure in 4 (PD 404182) for anti-HIV activity were
investigated (Table 1). The antiviral activities against the
HIV-1yp strain were evaluated using the MAGI assay. Substi-
tution of the imino group in 4 with a carbonyl group (14)
resulted in a significant decrease in anti-HIV activity (ECso =
8.94 uM). Pyrimido[l,2-c][1,3]benzoxazines (7-9), pyrimido
[1,2-c]quinazolines (10-12), and pyrimido[1,2-c][1,3]benzothia-
zine-6-thione (13), in which the 1-sulfur and/or 2-imino groups
in 4 were modified, showed no activity. These results suggested
that both the 1-sulfur atom and the 2-imino group are indispensa-
ble functional groups for the inhibitory activity against HIV
infection, and may be involved in potential interactions with the
target molecules.

Structure—activity relationships of the benzene substructure in
pyrimido(1,2-c}[1,3]benzothiazine

A series of derivatives with modification of the benzene sub-
structure in the pyrimido[1,2-c][1,3]benzothiazine were evalu-
ated for anti-HIV activity (Table 2). The addition of positively
charged N,N-dimethylamino (28a) and N-methylamino groups
(28b) at the 9-position significantly decreased the anti-HIV
activity. The 9-acetamide group (28¢), which has hydrogen-bond
donor/acceptor abilities, also attenuated the bioactivity. The
acetyl (28d) and nitro (28e) groups, with hydrogen acceptor
properties, induced slight decreases in the anti-HIV activity. In
contrast, derivatives with less-polarized substituents (28f~0 and

N
HoN a | R
. N
HoN H

X

32a-d 33a-d
N (X=ForBr) N
b | R c | R
—_ N —_— N
S/&Nt—Bu s/g NH
34a-d 35a-d
N
H,N a,d |
N
HoN Boc
F
32e 36

SANR

34e R = t-Bu
35e R=H

N N
e \/> b \/—>
= [ I N - N
H
F
33e

Scheme 6 Synthesis of benzo[e][1,3]thiazine derivatives with fused
cyclic amidines. Reagents and conditions: (a) 2-fluorobenzaldehyde or
2-bromobenzaldehyde, I,, K,CO3, +-BuOH, 70 °C, 68-79%; (b) NaH,
+BuNCS, DMF, 1t —80 °C, 18-50%; (c) TFA, MS4A, CHCl;, reflux,
16-86%; (d) Boc,O, Et;N, DMAP, CH,ClL, 1t, 37% [2 steps (a,d)]; (e)
TFA, CH,Cl,, reflux, 80%.

Table 1 SARs for 1,3-thiazin-2-imine core

X Y

Compound X ECsp (uM)*

4 S NH 0.44 +0.08
7 o) o) >10

8 O S >10

9 (0] NH >10

10 NH 0] >10

11 NH S >10

12 NH NH >10

13 S S >10

14 S O 8.94 £1.07

“ECso values were the concentration that blocks HIV-1 infection by
50% and derived from three independent experiments.

28q) at this position generally reproduced the potent anti-HIV
activity of 4. In terms of the electron-donating or -withdrawing
properties of the substituent groups on the benzene substructure,
good correlations were not observed. For example, the electron-
donating methoxy (28f), methyl (28g), and rn-butyl groups
(28h), and the electron-withdrawing fluoro (28i) and trifluoro-
methyl groups (28j) exhibited similar anti-HIV activities (ECsg =
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Table 2 SARs for benzene part

Compound ECso (uM)* Compound ECsq (uM)*
N 30r N 0.56 +0.13
11 [ |
L I
9
R % SANH SANH
4 R=H 0.44 + 0.08
28a R =NMe; 474 £1.07
28b R = NHMe >10
28¢ R = NHAc >10 30s N‘/j 2.55+0.26
= | N '
SN s/ng
28d R = COMe 1.44 +0.33
28e R =NO, 1.13 +£0.18
281 R = OMe 0.57 + 0.09
28g R=Me 0.49 +0.10
28h R = n-butyl 0.44 + 0.09
28i R=F 0.50 + 0.07 30k Nl/j >10
N
SANH
Br
28j R =CF; 0.53 +0.12
28k R=Br 0.25 +0.09
281 R=Ph 0.24 % 0.04
28m R = vinyl 0.18 £ 0.05
28n R = styryl 0.25 £0.05
280 R = pentenyl 024 %0.11 30t Nl/j >10
98
O s/g NH
28p R=N;, 0.43 + 0.06
28q R = CgH,(4-Bz) 0.53 +0.12
N 30i F N 1.68 £0.19
o | |
N N
S/gNH S/&NH
29a R =NMe, 212 +£0.26
29¢ R=NO, 3.00 +0.59
20f R = OMe 0.53 +0.04
29g R =Me 0.38 + 0.04
29k R=Br 0.24 +0.05
291 R=Ph 0.24 + 0.05 30u N‘ﬁ >10
s N
N
S/gNH
29m R = vinyl 0.40 +0.09
29q R = C4H4(4-Bz) 0.67 +0.16

9 ECsq values were the concentration that blocks HIV-1 infection by 50% and derived from three independent experiments.

0.44-0.57 uM), indicating that the antiviral activity is indepen-  pentenyl groups (280) induced inhibitory activity two or three
dent of the electronic state of the 1,3-benzothiazin-2-imine core  times greater than that of 4 (ECsy = 0.18-0.25 uM). Modification
in forming potential m-stacking interaction(s) with the target mol-  with photoreactive azido (28p) and benzoylpheny! groups (28q)
ecules. Among the hydrophobic substituents at this position, maintained the inhibitory activity; these could be used as probe
bromo (28k), phenyl (281), vinyl (28m), styryl (28n), and  molecules to identify the target molecule(s) of 4.2
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Similar SARs were observed for modification at the 10-posi-
tion of pyrimido[1,2-¢]{1,3]benzothiazine. Addition of positively
charged N,N-dimethylamino (29a) and polarized nitro groups
(29e) reduced the anti-HIV activity (ECso = 2.12 and 3.00 uM,
respectively). Hydrophobic groups including methoxy (29f),
methyl (29g), bromo (29k), phenyl (291), vinyl (29m), and
4-benzoylphenyl (29q) (ECsp = 0.24-0.67 uM) had favorable
effects on the bioactivity, suggesting potential hydrophobic
interactions of these additional functional groups with the target
molecule(s).

Further miscellaneous modifications of benzothiazine sub-
structure were also investigated (Table 2). The naphtho[2,3-e]-
[1,3]thiazine derivative 30r, with a 9,10-fused benzene, exhib-
ited anti-HIV activity equipotent to that of the parent 4 (ECso =
0.56 uM). A 6-fold decrease in the anti-HIV activity of the pyri-
dine-fused pyrido[3,2-e][1,3]thiazine derivative (30s) was
observed (ECso = 2.55 uM). In addition, introduction of
8-bromo (30k) and 8,9-fused benzene (30t, naphtho[2,1-¢][1,3]-
thiazine) substituents on benzothiazine resulted in a loss of
activity, suggesting that modification at the 8-position was inap-
propriate for favorable interactions with the target molecule(s).
The 11-fluoro derivative 30i and thiophene-fused 30u, which has
a 5-6-6 framework (thieno[2,3-¢][1,3]thiazine), exhibited four
times lower and no inhibitory potencies, respectively.

Structure—activity relationships of cyclic amidine part of
pyrimido(1,2-c][1,3]benzothiazine

A SAR study of the top-right cyclic amidine substructure was
carried out. The five-membered dihydroimidazole derivative 35a
had no anti-HIV activity (Table 3), suggesting that the five-mem-
bered ring may impair the critical interactions with the target
molecule(s) via its small-sized ring strain or indirect effects on
the thiazinimine core with a possibly altered conformation. Simi-
larly, compound 35b with the phenyl-fused dihydropyrimidine
substructure showed lower inhibitory activity (ECso = 3.78 uM).
Appending one or two methyl groups on the six-membered pyri-
midine (35¢ and 35d) induced 1.5- to 2-fold higher inhibitory
potencies (ECso = 0.35 and 0.24 uM, respectively) compared
with that of the parent compound 4. In addition, compound 35e
with a seven-membered tetrahydro-1,3-diazepine substructure
exhibited similar anti-HIV activity to that of 4 (ECsq = 0.31 uM).

Mechanistic studies of anti-HIV pyrimido[1,2-c]{1,3]-
benzothiazin-6-imines and related tricyclic heterocycles

To investigate the mechanism of action of PD 404182 deriva-
tives, a time of drug addition study was carried out (Fig. 3). In
this experiment, the anti-HIV activity profiles of 47 and its
derivatives 29k*’ were compared with those of well-known anti-
HIV agents such as an adsorption inhibitor (DS 5000),%® fusion
inhibitor [enfuvirtide (T-20)],°> NRTI (AZT),?® NNRTI (nevira-
pine),30 and integrase inhibitor (raltegravir).6 After inoculation
of HeLa-CD4/CCRS5-LTR/B-gal cells with HIV-1yg, each anti-
HIV-1 drug was added at a 90% inhibitory effect concentration
at the indicated time points. The inhibitory effects on the infec-
tion were determined by counting the blue cells 48 h later. This
investigation revealed that compound 4 (PD 404182) had an
inhibitory profile in the early stage of viral infection similar to

Table 3 SARs for cyclic amidine

Compound ECso (WM)*
4 N[/j 0.44 +0.08
i‘**“f
35a )N|:> >10
K
35b 378 +1.39
N
M
N
35¢ Nl/jf 0.35+0.09
‘s{kh#
35d N/jL 0.24 + 0.04
|
a*N
031 +0.06

N

“EBCsp values were the concentration that blocks HIV-1 infection by
50% and derived from three independent experiments.

100

—6—DS5000
--0-- enfuvirtide
—a—AZT

--&- nevirapine
—o—raltegravir
-4
—a—29k

% of infection

0 2 4 6 8 10 12 24
Time after infection (h)

Fig. 3 Time of drug addition profiles for infection by HIV-1yyp strain
of HeLa-CD4/CCRS5-LTR/B-gal cells.

those of DS 5000 and enfuvirtide (Fig. 3). Identical profiles were
observed for derivative 29k.
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Table 4 Anti-HIV activity of 4 and 35d against other HIV strains

ECsp (uM)*
Strain 4 35d
HIV-1np43 0.38 £0.06 0.25+0.03
HIV-1g,p 0.37 £ 0.06 0.16 £0.02
HIV-2g10 0.31 £0.06 0.17 £0.03
HIV-2gr0op 0.30 £ 0.06 0.11+0.03

“ECs values were the concentration that blocks HIV infection by 50%
and derived from three independent experiments.

To gain additional insights into the mechanism of action of
PD 404182 derivatives, the antiviral activities against other HIV
subtypes were evaluated (Table 4). Compound 4 was effective
against not only HIV-l1yyp but also other two HIV-1 strains
(HIV-1np4.3 and HIV-1g,1) with similar potency. Both HIV-1i
and HIV-1yy4.3 strains utilize CXCR4 as a coreceptor for entry,
while HIV-1g, strain does CCRS, indicating that chemokine
receptors CXCR4 and CCRS are not the molecular targets of PD
404182 derivatives. The similar level of antiviral activity of 4
against HIV-2 (HIV-2ggo and HIV-2gep), which is mainly dis-
tributed in West Africa, was observed. Highly potent inhibitory
activities of a derivative 35d*7 against these HIV strains were
observed, as in the case of the SAR study of the HIV-1yp strain
discussed above. It has been well known that NNRTIs are not
effective against HIV-2, highlighting that PD 404182 derivatives
do not act as NNRTIs. Although PD 404182 derivatives and
enfuvirtide showed similar anti-HIV-1 profile in the time of drug
addition assay, HIV-2gyo and HIV-2Rop infection were affected
by PD 404182 derivatives, in contrast with the less effective
enfuvirtide,®! suggesting that PD 404182 derivatives may not be
directed at the HIV gp41 envelope protein. Recent reports have
suggested that the antiviral activities of compound 4 against
HIV, HCV, and pseudotype lentiviruses were derived from dis-
ruption of the structural integrities of virions.!” Although the
mechanism of action of PD 404182 derivatives is not fully
understood at this stage, the unidentified biomolecule(s) in
viruses or host cells, including envelope protein(s), lipid mem-
branes and/or sugar chain(s), could be promising molecular
targets for this new class of anti-HIV agents.

Conclusion

In conclusion, we have designed and synthesized PD 404182
derivatives for a novel series of anti-HIV agents. Comprehensive
SAR studies demonstrated that the 6-6-6 fused pyrimido[1,2-c]-
[1,3]benzothiazine scaffold and the heteroatom arrangement in
the thiazinimine moiety are indispensable for the inhibitory
activity of 4 (PD 404182) against HIV infection. Optimization
studies of the benzene and cyclic amidine rings indicate that the
introduction of a hydrophobic group on the benzene ring and the
amidine group is more effective in improving the antiviral
activity, giving potential favorable interaction(s) with the target
molecule(s). In addition, PD 404182 derivatives could be prom-
ising agents for treatment of HIV-2 infection. We also revealed,
using time of drug addition experiments, that PD 404182

derivatives prevent the HIV infection process at an early stage.
For iterative molecular design of more effective derivatives
based on binding modes, the identification of the target molecule(s)
of PD 404182 derivatives is being investigated using derivatives
such as 28p and 28q.

Experimental section
General

"H NMR spectra were recorded using a JEOL AL-400 or a
JEOL ECA-500 spectrometer. Chemical shifts are reported in §
(ppm) relative to MesSi as an internal standard. *C NMR
spectra were referenced to the residual solvent signal. Exact mass
(HRMS) spectra were recorded on a JMS-HX/HX 110A mass
spectrometer. Melting points were measured by a hot stage
melting point apparatus (uncorrected). For flash chromatography,
Wakogel C-300E (Wako) or aluminium oxide 90 standardized
(Merck) were employed. For preparative TLC, TLC Silica gel 60
Fas4 (Merck), TLC Aluminium oxide 60 Fas4 basic (Merck), or
NH, Silica Gel 60 F,s4 Plate (Wako) were employed. For
analytical HPLC, a Cosmosil SC18-ARIl column (4.6 x
250 mm, Nacalai Tesque, Inc., Kyoto, Japan) was employed
with method A [a linear gradient of CH3CN containing 0.1%
(v/v) TFA] or method B [a linear gradient of CH;CN containing
0.1% (v/v) NH;] at a flow rate of 1 cm® min~! on a Shimadzu
LC-10ADvp (Shimadzu Corp., Ltd., Kyoto, Japan), and eluting
products were detected by UV at 254 nm. The purity of the com-
pounds was determined by combustion analysis or HPLC analy-
sis as >95% unless otherwise stated.

General procedure of oxidative amidination: synthesis of 2-(3-
bromo-2-fluorophenyl)-1,4,5,6-tetrahydropyrimidine (23k). To a
solution of 3-bromo-2-fluorobenzaldehyde 20k (0.71 g,
3.5 mmol) in +BuOH (33 cm®) was added propylenediamine
(285.4 mg, 3.9 mmol). The mixture was stirred at 70 °C for
30 min, and then K,CO5 (1.45 g, 10.5 mmol) and I, (1.11 g,
4.4 mmol) were added. After being stirred at the same tempera-
ture for 3 h, the mixture was quenched with sat. Na,SO;. The
organic layer was separated and concentrated. The resulting solid
was dissolved in H,O, and then pH was adjusted to 12—14 with
2N NaOH. The whole was extracted with CHCl;. The extract
was dried over MgSO,. After concentration, the resulting solid
was recrystallized from CHClz—#n-hexane to give compound 23k
as colorless crystals (0.62 g, 69%): mp 99 °C; IR (neat) Via/
em™l: 1624 (C==N); 6y (400 MHz; CDCl3; Me4Si) 1.84-1.89
(2H, m, CHy), 3.50 (4H, t, J=5.7 Hz, 2 x CHy), 5.13 (1H, br s,
NH), 7.03 (1H, td, J = 8.0, 0.9 Hz, Ar), 7.54 (1H, ddd, J = 8.0,
6.4, 1.3 Hz, Ar) and 7.69 (1H, ddd, J = 8.0, 6.5, 1.3 Hz, Ar). ¢
(100 MHz; CDCl3) 20.6, 42.1 (2C), 109.6 (d, J = 22.3 Hz),
125.1 (d,J=4.1 H2), 126.3 (d, /= 13.2 Hz), 129.8 (d, /= 3.3 Hz),
134.3, 150.8 and 156.3 (d, J = 248.3 Hz);, 6r (500 MHz
CDCl3) —110.7; Anal. Calc. for C;oH;(BrFN,: C, 46.72; H,
3.92; N, 10.90. Found: C, 46.64; H, 4.10; N, 10.93%.

General procedure of CS,-mediated cyclization for pyrimido-
[1,2-c]{1,3]benzothiazine-6-thiones 24: synthesis of 3,4-dihydro-
2H,6H-pyrimido[1,2-c]thieno[2,3-¢][1,3]thiazin-6-thione  (24u).
To a mixture of 2-(3-bromothiophen-2-y1)-1,4,5,6-tetrahydropyr-
imidine 23u (122.6 mg, 0.50 mmol) and NaH (40.0 mg,
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