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been suggested, no direct evidence has been reported indi-
cating that SDF-14 induces macropinocytosis.

In this report, we synthesized dodeca-arginine (R12) bearing
the phenyltrifluoromethyldiazirine moiety as a photocrosslinker
with the hope of identifying the receptors responsible for the
cellular uptake of oligoarginines (Figure 1A). We found that
CXCR4 is a receptor that stimulates cellular uptake of the R12
peptide. Binding of R12 to CXCR4 stimulates actin organization
and macropinocytosis. The binding of R12 to CXCR4 also leads
to CXCR4 internalization. We also found that stimulating CXCR4
with its natural ligands, SDF-1a« or gp120, triggered macropino-
cytosis together with internalization of the receptor. These
results thus shed light on the roles of CXCR4 as a receptor for
stimulating cellular uptake of arginine-rich CPPs and the induc-
tion of macropinocytosis, which may have implications in cellular
responses, accompanied by intracellular delivery using oligoar-
ginines, and in HIV infection.

RESULTS

CXCR4 as a Potential Target of R12 on Plasma
Membranes

Photocrosslinking is a powerful methodology to detect
molecular interactions in cells (Tomohiro et al., 2005). A biotin-
tagged R12 peptide bearing trifluoromethyldiazirinephenylala-
nine (biotin-TmdPhe-R12) was designed to identify cell-surface
molecules that can be recognized by the R12 peptide (Figure 1B).
The R12 peptide was selected as a typical arginine-rich CPP with
superior internalization efficiency, compared with the R8 and Tat
peptides (Kosuge et al., 2008). Aryl-3-phenyl-3-trifluoromethyl-
diazirine derivatives are effective photocrosslinking agents and
are readily incorporated into peptide chains using trifluorome-
thyldiazirinephenylalanine derivatives developed by Hatanaka
and coworkers (Nakashima et al., 2006). The biotin tag was
incorporated at the N terminus of the peptide together with a
flexible linker (y-aminobutyric acid) to facilitate the isolation of
crosslinked proteins with the TmdPhe-R12 peptide. The biotin-
TmdPhe-R12 peptide was thus prepared by Fmoc solid-phase
peptide synthesis without difficulty.

Hela cells pretreated with 0.5 pM biotin-TmdPhe-R12 at 37°C
for 30 s were irradiated with UV light (365 nm) at 4°C for 3 min and
washed with PBS prior to cell lysis. The peptide concentration
and incubation time were set so that the peptide interacted
with cell-surface molecules, but no significant endocytosed
peptide signal was observed after examining the time course
and the FITC-TmdPhe-R12 internalization methods (see Fig-

ure S1A available online). The biotin-TmdPhe-R4 peptide was
used as a negative control; the R4 peptide showed no signifi-
cant internalization (Futaki et al., 2001; Kosuge et al., 2008).
After dialysis at 4°C for 12 hr, the samples were treated with
streptavidin magnetic spheres for 1 hr. Proteins crosslinked
with the R12 peptide were collected and the samples were sub-
jected to SDS-PAGE (Figure 1C). Proteins corresponding to four
major bands >240 kDa were specifically observed from cells
treated with biotin-TmdPhe-R12 (arrows in Figure 1C) com-
pared with those treated with biotin-TmdPhe-R4, and were
digested with trypsin. The digested peptides were analyzed by
MALDI-TOF mass spectrometry (MS) with peptide mass finger-
printing (PMF), and it was determined that the four bands were
derived from myosin-9 (nonmuscle myosin heavy chain IIA).
Involvement of myosin-9 in the endocytosis of CXCR4 and
their colocalization on the cell surface, together with cell-
surface exposure of myosin-9, has been suggested previously
(Rey et al., 2007; Arii et al., 2010). Additionally, CXCR4 is
expressed on the cell surface in a complex with syndecan-4
(Hamon et al., 2004). A western blot analysis of the proteins
obtained using magnetic spheres from biotin-TmdPhe-R12-
treated cells yielded positive staining with an anti-CXCR4 anti-
body, whereas no significant staining was observed for samples
from biotin-TmdPhe-R4-treated cells (Figure 1D). Similarly,
positive staining with anti-syndecan-4 antibody was observed
for samples obtained from biotin-TmdPhe-R12-treated cells,
which was almost twice as strong as that from biotin-
TmdPhe-R4-treated cells (Figure 1D). These results suggest
the possibility that CXCR4 plays a role in the cell-surface recog-
nition of biotin-TmdPhe-R12.

CXCR4 as a Receptor to Promote R12 Uptake

The involvement of CXCR4 in the cellular uptake of R12 was then
confirmed using CXCR4-knockdown Hela cells, expressing
48% decreased levels of the receptor (Figure S1B). A significant
decrease in R12-Alexa fluorescence signals was observed in the
CXCR4-knockdown cells (Figure 1E, right) versus that in non-
treated cells (Figure 1E, left) or in cells treated with negative-
control siRNA (Figure 1E, middle). Fluorescence-activated cell
sorting analysis showed a considerable decrease (32%) in the
cellular uptake of the R12 peptide by CXCR4 knockdown under
the same conditions (Figure 1F). Treating Hela cells with the
CXCR4-specific antagonist FC131 (cyclo[-D-Tyr-Arg-Arg-Nal-
Gly-)) (Fuijii et al., 2003) (10 uM) also resulted in a decrease in
R12 peptide cellular uptake (Figure 1G). These results suggest
the involvement of CXCR4 in the cellular uptake of R12.

(E and F) Downregulation of CXCR4 led to diminished cellular uptake of R12-Alexa, analyzed by confocal laser scanning microscopy without fixation (E) and by
flow cytometry (F). Scale bars represent 50 pm. Peptide concentration, 10 M. Data are shown as the mean + SD of three independent experiments performed on
different days. Asterisks indicate statistically significant differences compared to the negative-control cells. ****p < 0.0001 (unpaired Student’s t test).

(G) Treating the cells with a CXCR4-specific antagonist, FC131, also inhibited the cellular uptake of R12-Alexa. Peptide and transferrin concentrations were 10 uM
and 20 pg/ml, respectively. Data are shown as the mean + SD of three independent experiments performed on different days. Asterisks indicate statistically
significant differences compared to the negative-control cells. ****p < 0.0001 (two-way ANOVA followed by Bonferroni's post hoc test).

(H) Live cell analysis of the colocalization of R12-Alexa568 with CXCR4-Venus on the cell surface. Cells were treated with 5 pM R12-Alexa568 for 10 min at 4°C
and the surfaces of live cells facing the bottom glass were observed by confocal laser scanning microscopy. Scale bars represent 5 pm.

() Treatment with the Gi signaling-pathway inhibitor PTX (100 ng/ml) yielded decreased cellular uptake of R12-Alexa but not R8- or Tat-Alexa. Peptide and
transferrin concentrations were 10 uM and 50 pg/mi, respectively. Data are shown as the mean = SD of three or four values obtained from independent
experiments performed on different days. Asterisks indicate statistically significant differences from the no-inhibitor groups. *"p < 0.0001 {two-way ANOVA

followed by Bonferroni's post hoc test).
See also Figure S1.
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(A) Specific labeling of E3-tagged CXCR4 on cell surfaces using fluorescently labeled K4 probe.

(B} Internalization of CXCR4 following R12 treatment. CHO cells expressing E3-CXCR4 were treated with nonlabeled R12 (10 uM) for 30 min, and then the amount
of the CXCR4 remaining on the cell surface was analyzed by treatment with E3-specific fluorescein-labeled K4 peptide (FL-K4). Data are shown as the mean + SD
of three independent experiments. Asterisks indicate statistically significant differences from control cells. **p < 0.01 (unpaired Student’s t test).

(C) Colocalization of R12 with CXCR4 after cell treatment with 5 M R12-Alexa568 for 30 min at 37°C. The live cells were then analyzed directly by confocal laser

scanning microscopy without fixation. Scale bars represent 5 pm.

(D) CXCR4 internalizes into cells with the macropinocytosis marker dextran-TMR (70 kDa). CHO-C4V cells were treated with 10 uM nonlabeled R12 together with
dextran-TMR (1 mg/ml} and observed by time-lapse imaging. Significant colocalization of the CXCR4-Venus and dextran-TMR signals was observed, suggesting
that they were captured in the same endosomal vesicles. Yellow amows indicate that the vesicles contain both CXCR4-Venus and dextran-TMR. The scale bar

represents 5 pm.
See also Figure S2,

Interestingly, no significant reduction in R8 or Tat (10 uM)
cellular uptake was observed in CXCR4-knockdown cells (Fig-
ure 1F), and similar patterns were observed in FC131-treated
cells (Figure 1G). Thus, CXCR4 was not responsible for the
cellular uptake of these peptides. The R8 and Tat peptides are
typical arginine-rich CPPs with a smaller number of arginines in
their sequences than R12 (Futaki, 2006; Kosuge et al., 2008),
suggesting diversity in cellular uptake mechanisms even among
arginine-rich peptides.

Cell-surface interaction of CXCR4 with R12 was confirmed by
confocal laser scanning microscopy (Figure 1H). We established
CHO cells stably expressing CXCR4 (CHO-C4V) in which a fluo-
rescent protein, Venus, was tagged to the CXCR4 C terminus
(cytoplasmic side). Cells were treated with Alexa 568-labeled
R12 peptide (R12-Alexa568) at 4°C for 10 min, conditions under
which endocytosis does not occur. Significant colocalization of
the CXCR4 signals with R12 (Figure 1H) suggested specific
binding of R12 to CXCR4 on the cell surface, whereas lower
levels of colocalized signals were observed when the cells
were treated with Alexa 568-labeled R8 and Tat peptides
(Figure S1C).

Binding of CXCR4 to its natural ligand, SDF-1«, leads to actin
reorganization via the Gi protein-signaling pathway (Méhle et al.,
2001). Indeed, a marked lamellipodia (i.e., thin, veil-like exten-
sions at the edge of cells that contain a dynamic array of actin

filaments, typically observed for cells treated with oligoarginine
CPPs) formation was observed for control cells by treatment
with R12 for 20 min; however, no significant alteration in actin
structure was observed in CXCR4-knockdown cells (Figure S1D).
Cellular uptake of R12-Alexa was suppressed by 30% in the
presence of pertussis toxin (PTX), an inhibitor of the Gi protein-
signaling pathway (Phillips and Ager, 2002) (Figure 1l). Further-
more, PTX treatment also led to a significant suppression in
the formation of lamellipodia by the R12 peptide (data not
shown). These results suggest that CXCR4 serves as an R12
receptor to promote actin organization, together with uptake of
the R12 peptide. Involvement of the Gi protein-signaling
pathway was suggested in the above process. Here again,
cellular uptake of R8 and the Tat peptide was not affected by
PTX treatment (Figure 1l).

Treating cells with the R12 peptide led to internalization of the
CXCR4 receptor. A coiled-coil tag/probe system, developed by
Yano et al. (2008), was used to analyze this result. Specifically,
CXCR4 bearing a surface-exposed tag sequence E3 (EIAALEK);
at the N terminus (E3-CXCR4) was expressed on CHO-K1 cells
(Figure 2A). After treating the cells with R12 or other CXCR4
ligands, E3-CXCR4 remaining on the plasma membranes was
quantified by a fluorescently labeled E3-specific peptide probe,
K4 (KIAALKE)4. This system was expected to more accurately
assess the quantities of cell surface-exposed receptors,
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compared with conventional methods that use receptor-specific
antibodies; binding of receptor-specific antibodies may be
hampered when their ligands are tightly bound to the receptor.
However, the relatively small K4 probe used in this system al-
lowed us to detect CXCR4 without disruption by ligand binding
(Yano et al., 2008). Treating the cells with R12 peptide for
30 min resulted in the internalization of cell-surface CXCR4; an
~30% decrease in the amount of CXCR4 on cell surfaces was
observed following this treatment compared with nontreated
cells (Figure 2B).

The intracellular fate of CXCR4 after binding with R12 was then
analyzed using the CXCR4-Venus system employed in Figure 1H,
but this time cells were incubated at 37°C to allow endocytic
cellular uptake. Treatment of the cells with R12-Alexa for
30 min led to internalization of CXCR4 and significant colocaliza-
tion of the R12-Alexa568 signal with CXCR4 in the cytoplasm
(Figure 2C). On the other hand, large amounts of CXCR4 re-
mained on the cell surface, even after treatment with R8- and
Tat-Alexa568, which yielded considerably fewer colocalized
signals in the cytoplasm compared to R12 treatment (Fig-
ure S2A). Time-lapse imaging of CXCR4-Venus cells treated
with a macropinosome marker (70 kDa dextran labeled with tet-
ramethylrhodamine; dextran-TMR) in the presence of R12
peptide showed significant colocalization of the signals of Venus
and TMR, indicative of CXCR4 internalization via the macropino-
cytic pathways stimulated by the R12 peptide (Figure 2D).
Because endosomes formed by macropinocytosis (i.e., macro-
pinosomes) can be CXCR4-Venus signals colocalizing with
dextran-TMR, compared with those without significant colocali-
zation (see Figure S2B), this also suggests that these signals
represent macropinosomes. Thus, CXCR4 serves as a receptor
of R12 and is internalized into cells via macropinocytosis
together with R12.

Note that the above observation would not necessarily indi-
cate CXCR4-mediated macropinocytosis as the sole and exclu-
sive pathway for R12 uptake. R8 and other arginine-rich peptides
also employ macropinocytosis for their cellular uptake (Nakase
etal., 2004); as shown in this study, the methods are not identical
to that using CXCR4. However, it could be possible that a part of
R12 may also be internalized in the cells using similar methods
employed by R8. Dynasore is an inhibitor of dynamin that is crit-
ically involved in clathrin- or caveolae-mediated endocytosis.
Treating the cells with dynasore yielded an ~35% decrease in
5 uM R12 uptake (Figure S2C). This result suggests the possi-
bility that certain dynamin-dependent endocytic pathways may
be involved in the cellular uptake of R12 simultaneously with
macropinocytosis. Additionally, only an ~10% reduction in the
cellular uptake of R8 was observed under the same dynasore
treatment (Figure S2C). The relative insensitivity of R8 uptake
by dynasore may again suggest differences in the methods of
cellular uptake between R12 and R8.

Stimulation of CXCR4 by SDF-1« or HIV-1 gp120 Also
Leads to Macropinocytosis

If stimulating CXCR4 with R12 induces actin organization and its
macropinocytic uptake, it is possible that stimulating the
receptor with other ligands may also stimulate macropinocyto-
sis. SDF-14 is a typical CXCR4 ligand, and the involvement of
actin reorganization through CXCR4 activation has been re-

ported (Voermans et al., 2001; Wu and Yoder, 2009). It has
been reported that ligand binding to CXCR4 leads to its internal-
ization via clathrin-dependent endocytosis (Signoret et al., 1997;
Orsini et al., 1999; Venkatesan et al., 2003). However, there is no
report of the relevance of actin reorganization through CXCR4
activation to macropinocytosis induction. In this context, we
examined whether stimulation of CXCR4 with SDF-1c may
lead to macropinocytosis in addition to actin organization and
an eventual increase in its cellular uptake.

Treating Hela cells with SDF-1« led to an increase in cellular
uptake of 70 kDa dextran of ~110%, and the increase in
70 kDa dextran uptake by SDF-14 stimulation was inhibited by
40% in the presence of ethylisopropylamiloride (EIPA), a typical
macropinocytosis inhibitor (Nakase et al.,, 2004) (Figure 3A).
SDF-1« also induces actin organization, and significant lamelli-
podia formation was also observed for SDF-1u-treated cells
(Figure 3B). These observations suggest the induction of macro-
pinocytosis following CXCR4 stimulation with its natural ligand
SDF-1a. Quantifying the cell-surface receptor using E3-tagged
CXCR4, as used in Figure 2B, showed that stimulating CXCR4
with SDF-1a. led to a decrease in cell surface-expressed
CXCR4 by ~65% (Figure 3C). A confocal microscopic analysis
showed that CXCR4 tagged with Venus was internalized into
the cells following treatment with SDF-1« (Figure 3D). Colocali-
zation of the CXCR4-Venus signals with those of 70 kDa dextran
suggests the localization of CXCR4 in macropinosomes. To the
best of our knowledge, this is the first demonstration that stimu-
lating CXCR4 with SDF-1« leads to macropinocytosis and the
eventual internalization of CXCR4.

Considerable research has focused on macropinocytosis and
its relevance to viral infections (Mercer and Helenius, 2009). We
not only identified CXCR4 as a receptor that induces macropino-
cytosis but also showed that the receptor is internalized in cells
and is trapped in macropinosomes bound to its ligand. HIV infec-
tion of target cells is accomplished on the cell surface, and
CXCR4 serves as a CD4 protein coreceptor to stimulate viral
binding and successive fusion to the plasma membranes, allow-
ing entry of the viral nucleocapsid. Thus, if HIV binding to CXCR4
induces macropinocytosis, HIV may become trapped in macro-
pinosomes and delivered to cells.

HIV-1 gp120 is a glycoprotein present on the surface of the
viral envelope and is essential for CXCR4 binding, leading to
virus entry into cells (Tamamura et al., 2005). Treatment of
Hela cells with 500 nM gp120 induced a 25% increase in
70 kDa dextran uptake in 60 min (Figure 3E). Significant lamelli-
podia formation was also observed 20 min after administering
gp120 (Figure 3B). These results suggest that macropinocytosis
may accompany HIV entry into cells (Wu and Yoder, 2009).

Effect of R12 Treatment and Macropinocytosis on HIV
Infection of Host Cells

HIV-1g is a subtype of HIV-1 that uses CXCR4 as a coreceptor
for entry into susceptible cells. Anti-HIV infection activity of R12
for HIV-1,,g was analyzed using a T cell line, MT-4, which is highly
susceptible to HIV infection (Koyanagi et al., 1985). The cells
were incubated with HIV-1;5 in the presence of R12 or R8 for
5 days and cell viability was analyzed using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay
as reported previously (Kodama et al., 2001), yielding a 50%
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Figure 3. Stimulating CXCR4 with SDF-1« and gp120 Induces Actin
Organization and Macropinocytosis

(A) Increase in 70 kDa dextran-fluorescein uptake in Hela cells following
treatment with 100 nM SDF-1a for 1 hr. Pretreatment with EIPA (100 uM)
diminished the dextran uptake. Data are shown as the mean + SD of three
independent experiments. Asterisks indicate statistically significant differ-
ences from control cells. ****p < 0.0001 (two-way ANOVA followed by Bon-
ferroni's post hoc test).

(B) Actin cytoskeleton rearrangement by SDF-1x« and gp120. Hela cells were
treated with SDF-1 (100 nM), gp120 (500 nM), and R12 (10 puM) for 20 min. The
cells were fixed with 4% paraformaldehyde, and cellular F-actin was stained
with phalloidin-tetramethylrhodamine isothiocyanate. White arrows indicate
lamellipodia. Scale bars represent 10 um.

(C) Internalization of CXCR4 following treatment with 100 nM SDF-1e (30 min).
The experiments were conducted using E3-CXCR4 cells and FL-K4 as in
Figure 2B. Data are shown as the mean + SD of three independent experi-
ments. Asterisks indicate statistically significant differences from control cells.
***p < 0.001 (unpaired Student's t test).

(D) Treating CHO-C4V cells with 100 nM SDF-1« led to the internalization of
CXCR4-Venus by cells. CXCR4-Venus signals showed high colocalization with
the macropinosome marker 70 kDa dextran-TMR. Control cells showed less
internalization of CXCR4-Venus and 70 kDa dextran-TMR, yielding little co-
localization with 70 kDa dextran-TMR signals. Scale bars represent 10 pm.
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Table 1. Antiviral Activities against HIV-1,,g Determined by MTT
Assay

Peptide Mean ECsp (nM) = SD Mean CCsg (nM) = SD
R12 394 + 28 >1,000
R8 =1,000 =1,000

Data shown are means and standard deviations obtained from three
independent assays.

effective concentration (ECsg) of 394 + 28 nM for the R12 peptide
and >1,000 nM for R8 (Table 1). The 50% cytotoxic concentra-
tion (CCsg) of both peptides was >1,000 nM. The anti-HIV activity
of R12 for HIV-1,g was also confirmed using a single-round
MAGI assay (multinuclear activation of a galactosidase indicator
assay; Kimpton and Emerman, 1992) with an ECsq value of 332 £
76 nM (AZT reference, 22 + 2 nM) (Table 2), whereas no inhibitory
effect of R12 (ECsp > 10 uM; AZT reference, 23 + 8 nM) was
observed for HIV-1g,_ infection using CCRS5, instead of
CXCR4, as a coreceptor. This suggests that CXCR4 is the target
for R12 inhibition or that the internalization of the receptor results
in HIV entry inhibition.

Macropinocytosis stimulates internalization of CXCR4 as well
as viral uptake into endosomes, which may decrease the chance
of HIV entry into host cells via cell-surface fusion (Schaeffer et al.,
2001). The effect of macropinocytosis on HIV entry was also as-
sessed using an HIV-1-based firefly luciferase expression vector
pseudotyped with HIV-1,g envelope. MT-4 cells were treated
with dimethylamiloride (DMA), a typical inhibitor of macropinocy-
tosis that has been employed for the analysis of dendritic cell-
mediated HIV-1 endocytosis (Maréchal et al., 2001), for 30 min
prior to infection and incubated for 48 hr. Treatment of the cells
with DMA resulted in an ~30% increase in luciferase activity,
suggesting that inhibition of macropinocytosis improves viral
infection (Figure 3F, left). There was a significant decrease
(~70%) in luciferase activity in the presence of R12, confirming
the HIV inhibitory effect of the peptide (Figure 3F, right).
However, this effect was diminished by pretreatment with DMA
(Figure 3F, right).

DISCUSSION

Scientific interest in arginine-rich CPPs has been increasing
due to their ability to bring exogenous molecules into cells. The
ability of arginine-rich CPPs to induce macropinocytosis is
one explanation for their cellular uptake. Although several mem-
brane proteins have previously been considered as potential

(E) HIV-1 envelope protein gp120 (500 nM) induces macropinocytosis. HelLa
cells were treated with 500 nM gp120, as shown in (A), for 1 hr. Data are shown
as the mean = SD of three independent experiments. Asterisks indicate
statistically significant differences from control cells. ****p < 0.0001 (unpaired
Student's t test).

(F) Inhibition of HIV infection in the presence of a macropinocytosis inhibitor.
MT-4 cells were pretreated with DMA for 30 min at 37°C. HIV-based luciferase
expression vector pseudotyped with HIV-1,,z envelope was used to infect
DMA-treated or untreated cells in the absence or presence of 5 pM R12. After
48 hr of culture, luciferase activity was measured. Data are shown as the
mean = SD of three independent experiments performed in duplicate. Aster-
isks indicate statistically significant differences from cells treated without
inhibitor. *p < 0.05 (unpaired Student's t test).
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Table 2. Antiviral Activities Determined by MAGI Assay
Mean ECsp (M) + SD

Strain R12 AZT
HIV-1 ne 33276 222
HIV-1ga >10,000 23+8

Data shown are means and standard deviations obtained from three
independent assays. AZT (a nucleoside analog reverse-transcriptase
inhibitor) was used as a control.

candidates that activate macropinocytosis, or even other forms
of endocytosis, specifically responsible for the cellular uptake of
arginine-rich CPPs, no substantive receptor has been identified.
It has been reported, for example, that the full-length Tat protein
(86 residues) could activate a vascular endothelial growth factor
receptor (Mitola et al., 1997), but the basic domain (positions 46—
64 of the Tat protein corresponding to the CPP segment) was not
a high-affinity ligand for the receptor (Rubio Demirovic et al.,
2003). It has also been reported that the full-length Tat protein
binds to CXCR4 and works as an antagonist against the infection
of HIV (Xiao et al., 2000). Interestingly, the basic segment
corresponding to the CPP segment (residues 48-60) was not
responsible for the antagonism activity but rather residues 11-
50 of the Tat protein containing the cysteine-rich domain. There-
fore, it seems likely that the receptors for the full-length Tat
protein may not necessarily work for the receptor of the argi-
nine-rich CPPs. We and others have reported that the interaction
of the arginine-rich peptides with the membrane-associated
proteoglycans, including syndecans, quickly activates the Rac
protein and induces actin organization and macropinocytosis
(Gerbal-Chaloin et al., 2007; Nakase et al., 2007, 2009; Letoha
et al.,, 2010). Although the interaction of arginine-rich peptides
with membrane-associated proteoglycans may lead to their
multimerization to induce actin polymerization, more evidence
is required to conclude that these proteoglycans are actual
receptors that can induce macropinocytosis; as is seen in the
case of FGF2 (Ishihara, 1993), proteoglycans often couple with
other receptors to activate them. Additionally, it was recently re-
ported that a complex of oligonucleotides with the stearylated
TP-10 analog PepFect14 was taken into cells through scavenger
receptors (Ezzat et al., 2012). This was an important finding that
may potentially be extendable to enhance the biological effects
given by the oligonucleotides. However, recognition of the nega-
tive charges of the complex by the receptor, not of the peptides,
is considered to be the mechanism.

Using synthetic peptides as chemical tools, we have demon-
strated that the CXCR4 chemokine receptor acts as a receptor
to stimulate cellular uptake of the R12 peptide. Cellular uptake
of R12 was inhibited by CXCR4 siRNA knockdown and by
FC131, an antagonist of CXCR4. Treating the cells with R12
led to actin organization (lamellipodia formation) and macropino-
cytosis, but CXCR4 knockdown effectively prevented the forma-
tion of lamellipodia. Confocal microscopy revealed significant
colocalization of CXCR4 with the R12 peptide on cell surfaces.
Binding of R12 to CXCR4 led to their internalization, and signifi-
cant colocalization of these signals was observed in macropino-
somes in the cells. Treatment of the cells with PTX suppressed
the cellular uptake of R12, suggesting the use of a Gi signaling
pathway for uptake.

To our knowledge, these results are not only the first report of
a substantive receptor to stimulate the uptake of arginine-rich
CPPs, but are also the first illustration of intracellular traffic of
the receptors involved in R12 uptake after ligand activation.
Interestingly, R8 and Tat, other typical arginine-rich CPPs, did
not significantly activate this CXCR4-mediated uptake path-
way. These peptides are also reported to use macropinocytosis
for their cellular uptake (Nakase et al., 2004, 2007). R12 has
a higher internalization efficiency than the R8 and Tat peptides
(Nakase et al.,, 2007; Kosuge et al., 2008), and the higher
valency of the guanidino groups in a peptide to ensure greater
interaction with cell-surface molecules has been suggested as
one explanation (Futaki, 2006; Wender et al., 2008). However,
the present study indicates that the lack of CXCR4-mediated
activation of macropinocytosis by R8 and Tat may explain the
higher cellular uptake efficiency of R12 over these peptides.
In addition, if the cooperation of CXCR4 and syndecan-4 is
important for receptor activation, R12 may stabilize these
complex structures.

We also found that stimulation of CXCR4 with an intrinsic
ligand, SDF-1«, induced macropinocytosis. This study also
suggests that macropinocytosis is induced by the interaction
of HIV-1 with CXCR4 on host cell membranes, which leads to
the internalization of the receptor during viral infection of the
host cells. Although the involvement of macropinocytosis with
HIV-1 internalization has been observed in specific cells such
as dendritic cells (Wang et al., 2008), macropinocytosis operates
only for housekeeping in these cells, and there should be distinct
differences in the methods of internalization in the many cells
where macropinocytosis is induced only by external stimuli.
Our study suggests that macropinocytosis stimulates internali-
zation of CXCR4 as well as viral uptake into late endosomes,
which may decrease the chance of HIV entry into host cells via
cell-surface fusion and promote viral degradation in endosomes
(Schaeffer et al., 2001). Thus, macropinocytosis induced by the
interaction with HIV-1 may eventually work as a protective
response by host cells against a viral invasion. In this context,
R12 shows inhibitory activity against HIV-1 infection; interaction
of R12 with CXCR4 leads to internalization of the receptor as well
as viral uptake via macropinocytosis, both of which may inhibit
viral infection. ALX40-4C is an anti-HIV-1 peptide (acetyl-[D-
Arglg-amide) (Doranz et al., 1997; Zhang et al., 2002), having
structural similarity with R8 and R12. The anti-HIV-1 activity of
ALX40-4C has been claimed to be exclusively by blocking
virus-CXCR4 interactions (Doranz et al., 2001), and this would
also be one mechanism of the anti-HIV-1 activity of R12. Detailed
studies of the effect of ALX40-4C on CXCR4 internalization and
macropinocytosis induction would be beneficial to better under-
stand the contribution of macropinocytosis to the inhibition of
HIV-1 infection.

SIGNIFICANCE

This report has shed light on the roles of CXCR4 as a
receptor for stimulating cellular uptake of arginine-rich
cell-penetrating peptides and the induction of macropinocy-
tosis, which should have implications for cellular responses,
accompanied by intracellular delivery using oligoarginines,
and for HIV infection.
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EXPERIMENTAL PROCEDURES

Preparation of Biotin-TmdPhe-R12 and Biotin-TmdPhe-R4

H-GABA-TmdPhe-Gly-{Arg[Pbf]),2-NH-resin (GABA, y-aminobutyric acid; Pbf,
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl) was prepared by Fmoc
(9-fluorenylmethyloxycarbonyl) solid-phase peptide synthesis on a Rink amide
resin, as described previously (Kosuge et al., 2008; Nakase et al., 2009), in
which the TmdPhe was assembled into the peptide chain using Fmoc-TmdPhe,
as is the case with other amino acids. Biotin was then introduced onto the
peptide resin using biotinamidohexanoic acid N-hydroxysuccinimide ester
(Sigma) to yield biotinamidohexanoyl-GABA-TmdPhe-Gly-(Arg[Pbf]);o-NH-
resin. The peptide was deprotected and cleaved from the resin by treatment
with a trifluoroacetic acid/ethanedithiol mixture (95:5), followed by reverse-
phase high-performance liquid chromatography purification to yield bio-
tinamidohexanoyl-GABA-TmdPhe-Gly-(Arg),z-amide  (biotin-TmdPhe-R12).
The mass of the product was confirmed by MALDI-TOF MS: 2629.99 (calcu-
lated for [M+H])* 2629.14). Biotin-TmdPhe-R4 was similarly prepared as
bictin-TmdPhe-R12. MALDI-TOF MS: 1380.81 (calculated for [M+H]* 1379.61).

Photocrosslinking

Hela cells (1.2 x 10% were plated on 100 mm dishes and cultured in
g-minimum essential medium (2-MEM} containing 10% heat-inactivated
bovine serum (z-MEM/BS) for 48 hr. After the cells were washed three times
with PBS(+), they were treated with biotin-TmdPhe-R12 (0.5 pM) or biotin-
TmdPhe-R4 (1.5 uM) for 30 s at 37°C and then iradiated with a UV lamp
with a 365 nm filter for 3 min at 4°C. Cells were washed with PBS(+) twice
and lysed in RIPA buffer (100 pl) containing 150 mM NaCl, 10 mM Tris-HCI
(pH 7.2), 0.1% SDS, 1.0% NP-40, 1% deoxycholate, and 5 mM EDTA. Lysates
were then dialyzed against 1,000 ml PBS at 4°C for 12 hr using a Slide-A-Lyzer
(molecular weight cutoff 20,000; Pierce).

The protein concentration of the above lysates was adjusted to yield 500 pg
protein/500 pl RIPA buffer, and 10% SDS (214 pl) in water was added to yield
a protein solution containing 3% SDS. Streptavidin magnetic spheres (Prom-
ega; 300 pl) were then added to the solution. After gently mixing at 20°C for
1 hr, the streptavidin magnetic spheres, bearing proteins crosslinked with
biotin-TmdPhe-R12, were collected with a magnet and washed with RIPA
buffer, and then the sample buffer for SDS-PAGE (40 pl) containing 3% SDS
and 10% 2-mercaptoethanol was added. After heat denaturation at 85°C for
5 min, the mixtures were subjected to electrophoresis. Prior to PMF analysis,
the samples were analyzed by 7.5% SDS-PAGE using silver staining. Protein
bands positive in biotin-TmdPhe-R12-treated cells but negative in biotin-
TmdPhe-R4-treated cells were collected, trypsinized, and subjected to
MALDI-TOF MS/PMF analysis. Western blotting was conducted using 10%
SDS-PAGE prior to sample transfer to PYDF membranes. Anti-CXCR4 anti-
body (1:1,000; ab2074; Abcam), anti-syndecan-4 antibody (1:1,000 dilution;
5G9; Santa Cruz Biotechnology), and anti-CD71 antibody (1:200 dilution;
sc-9099; Santa Cruz Biotechnology), together with the corresponding second
antibody conjugated to horseradish peroxidase, were used to detect the target
proteins.

Confocal Microscopic Observation of CXCR4-Venus and R12-Alexa
CHO-C4V cells (4 x 10° cells/well) stably expressing CXCR4-Venus (see
Supplemental Experimental Procedures) were plated on 35 mm glass-
bottomed dishes and cultured in an F-12 nutrient mixture containing 10%
heat-inactivated fetal bovine serum (F-12/FBS) supplemented with penicillin/
streptomycin and hygromycin for 72 hr. After complete adhesion, the cell-
culture medium was changed to serum-free F-12 and cells were incubated
for 1 hr. The cells were then incubated at 37°C in fresh medium (150 pl) con-
taining 5 pM R12-Alexa568. The cells were washed twice with heparin/PBS,
and ice-cold fresh medium without peptides (1 ml) was added. Localization
of R12-Alexa568 and CXCR4-Venus in the cells was then analyzed using an
FV1000 confocal scanning laser microscope (Olympus) equipped with a 60x
objective without fixing the cells. Colocalization with dextran-TMR (70 kDa)
was analyzed by incubating CHO-C4V cells with fresh medium containing
10 uM R12 or 100 nM SDF-1 in the presence of 1 mg/ml dextran-TMR for
20 min at 37°C.

To observe CXCR4-Venus and R12-Alexa568 on the cell surface, cells were
incubated with serum-free F-12 for 30 min at 4°C and treated with 5 pM R12-
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Alexa568 for 10 min at 4°C to prevent interalization of CXCR4-Venus. The
cells were washed with ice-cold F-12 twice and analyzed with a confocal
scanning laser microscope as described above.

Colocalization of R8-Alexa568 and Tat-Alexa568 with CXCR4 was also
observed using confocal microscopy similar to that with R12-Alexa568.

CXCR4 Internalization Assay

E3-CXCR4 CHO cells were similarly established as the CHO-C4V cells, and
were detached using Versene. Cells (0.4 x 10% were resuspended in F-12
medium containing R12 or SDF-1s (500 pl), incubated at 4°C or 37°C for
30 min, and washed twice with ice-cold PBS containing 0.5% (w/v) heparin
and PBS. The cells were treated with 100 nM fluorescein-labeled K4 peptide
(FL-K4) (Yano et al., 2008) in F-12 (100 pl) at 4°C for 15 min and analyzed using
a FACSCalibur flow cytometer. Ten thousand events were analyzed per
sample (n = 3).

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.chembiol.2012.09.011.
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To investigate the mechanism of action of the potent antiviral compound PD 404182, three novel photo-
affinity probes equipped with a biotin or alkyne indicator were designed and synthesized based on
previous structure-activity relationship studies. These probes retained the potent anti-HIV activity of
the original pyrimidobenzothiazine derivatives. In photoaffinity labeling studies using HIV-1-infected
H9 cells (H9IIIB), eight potential proteins were observed to bind PD 404182.
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1. Introduction

3,4-Dihydro-2H,6H-pyrimido| 1,2-c|[ 1,3 |benzothiazin-6-imine

(PD 404182) (1)'~? is a potent antiviral agent against the human
immunodeficiency virus (HIV) and the hepatitis C virus (HCV)
(Fig. 1).*° In structure-activity relationship (SAR) studies®® of
compound 1 using a series of facile synthetic procedures,’® we
identified several derivatives 2-4 that exhibited two- or three-fold
more potent anti-HIV activity than compound 1. The comparative
time of drug addition study using standard anti-HIV agents dem-
onstrated that compound 1 showed a similar antiviral profile
against HIV-1y; infection with that of DS 5000 (adsorption inhib-
itor)? and enfuvirtide (fusion inhibitor),'® indicating that com-
pound 1 impaired virus replication at the early-stage of HIV
infection.®> Additionally, the antiviral activities of compound 1
against multiple HIV clades suggest that the target molecule of
compound 1 is not chemokine receptors (CC chemokine receptor
type 5'! or CXC chemokine receptor type 4'2).° Recently, the viru-
cidal effects of compound 1 against HCV, HIV and the simian
immunodeficiency virus have also been reported.'® However, the
mode of action and mechanism of antiviral activity of compound
1 has not yet been fully elucidated.

Abbreviations: MAGI, multinuclear activation of a galactosidase indicator.
* Corresponding authors. Tel.: +81 75 753 4551; fax: +81 75 753 4570.
E-mail addresses: soishi@pharm.kyoto-u.ac.jp (5. Oishi), nfujii@pharm.kyoto-u.
ac.jp (N. Fujii).

0968-0896/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2013.01.016

Photoaffinity labeling is an efficient approach to identify the
target protein(s) of biologically active molecules.' In modern drug
discovery, there have been a number of successful examples that
have determined the target molecules and identified the binding
site through the formation of a covalent bond between the ligand
and the specific protein.'® In general, photoaffinity probes contain
three functional groups: a bioactive scaffold, a photoreactive group
and an indicator group. A biotin-tag is widely employed as an indi-
cator because biotinylated proteins can be detected and isolated by
several immunological methods or through a biotin-avidin interac-
tion.'® A terminal alkyne is an alternative indicator for Huisgen
cycloaddition-mediated conjugation with various azide-modified
reporters, such as fluorescent-azide and biotin-azide after the
crosslinking reaction onto the target protein(s)."”

In this article, the design and synthesis of biotin- or alkyne-con-
jugated photoaffinity probes based on previous SAR studies, and its
application for photoaffinity labeling studies are described.

2. Results and discussion

2.1. Design of biotin- or alkyne-conjugated photoaffinity probes
from PD 404182

Trifunctional probes for the target protein(s) of compound 1
and the derivatives were designed on the basis of our previous
SAR investigations.>® In our previous study, the introduction of a
hydrophobic group on the benzene ring and the cyclic amidine
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benzophenone group on the pyrimidobenzothiazine scaffold
would be tolerated. Additionally, the N-alkoxycarbonyl piperidine
group onto the amidine substructure of 1 reproduced potent
anti-HIV activity (compound 5), indicating that this part could be
used as a linkage position for the addition of functional groups.

With this in mind, we designed three photoaffinity probes.
Compound 6 was modified with indicator biotin via a photoreac-
tive benzophenone group onto the benzene ring substructure
(Fig. 2). Compound 7 equips the biotin and benzophenone groups
on the right-part amidine moiety. The biotin moiety is conjugated
with benzophenone via a polyethylene glycol (PEG) linker as the
spacer. Compound 8 is an alkyne-containing derivative.

2.2. Synthesis of biotin-conjugated probe 6

Synthesis of the probe 6 started with the preparation of benzo-
phenone boronic acid pinacol ester 11 (Scheme 1). Condensation of
p-(hydroxymethyl)benzoic acid 9 and N,0-dimethylhydroxylamine
followed by TBDPS protection of a primary hydroxy group gave an
amide 10. Subsequent nucleophilic addition of an in situ-generated
organolithium compound easily provided the desired boronate 11.'®

We next assembled the components to synthesize the biotin-
conjugated probe 6 (Scheme 1). Alkylation of compound 2a with
p-methoxybenzyl (PMB) bromide followed by Suzuki-Miyaura
cross coupling with compound 11 afforded a benzophenone-conju-
gated pyrimidobenzothiazine 13. Desilylation of 13 and the subse-
quent reaction with p-nitrophenyl chloroformate afforded the
carbonate 16. The biotin moiety was incorporated by reaction of
16 with biotin-PEG-NH (15), which was prepared by catalytic
hydrogenation of azide 14.'"" TFA-mediated deprotection of the
PMB group in compound 17 provided the desired probe 6.

2.3. Synthesis of biotin-conjugated probe 7

Synthesis of the biotin-conjugated probe 7 is outlined in
Scheme 2. PMB protection of compound 18° followed by selective
removal of the PMB group on the piperidine ring provided
compound 20. Separately, the synthesis of biotin-benzophenone
adduct 23 started from 4-(tert-butyldiphenylsilyloxy)methyl-4'-
(hydroxymethyl)benzophenone 21.°° The treatment of 21 with

N
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Figure 2. Structures of photoaffinity probes 6-8.
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Scheme 1. Synthesis of biotin-conjugated probe 6. Reagents and conditions: (a) HNMe(OMe)-HCI, EDC-HCI, HOBt-Hz0, EtsN, DMF, rt; (b) TBDPSCI, EtsN, DMAP, CH;3Cl;, rt, 49%
[2 steps (a,b)]; (c) 2-(4-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, t-BuLi, THF, pentane, —78 to rt, 83%; (d) t-BuOK, DMF, 0 °C, then PMBBr, rt, 98%; (e) 11,
Pd(PPhs)s, PAClo(dppf)-CH,Cly, K2CO4, toluene, EtOH, H,0, reflux, 96%; (f) TBAF, THF, rt; (g) p-nitrophenyl chloroformate, pyridine, CH,Cly, reflux; (h) EtsN, DMF, rt to 40 °C,

46% (3 steps (f-h)]; (i) Ha, 10% Pd-C, MeOH, rt; (i) MS4A, TFA, CHCls, rt, 35%.

chloroformate furnished a carbonate 22. Biotin-PEG-NH, 15 was
successfully conjugated onto 22 to give the biotin-benzophenone
adduct 23. Desilylation of 23, treatment with p-nitropheny! chloro-
formate and coupling with 20 provided biotin/benzophenone-con-
jugated 26. PMB deprotection of 26 afforded the desired probe 7.

2.4. Synthesis of alkyne-containing probe 8

We next investigated the synthesis of alkyne-containing probe
8 (Scheme 3). Suzuki-Miyaura cross coupling of compound 27°
with boronate 11 gave compound 28. Subsequent modifications
including desilylation, propargylation, and removal of the tert-
butyl group provided the expected alkyne-conjugated probe 8.

2.5. Anti-HIV activity of biotin- or alkyne-conjugated probes

The antiviral activities of probes 6-8 against HIV-1y were
measured by multinuclear activation of a galactosidase indicator
(MAGI) assay. In this assay, the inhibitory activity against HIV
infection at the early stage, including virus attachment and
membrane fusion to host cells, can be evaluated.?! Both biotin-
conjugated probes 6 and 7 showed potent anti-HIV activity with
ECso values of 6.87 and 5.11 puM, respectively (Table 1). These
activities were slightly lower than that of compound 1; however,
the incorporation of large functional groups including benzophe-
none, the PEG linker and the biotinyl reporter was largely toler-
ated. Alkyne-conjugated probe 8 potently inhibited HIV infection

(ECs0 = 0.64 uM). These probes 6-8 represent promising tools for
the identification of the target molecule(s) of compound 1 and
the derivatives.

2.6. Photoaffinity labeling experiment using biotin-conjugated
probes for HIV-1-infected H9 cells

Probes 6 and 7 were applied to the experiment for target iden-
tification of compound 1 and the derivatives. After HIV-1-infected
H9 cells (H9IIIB) were incubated with a probe (6 or 7) for 1 h, the
cells were exposed to UV-vis light (>300 nm) for 1 min. After cell
lysis, the biotinylated proteins were captured with NeutrAvidin
agarose beads. The whole was subjected to separation by SDS-
PAGE followed by Western blot analysis.

Eight bands of 95, 80, 75, 70, 60, 55, 48 and 40 kDa proteins
were observed from the cell samples incubated with probe 6 (Lane
A, Fig. 3). These bands were competed by unlabeled compound 3a,
suggesting that the labeling was PD 404182-specific (Lane C). In
contrast, these bands, with the exception of the 70 and 40 kDa
bands, were not detected in the cells incubated with probe 7 (Lane
B). This observation indicated that the potential target proteins did
not fully interact with the benzophenone group on the right-part
amidine moiety in the pyrimidobenzothiazine scaffold of 7.

This preliminary experiment demonstrated that the synthe-
sized probe 6 could be useful for the identification of the target
protein(s) of compound 1. Efforts of the crosslinking experiments
using alkyne-conjugated probe 8 are also currently in progress.
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Scheme 2. Synthesis of biotin-conjugated probe 7. Reagents and conditions: (a) t-BuOK, DMF, 0 °C, then PMBBr, 1t, 81%; (b) 1-chloroethy! chloroformate, EtsN, CH;Cly, 0 C,
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chloroformate, pyridine, CH;Cly, reflux, 80%; (g) 20, EtsN, DMF, rt; (h) MS4A, TFA, CHCls, rt, 36% [2 steps (gh)].

3. Conclusions

In conclusion, we have designed and synthesized novel
photoaffinity probes of antiviral PD 404182 with photoreactive
benzophenone, and biotin or alkyne indicators. The probes exhib-
ited equipotent or slightly less potent anti-HIV activities when
compared with the activity of the parent compound 1. Preliminary
photoaffinity labeling experiments suggest that these probes could
be useful in the identification of a potential target protein(s), the
binding site on the target protein(s) and the mechanism(s) of
action of PD 404182 derivatives.

4. Experimental
4.1. Synthesis

4.1.1. General methods

'H NMR spectra were recorded using a JEOL AL-400 or a JEOL
ECA-500 spectrometer. Chemical shifts are reported in é (ppm) rel-
ative to Me,Si (CDCl3) or DMSO (DMSO-dg) as internal standards.
13C NMR spectra were referenced to the residual solvent signal. Ex-
act 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 aluminum oxide 90 standardized
(Merck) were employed. For preparative TLC, TLC silica gel 60
F254 (Merck) or TLC aluminum oxide 60 F,54 basic (Merck) were
employed. For analytical HPLC, a Cosmosil 5C18-ARIl column
(4.6 x 250 mm, Nacalai Tesque, Inc., Kyoto, Japan) was employed
with a linear gradient of CH3CN containing 0.1% (v/v) NH3 at a flow
rate of 1 mL/min on a Shimadzu LC-10ADvp (Shimadzu Corp., Ltd,
Kyoto, Japan), and eluting products were detected by UV at
254 nm. Preparative HPLC was performed using a COSMOSIL
5C18-ARIl column (20 x 250 mm, Nacalai Tesque Inc.) with a lin-
ear gradient of MeCN containing 0.1% (v/v) NHs at a flow rate of
8 mL/min on Shimadzu LC-6AD (Shimadzu corporation, Ltd). The
purity of the compounds 6-8 was determined by HPLC analysis
as >95%.

4.1.2. 4-[(tert-Butyldiphenylsilyloxy)methyl]-N-methoxy-N-
methylbenzamide (10)

To a mixture of 4-(hydroxymethyl)benzoic acid 9 (4.6¢g,
30.0 mmol), N,0-dimethylhydroxylamine hydrochloride (14.6 g,
150.0 mmol), EtsN (21.7 mL, 150.0 mmol) in DMF (300 mL) were
added EDC-HCl (11.5g 60.0mmol) and HOBt-H,0 (9.2g,
60.0 mmol). After being stirred at rt overnight, solvent was evapo-
rated. The residue was dissolved in EtOAc, and washed with 1 N
HCl, satd NaHCOs, brine, and dried over MgSO,. The filtrate was
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Scheme 3. Synthesis of alkyne-conjugated probe 8. Reagents and conditions: (a)
11, PA(PPhs)y, PACly(dppf)-CH,Cly, K,COs, toluene, EtOH, H,0, reflux, 71%; (b) TBAF,
THF, rt; (c) NaH, THF, propargyl bromide, 0 °C to rt, 60% [2 steps (b,c)]; (d) MS4A,
TFA, CHCls, reflux, 92%.

Table 1

Anti-HIV activities of the probes 6-8
Compound ECso® (LM)
PD 404182° 0.44 + 0.08
6 6.87 £2.22
7 511+£1.31
8 0.64 £ 0.06

@ ECso values represent the concentration of com-
pound required to inhibit the HIV-1 infection by 50%,
and were obtained from three independent
experiments.

concentrated to give crude Weinreb amide (4.05 g, ca. 20.7 mmol).
To the mixture of the Weinreb amide, a solution of Et3N (8.98 mL,
62.1 mmol) and DMAP (252.9 mg, 2.1 mmol) in CH,Cl, (138 mL)
was slowly added TBDPSCI (5.83 mlL, 22.8 mmol). After being stirred
at rt for 3 h, the reaction mixture was quenched with water. After
concentration, the residue was dissolved in EtOAc. The mixture
was washed with satd NaHCOs, brine, and dried over MgSO,. After
concentration, the residue was purified by flash column chromatog-
raphy over silica gel with n-hexane/EtOAc (3:1) to give the title
compound 10 as colorless oil (6.98 g, 49%): IR (neat) cm™': 1644
(C=0); "H NMR (400 MHz, CDCl5) &: 1.10 (s, 9H, 3 x CHs), 3.36 (s,
3H, CHs), 3.57 (s, 3H, CHs), 4.80 (s, 2H, CHy), 7.36-7.43 (m, 8H,
Ar), 7.65-7.70 (m, 6H, Ar); *C NMR (100 MHz, CDCl3) §: 19.3, 26.8
(3C), 33.8,61.0, 65.2, 125.4 (2C), 127.7 (4C), 128.2 (2C), 129.8 (2C),
132.6, 133.3 (2C), 135.5 (4C), 143.8, 169.9; HRMS (FAB): mjz calcd
for Cy6H3,NO03Si [M+H]" 434.2152; found: 434.2160.

4.1.3. 4-[(tert-Butyldiphenylsilyloxy)methyl]-4'-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzophenone (11)

To a solution of 1,4-dibromobenzene (3.13 g, 13.3 mmol) and 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.80 mL,
13.8 mmol) in anhydrous THF (60mL) was added t-Buli
(19.4 mL, 1.55 M in pentane, 30.0 mmol) dropwise over 3 min at
—78 °C under an Ar atmosphere. After being stirred at —78 °C for
30 min, additional t-Buli (19.4 mL, 1.55 M in pentane, 30.0 mmol)

Figure 3. Western blot analysis of the photolabeled proteins with biotin-conju-
gated probes 6 and 7. HOIIIB cells were incubated with (A) 20 uM probe 6, (B)
20 uM probe 7, and (C) 20 pM probe 6 and 40 uM compound 3a. The cells were
exposed to UV light for 1 min and were lysed. The resulting photolabeled proteins
were captured onto NeutrAvidin-agarose and the whole was subjected to SDS-
PAGE. The resulting gel was analyzed by Western blotting with streptavidin-HRP.

was added dropwise over 3 min. After being stirred at the same
temperature for additional 20 min, compound 10 (3.25g,
7.5 mmol) was added. The reaction mixture was warmed to rt over
1 h and quenched with satd NH4Cl. The whole was extracted with
EtOAc and the extract was dried over MgSO,. After concentration,
the residue was purified by silica gel chromatography with n-hex-
ane/EtOAc (9:1) to give the title compound 11 as yellow 0il (3.60 g,
83%): IR (neat) cm™': 1659 (C=0); 'H NMR (400 MHz, CDCl;) &:
1.11 (s, 9H, 3 x CHs), 1.37 (s, 12H, 4 x CHs), 4.85 (s, 2H, CH,),
7.37-7.46 (m, 8H, Ar), 7.69 (d, J= 6.6 Hz, 4H, Ar), 7.75-7.80 (m,
4H, Ar), 7.92 (d, = 8.0 Hz, 2H, Ar); *C NMR (100 MHz, CDCl3) &:
19.3, 24.8 (4C), 26.8 (3C), 65.2, 84.2 (2C), 125.6 (2C), 127.8 (4Q),
128.9 (2C), 129.8 (2C), 130.2 (2C), 133.2 (2C), 134.5 (2C), 134.8,
135.5 (4C), 136.2, 140.0, 146.0, 196.6; HRMS (FAB): m/z calcd for
CagH4BO4Si {M‘I‘Hr 577.2945; found: 577.29489.

4.1.4. 9-Bromo-3,4-dihydro-N-(p-methoxybenzyl)-2H,6H-
pyrimido[1,2-c][1,3]benzothiazin-6-imine (12)

To the flask containing 2a (740.4 mg, 2.50 mmol) and t-BuOK
(561.1 mg, 5.00 mmol) was added DMF (10.0 mL) at 0°C under
an Ar atmosphere. After being stirred at the same temperature
for 30 min, PMB-Br (729.0 puL, 5.00 mmol) was added. After being
stirred at rt for 1h, the reaction mixture was quenched with
H,0. The whole was extracted with EtOAc, and washed with satd
NaHCOs, brine, and dried over MgSQ,. After concentration, the res-
idue was purified by flash colurnn chromatography over aluminum
oxide with n-hexane/EtOAc (3:1) to give the title compound 12 as
pale yellow amorphous (1.02 g, 98%): IR (neat) cm™': 1661 (C=N),
1510 (C=N); 'H NMR (400 MHz, CDCl3) 8: 1.97-2.03 (m, 2H), 3.64
(t, ] =5.7 Hz, 2H, CH>), 3.80-3.84 (m, 5H, OCHs, CH,), 4.14 (s, 2H,
CH,), 6.86 (d, J = 8.5 Hz, 2H, Ar), 7.21-7.27 (m, 3H, Ar), 7.38 (dd,
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J=82, 1.8Hz, 1H, Ar), 743 (d, J=18Hz, 1H, Ar); '3C NMR
(100 MHz, CDCl3) é: 19.8, 38.7, 44.3, 47.7, 55.3, 111.9, 114.1 (2C),
124.8, 127.9, 129.5, 130.2, 130.3 (2C), 132.6, 133.4, 138.7, 147.6,
159.1; HRMS (FAB): m/z calcd for C;oH19N30S [M+H]" 416.0432;
found: 416.0431.

4.1.5. 9-{4-[4-(tert-Butyldiphenylsilyloxy)methyl]-
benzoylphenyl}-3,4-dihydro-N-(p-methoxybenzyl)-2H,6H-
pyrimido[1,2-c][1,3]benzothiazin-6-imine (13)

Pd(PPhs), (32.8 mg, 4 mol %) and PdCl,(dppf)-CH,Cl, (17.4 mg,
3 mol %) were added to a solution of 12 (296.2 mg, 0.71 mmol)
and 11 (409.4 mg, 0.71 mmol) in toluene (7.1 mL)-EtOH (4.3 mL)-
1 M aq K,COs (7.1 mL). After being stirred at reflux for 1 h, the mix-
ture was extracted with CHCls. The extract was dried over MgSO,
and concentrated. The residue was purified by flash chromatogra-
phy over aluminum oxide with n-hexane/EtOAc (1:0 to 9:1) to give
the title compound 13 as pale yellow amorphous (536.2 mg, 96%):
IR (neat) cm™': 1658 (C=0), 1607 (C=N), 1511 (C=N); 'H NMR
(400 MHz, CDCl3) §: 1.12 (s, 9H, 3 x CH3), 2.03-2.08 (m, 2H), 3.70
(t, J=5.5Hz, 2H, CHy), 3.77 (s, 3H, CHs), 3.88 (t, J=5.9 Hz, 2H,
CH,), 4.19 (s, 2H, CH,), 4.86 (s, 2H, CH,), 6.84 (d, = 8.5 Hz, 2H,
Ar), 7.28 (m, 1H, Ar), 7.38-7.56 (m, 14H, Ar), 7.71 (dd, J= 7.6,
1.2 Hz, 4H, Ar), 7.81 (d, /= 8.0 Hz, 2H, Ar), 7.86 (d, j= 8.0 Hz, 2H,
Ar); 3C NMR (125 MHz, CDCl5) &: 19.3, 19.8, 26.8 (3C), 39.0,
44.3, 47.7, 55.2, 65.1, 112.2, 113.9 (2C), 125.6 (2C), 125.7, 127.0
(20), 127.7 (4C), 128.7, 129.5, 129.8 (2C), 130.1 (2C), 130.2, 130.3
(2C), 130.5 (2C), 133.1 (2C), 135.0, 135.5 (4C), 136.2, 136.4,
137.0, 142.1, 143.5, 146.0, 148.2, 158.9, 195.8; HRMS (FAB): m/z
caled for C4gH4gN303SSi [M+H]* 786.3186; found: 786.3178.

4.1.6. N-(2-[2-{2-(2-Aminoethoxy)ethoxy}ethoxy]ethyl)-5-
[(3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yllpentanamide (15)

To the solution of 14 (116.0 mg, 0.26 mmol) in MeOH (2.0 mL)
was added 10% Pd-C (wetted with ca. 55% water, 160.0 mg). After
being stirred at rt overnight under H, atmosphere, the mixture
was filtered through a celite pad and concentrated. The crude prod-
uct was used for the next step without further purification.

4.1.7. 4-(4-{6-[(4-Methoxybenzyl)imino]-2,3,4,6-tetra-
hydrobenzo[e]pyrimido[1,2-c][1,3]thiazin-9-yl}benzoyl)benzyl
{13-0x0-17-[(3a8,4S,6aR)-2-0xohexahydro-1H-thieno|3,4-
d]imidazol-4-yl]-3,6,9-trioxa-12-azaheptadecyl}carbamate (17)
To a solution of 13 (157.2 mg, 0.20 mmol) in THF (2.0 mL) was
added TBAF in THF (1 M, 0.50 mL, 0.50 mmol). After being stirred
at rt overnight, the reaction mixture was quenched with satd
NH4CL. The whole was extracted with CHCl; and dried over MgSOs,.
After concentration, the residue was subjected to flash column
chromatography over aluminum oxide with n-hexane/EtOAc
(5:1-0:1) to give the desilylated compound. To a solution of the
resulting compound in CH,Cl, (6.0 mL) were added p-nitrophenyl
chloroformate (60.5mg, 0.30mmol) and pyridine (64.6 pL,
0.8 mmol). After being stirred under reflux for 1 h, additional p-
nitrophenyl chloroformate (12.0 mg, 0.06 mmol) was added. After
being stirred under reflux for additional 30 min, the reaction mix-
ture was washed with brine, and dried over MgSO,. After concen-
tration, the solution of resulting residue (crude 16) in DMF (2.0 mL)
was added to the solution of 15 (ca. 0.26 mmol) and Et3N (86.7 pL)
in DMF (3.0 mL). After being stirred at rt for 8 h, the reaction mix-
ture was stirred at 40 °C overnight. After concentration, the residue
was purified by flash column chromatography over aluminum
oxide with CHCl3/MeOH (1:0-95:5) followed by flash column chro-
matography over silica gel with CHCl;/MeOH (1:0-9:1) to give the
title compound 17 as pale yellow amorphous (90.6 mg, 46%): IR
(neat) cm™!: 1699 (C=0), 1656 (C=0), 1607 (C=N), 1511 (C=N);

TH NMR (500 MHz, CDCls) 6: 1.39-1.45 (m, 2H, CHy), 1.57-1.74
(m, 4H, 2 x CHy), 2.03-2.08 (m, 2H, CHy), 2.20 (t, J= 6.9 Hz, 2H,
CH,), 2.70 (d, J=12.6 Hz, 1H, CH), 2.87 (dd, J=12.6, 4.6 Hz, 1H,
CH), 3.12 (d, /= 11.7, 4.6 Hz, 1H, CH), 3.40-3.43 (m, 4H, 2 x CH3),
3.54-3.71 (m, 14H, 7 x CH,), 3.77 (s, 3H, CHs), 3.88 (t, /= 6.0 Hz,
2H, CHy), 4.19 (s, 2H, CHa), 4.26-4.29 (m, 1H, CH), 4.45-4.47 (m,
1H, CH), 5.17 (s, 1H, NH), 5.20 (s, 2H, CHs), 5.65 (s, 1H, NH), 6.07
(s, 1H, NH), 6.48 (s, 1H, NH), 6.84 (d, ] = 8.0 Hz, 2H, Ar), 7.26-7.28
(m, 2H, Ar), 7.44-7.62 (m, 7H, Ar), 7.81 (d, J=8.0 Hz, 2H, Ar),
7.85 (d, J=8.0 Hz, 2H, Ar); '3C NMR (125 MHz, CDCl;) &: 19.8,
25.5, 28.0, 28.1, 35.9, 39.0, 39.1, 40.4, 40.9, 44.3, 47.7, 55.2, 55.5,
60.1, 61.7, 65.8, 69.9, 69.9, 70.0, 70.2, 70.3 (2C), 112.2, 114.0 (2C),
125.7, 127.1 (2C), 127.4 (2C), 127.6, 128.6, 129.5, 130.2 (2C),
130.3 (2C), 130.6 (2C), 135.0, 136.5, 136.7, 137.1, 141.4, 142.0,
143.7, 148.2, 156.3, 158.9, 163.9, 173.2, 195.7; HRMS (FAB): m/z
caled for CsoHeaN70gS, [M+H]" 992.4050; found: 992.4050.

4.1.8. 4-[4-(6-Imino-2,3,4,6-tetrahydrobenzo|e]pyrimido[1,2-
c][1,3]thiazin-9-yl)benzoyl]benzyl {13-0x0-17-[(3aS$,45,6aR)-2-
oxohexahydro-1H-thieno|3,4-d]imidazol-4-yl]-3,6,9-trioxa-12-
azaheptadecyl}carbamate (6)

TFA (2.0mL) was added to a mixture of 17 (62.9mg,
0.063 mmol) in small amount of CHCl; (1 or 2 drops) and molecu-
lar sieves 4 A (300 mg, powder, activated by heating). After being
stirred at rt for 4 h, EtsN was added dropwise to the stirring mix-
ture at 0°C to adjust pH to 8-9. The whole was extracted with
CHCl5, and washed with satd NaHCOs, brine, and dried over MgSO,.
After concentration, the residue was purified by flash chromatogra-
phy over aluminum oxide with CHCl3/MeOH (1:0-95:5) followed
by preparative HPLC to give the title compound 6 as colorless solid
(19.3 mg, 35%): IR (neat) cm™': 1699 (C=0), 1654 (C=0), 1621
(C=0), 1601 (C=N), 1574 (C=N); 'H NMR (500 MHz, CDCl;) &:
1.39-1.44 (m, 2H, CH,), 1.60-1.76 (m, 4H, 2 x CH,), 1.99-2.04
(m, 2H, CH,), 2.20 (t, J=7.4 Hz, 2H, CH,), 2.71 (d, J=12.6 Hz, 1H,
CH), 2.88 (dd, J=12.6, 5.0Hz, 1H, CH), 3.11 (d, J=11.7, 5.0 Hz,
1H, CH), 3.40-3.43 (m, 4H, 2 x CH,), 3.54-3.63 (m, 12H,
6 x CHy), 3.73 (t, J = 5.4 Hz, 2H, CH,), 4.06 (t, = 6.0 Hz, 2H, CH,),
4.28 (t,J=6.0Hz, 1H, CH), 4.47 (t, = 6.0 Hz, 1H, CH), 5.20 (s, 2H,
CH,), 5.44 (s, 1H, NH), 5.73 (s, 1H, NH), 6.37 (s, 1H, NH), 6.66 (s,
1H, NH), 7.32 (s, 1H, Ar), 7.48 (d, J=8.0 Hz, 2H, Ar), 7.52 (d,
J=8.6Hz, 1H, Ar), 7.69 (d, J=8.0Hz, 2H, Ar), 7.81 (d, J=8.0Hz,
2H, Ar), 7.88 (d, J = 8.0 Hz, 2H, Ar), 8.36 (d, ] = 8.6 Hz, 1H, Ar); 3C
NMR (125 MHz, CDCl3) §: 20.8, 25.6, 28.0, 28.2, 35.9, 39.0, 404,
40.9, 43.9, 44.7, 51.2, 55.6, 60.1, 61.7, 65.7, 69.9, 70.0, 70.1, 70.3
(20), 122.0, 125.2, 125.8, 126.9 (2C), 127.4 (2C), 129.6, 129.7,
130.2 (2C), 130.7 (2C), 137.0, 141.5, 142.2, 142.9, 144.8, 146.6,
152.9, 156.3, 164.1, 173.3, 195.6; HRMS (FAB): m/z calcd for
C44Hs4N70gS; [M+H]" 872.3475; found: 872.3481.

4.1.9. N-[9-Bromo-1'-(4-methoxybenzyl)-2H-spiro(benzo|e]-
pyrimido[1,2-c][1,3]thiazine-3,4'-piperidin)-6(4H)-ylidene]-1-
(4-methoxyphenyl)methanamine (19)

By a procedure identical with that described for synthesis of 12
from 2a, the imine 18 (274.3 mg, 0.57 mmol) was converted into
19 as colorless amorphous (275.1 mg, 81%): IR (neat) cm™: 1668
(C=N), 1510 (C=N); H NMR (400 MHz, CDCl3) §: 1.61-1.64 (m,
4H, 2 x CHy), 2.36-2.42 (m, 2H, CH;), 2.45-2.51 (m, 2H, CH,),
3.45 (s, 2H, CH,), 3.47 (s, 2H, CHy), 3.55 (s, 2H, CH,), 3.80 (s, 3H,
CHs), 3.81 (s, 3H, CHs), 4.12 (s, 2H, CH,), 6.82-6.87 (m, 4H, Ar),
7.19-7.23 (m, 5H, Ar), 7.38 (dd, J=8.2, 1.8 Hz, 1H, Ar), 7.44 (d,
J=2.0Hz, 1H, Ar); 3C NMR (100 MHz, CDCl3) §: 28.2, 32.4 (2C),
39.1, 48.7 (2C), 54.6, 55.2, 55.3, 55.4, 62.6, 111.9, 113.7 (20C),
113.9, 114.1 (2C), 124.8, 128.0, 129.7, 130.0, 130.2 (4C), 1334,
133.4, 138.6, 147.1, 158.8, 159.1; HRMS (FAB): mjz caled for
C31H34BrN,40,S [M+H]" 605.1586; found: 605.1585.
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4.1.10. N-[9-Bromo-2H-spiro(benzo|e]pyrimido[1,2-c][1,3]-
thiazine-3,4’-piperidin)-6(4H)-ylidene]-1-(4-methoxyphenyl)-
methanamine (20)

To a solution of 19 (60.6 mg, 0.10 mmol) in CH,Cl, (0.5 mL)
were added EtzN (28.9 pL, 0.20 mmol) and 1-chloroethyl chlorofor-
mate (21.8 pL, 0.20 mmol) at 0 °C under an Ar atmosphere. After
being stirred at the same temperature for 30 min, the reaction mix-
ture was concentrated. The residue was dissolved in MeOH
(2.0 mL). After being stirred under reflux for 10 min, the reaction
mixture was concentrated. The residue was dissolved in CHCls,
and was washed with satd NaHCOs, brine, and dried over MgSO,.
After concentration, the crude product was used for the next step
without further purification.

4.1.11. 4-[4-(tert-Butyldiphenylsilyloxymethyl)benzoyl]benzyl
{13-0x0-17-[(3aS4S,6aR)-2-oxohexahydro-1H-thieno{3,4-
d]imidazol-4-yl]-3,6,9-trioxa-12-azaheptadecyl}carbamate (23)

To a solution of 21°° (240.3mg, 0.50mmol) in CH,Cl,
(15.0 mL) were added p-nitrophenyl chloroformate (151.2 mg,
0.75 mmol) and pyridine (161.4 pL, 2.00 mmol). After being stir-
red under reflux for 1h, the reaction mixture was washed with
brine, and dried over MgSO,. After concentration, the solution
of the resulting residue in DMF (7.5 mL) was added to a mixture
of 15 (ca. 0.20 mmol) and Et3N (216.8 pL) in DMF (5.0 mL). After
being stirred at rt overnight, the mixture was concentrated. The
residue was purified by flash column chromatography over silica
gel with CHCl3/MeOH (1:0-95:5) to give the title compound 23 as
colorless amorphous (471.5 mg, quant.): IR (neat) cm™': 1700
(C=0), 1656 (C=0), 1609 (C=0); *H NMR (400 MHz, CDCls) &
1.12 (s, 9H, 3 x CH3), 1.39-1.46 (m, 2H, CH;), 1.61-1.76 (m, 4H,
2 x CHy), 2.19-2.23 (m, 2H, CH;), 2.69-2.76 (m, 1H, CH), 2.85-
290 (m, 1H, CH), 3.09-3.15 (m, 1H, CH), 3.39-3.43 (m, 4H,
2 x CHy), 3.54-3.66 (m, 12H, 6 x CH,), 4.26-4.33 (m, 1H, CH),
4.45-4.51 (m, 1H, CH), 4.85 (s, 2H, CH;), 5.19 (s, 2H, CH,), 5.54
(br s, 1H, NH), 5.68 (br s, 1H, NH), 6.55 (br s, 1H, NH), 6.72 (br
s, 1H, NH), 7.36-7.48 (m, 10H, Ar), 7.69 (d, J=7.6 Hz, 2H, Ar),
7.70 (d, J=7.6 Hz, 2H, Ar), 7.77 (d, J=5.5 Hz, 2H, Ar), 7.79 (d,
J=5.5Hz, 2H, Ar); '*C NMR (100 MHz, CDCl3) 8: 19.3, 25.5, 26.8
(3C), 28.1, 28.2, 35.9, 39.1, 40.5, 409, 555, 60.1, 61.7, 65.1,
65.8, 69.9, 70.0, 70.0, 70.2, 70.4 (2C), 125.6 (2C), 127.4 (2C),
127.8 (4C), 129.8 (2C), 130.1 (2C), 130.2 (2C), 133.2 (2C), 135.5
(4C), 136.1, 1374, 141.2, 146.0, 156.3 163.9, 173.2, 196.0; HRMS
(FAB): mjz caled for CsoHgsN40gSSi [M+H]" 925.4242; found:
925.4246.

4.1.12. 4-[4-(Hydroxymethyl)benzoyl]benzyl {13-0x0-17-
[(3a$,4S5,6aR)-2-oxohexahydro-1H-thieno|3.4-dlimidazol-4-yl]-
3,6,9-trioxa-12-azaheptadecyl}carbamate (24)

To a solution of 23 (383.0 mg, 0.41 mmol) in THF (8.2 mL) was
added HF-pyridine (617.7 uL) at 0 °C. After being stirred at rt over-
night, the reaction was quenched with satd NaHCOs. The whole
was extracted with CHCls, and washed with water and brine, and
dried over MgSO,. After concentration, the residue was purified
by preparative TLC over silica gel with CHCl;/MeOH (85:15) to give
the title compound 24 as colorless oil (204.2 mg, 73%): IR (neat)
cm~': 1696 (C=0), 1650 (C=0), 1609 (C=0); 'H NMR (400 MHz,
CDCls) &: 1.34-1.41 (m, 2H, CHy), 1.55-1.73 (m, 4H, 2 x CHy),
2.07 (br s, 1H, OH), 2.16 (t, J=7.4Hz, 2H, CH,), 2.68 (d,
J=12.9Hz, 1H, CH), 2.85 (dd, J=12.9, 49 Hz, 1H, CH), 3.08 (dd,
J=11.8, 7.4Hz 1H, CH), 3.37-3.42 (m, 4H, 2 x CH,), 3.51-3.64
(m, 12H, 6 x CH,), 4.23 (t, J=6.2Hz, 1H, CH), 4.43 (t, J=6.2 Hz,
1H, CH), 4.78 (s, 2H, CH;), 5.18 (s, 2H, CH,), 5.51 (br s, TH, NH),
5.82 (br s, 1H, NH), 6.34 (br s, 1H, NH), 6.75 (br s, 1H, NH), 7.45
(d, J=83Hz, 2H, Ar), 748 (d, J=8.3Hz, 2H, Ar), 7.76 (d,
J=8.0Hz, 2H, Ar), 7.77 (d, ] = 8.0 Hz, 2H, Ar); 1*C NMR (125 MHz,
CDCl3) §: 25.5, 28.0, 28.2, 35.8, 39.1, 40.4, 40.9, 55.6, 60.2, 61.8,

64.2, 65.7, 69.9, 69.9 (2C), 70.1, 70.3 (2C), 126.4 (2C), 127.3 (2C),
130.2 (2C), 130.2 (2C), 136.2, 137.1, 141.3, 1464, 1564, 164.1,
173.5, 196.0; HRMS (FAB): m/z calcd for C3qHazN4OgS [M+H]"
687.3064; found: 687.3058.

4.1.13. 4-(4-{[(4-Nitrophenoxy)carbonyloxy]methyl}benzoyl)-
benzyl 13-oxo0-17-[(3aS$,4S,6aR)-2-oxohexahydro-1H-thieno|3,4-
dlimidazol-4-yl]-3,6,9-trioxa-12-azaheptadecylcarbamate (25)

To a solution of 24 (28.2 mg, 0.04 mmol) in CH,Cl, (1.2 mL)
were added p-nitropheny! chloroformate (24.8 mg, 0.12 mmol)
and pyridine (13.2 pL, 0.16 mmol). After being stirred under re-
flux for 1h, the reaction mixture was washed with brine, and
dried over MgSO4. After concentration, the residue was purified
by preparative TLC over aluminum oxide with CHCl;/MeOH
(9:1) to give the ftitle compound 25 as colorless amorphous
(27.9 mg, 80%): IR (neat) cm™': 1768 (C=0), 1698 (C=0), 1656
(C=0), 1612 (C=0); 'H NMR (400 MHz, CDCls) : 1.38-1.45 (m,
2H, CHy), 1.59~1.76 (m, 4H, 2 x CH,), 2.20 (t, J=7.4Hz, 2H,
CH,), 2.72 (d, J=12.7 Hz, 1H, CH), 2.88 (dd, J=12.7, 49 Hz, 1H,
CH), 3.12 (dd, J=11.8, 7.4Hz, 1H, CH), 3.38-3.44 (m, 4H,
2 x CHy), 3.55-3.63 (m, 12H, 6 x CH,), 428 (t, J=6.0Hz, 1H,
CH), 4.47 (t, J=6.0Hz, 1H, CH), 5.19 (s, 2H, CH,), 5.38 (s, 2H,
CH,), 5.52 (br s, 1H, NH), 5.69 (br s, 1H, NH), 6.44 (br s, 1H,
NH), 6.66 (br s, 1H, NH), 7.41 (d, J=9.3 Hz, 2H, Ar), 7.47 (d,
J=8.0Hz, 2H, Ar), 7.56 (d, J = 8.0 Hz, 2H, Ar), 7.79 (d, ] = 8.0 Hz,
2H, Ar), 7.84 (d, J=8.0Hz, 2H, Ar), 8.29 (d, /=93 Hz, 2H, Ar);
3C NMR (CDCls, 100 MHz) §: 25.5, 28.1, 28.2, 35.9, 39.1, 40.5,
40.9, 55.5, 60.2, 61.8, 65.8, 69.9, 70.0, 70.0 (2C), 70.2, 70.4 (2C),
121.7 (2C), 125.3 (2C), 127.5 (2C), 128.1 (2C), 130.2 (2C), 1304
(20), 136.8, 137.9, 138.6, 141.7, 145.5, 152.4, 155.4, 156.3,
163.9, 173.3, 195.5; HRMS (FAB): m(z calcd for C41Hs50N5013S
[M+H]" 852.3126; found: 852.3127.

4.1.14. 4-(4-{3,17-Dioxo-21-[(3aS,4S,6aR)-2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl]-2,7,10,13-tetraoxa-4,16-
diazahenicosyl}benzoyl)benzyl 9-bromo-6-imino-4,6-dihydro-
2H-spiro(benzo[e]pyrimido[1,2-c][1,3]thiazine-3,4’-piperidine)-
1’-carboxylate (7)

To a solution of 20 (ca. 0.027 mmol) in DMF (0.4 mL) were
added EtsN (11.7 pL, 0.081 mmol) and the solution of 25
(23.3 mg, 0.027 mmol) in DMF (0.4 mL) at rt. After being stirred
at the same temperature for 1h, the reaction mixture was con-
centrated. The residue was subjected to preparative TLC over sil-
ica gel with CHCl;/MeOH (9:1) to give crude imine 26. By a
procedure identical with that described for synthesis of 6 from
17, the crude 26 was converted into 7 as a colorless amorphous
(10.4 mg, 36%): IR (neat) cm™': 1699 (C=0), 1655 (C=0), 1612
(C=0), 1573 (C=N); 'H NMR (400 MHz, CDCl5) &: 1.39-1.46 (m,
2H, CH,), 1.53 (d, J=5.6Hz, 4H, 2 x CH,), 1.61-1.72 (m, 4H,
2 x CHyp), 2.20 (t, J=7.3Hz, 2H, CH,), 2.71 (d, J=12.7 Hz, 1H,
CH), 2.89 (dd, J=12.7, 49 Hz, 1H, CH), 3.12 (d, J=12.1, 7.3 Hz,
1H, CH), 3.39-3.44 (m, 4H, 2 x CH), 3.53-3.63 (m, 18H,
9 x CH,), 3.93 (s, 2H, CH;), 4.28 (t, J=5.7 Hz, 1H, CH), 447 (t,
J=6.5Hz, 1H, CH), 5.14 (s, 1H, NH), 5.19 (s, 2H, CH,), 5.22 (s,
2H, CHy), 5.68 (s, 1H, NH), 6.01 (s, 1H, NH), 6.52 (s, 1H, NH),
7.22 (d, J=2.0Hz, 1H, Ar), 7.34 (dd, ] =8.8, 2.0Hz, 1H, Ar), 7.45
(d, J=8.0Hz, 2H, Ar), 7.46 (d, J=8.0 Hz, 2H, Ar), 7.79 (m, 4H,
Ar), 8.10 (d, J=8.8 Hz, 1H, Ar); '*C NMR (100 MHz, CDCl5) §:
25.5, 28.1, 28.1, 29.6, 32.2 (2C), 35.8, 39.1, 39.9 (2C), 40.5, 40.9,
499, 54.6, 55.4, 60.1, 61.8, 65.8, 66.4, 69.9, 70.0 (2C), 70.2,
704 (2C), 125.0, 125.3, 126.0, 127.3 (2C), 127.4 (2C), 129.6,
130.2 (2C), 130.3 (2C), 130.4, 130.6, 137.0, 137.1, 141.4, 141.5,
145.1, 152.6, 155.0, 156.3, 163.8, 173.3, 195.7; HRMS (FAB): m/
z caled for CsoHgaBrNgO10S, [M+H]|™ 1077.3214; found:
1077.3213.
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4.1.15. N-(tert-Butyl)-9-{4-[4-(tert-butyldiphenylsilyloxy)-
methyl|benzoylphenyl}-3,4-dihydro-2H,6H-pyrimido[1,2-
c][1,3]benzothiazin-6-imine (28)

Compound 27 (2.17 g, 6.17 mmol) was subjected to the general
cross-coupling procedure as described for the synthesis of 13 to
give the title compound 28 as colorless solid (3.16 g, 71%): mp
152-153 °C (from CHCls/n-hexane): IR (neat) cm~!: 1656 (C=0),
1623 (C=N), 1593 (C=N); 'H NMR (400 MHz, CDCl5) &: 1.12 (s,
9H, 3 x CHs), 1.41 (s, 9H, 3 x CH3), 1.91-1.97 (m, 2H), 3.65 (t,
J=5.4Hz, 2H, CHs), 3.90 (t, ] = 6.2 Hz, 2H, CH,), 4.86 (s, 2H, CH,),
7.37-7.48 (m, 10H, Ar), 7.69-7.71 (m, 6H, Ar), 7.81 (d, /= 8.3 Hz,
2H, Ar), 7.88 (d, /= 8.3 Hz, 2H, Ar), 8.30 (d, J= 8.5 Hz, 1H, Ar); '3C
NMR (100 MHz, CDCl3) 4: 19.3, 21.9, 26.8 (3C), 30.0 (3C), 45.2,
45.5, 54.2, 65.2, 123.0, 124.9, 125.7 (2C), 126.9 (2C), 127.4, 127.8
(4C), 129.1, 129.8 (2C), 129.9, 130.2 (2C), 130.7 (2C), 133.2 (2C),
135.5 (4C), 136.2, 137.2, 138.0, 141.7, 143.2, 146.1, 147.6, 195.9;
HRMS (FAB): m/z calcd for C45HagN305SSi [M+H]* 722.3237; found:
722.3244,

4.1.16. N-(tert-Butyl)-3,4-dihydro-9-[4-(4-propargyloxymethyl)-
benzoylphenyl]-2H,6H-pyrimido[1,2-c][1,3]benzothiazin-6-
imine (29)

To a solution of 28 (200.0 mg, 0.28 mmol) in THF (2.8 mL) was
added TBAF in THF (1 M, 0.55 mL, 0.55 mmol). After being stirred
at rt for 2 h, the reaction mixture was quenched with satd NH,Cl.
The whole was extracted with EtOAc, and washed with brine,
and dried over MgS0,. The filtrate was concentrated. To the solu-
tion of the resulting residue in THF (2.8 mL) was added NaH
(22.8 mg, 0.55 mmol, 60% oil suspension) at 0 °C. After being stir-
red at the same temperature for 30 min, propargyl bromide
(31.5 uL, 0.42 mmol) was added dropwise. After being stirred at
rt overnight, the reaction was quenched with water. The whole
was extracted with EtOAc, and washed with brine, and dried over
MgS0,. After concentration, the residue was purified by flash col-
umn chromatography over aluminum oxide with n-hexane/EtOAc
(5:1) to give the title compound 29 as colorless solid (87.2 mg,
60%): mp 133-135°C (from CHCls/n-hexane): IR (neat) cm™":
1656 (C=0), 1620 (C=N), 1593 (C=N); "H NMR (400 MHz, CDCls)
d: 1.41 (s, 9H, 3 x CH3), 1.91-1.97 (m, 2H), 2.50 (t, J= 2.3 Hz, 1H,
CH), 3.65 (t, J=5.5 Hz, 2H, CH>), 3.90 (t, = 6.1 Hz, 2H, CH,), 4.25
(d, f=2.3 Hz, 2H, CH,), 4.71 (s, 2H, CH;), 7.39 (d, J=1.7 Hz, 1H,
Ar), 7.46-7.50 (m, 3H, Ar), 7.70 (d, J = 8.0 Hz, 2H, Ar), 7.82 (d,
J=8.0Hz, 2H, Ar), 7.87 (d, J=8.0Hz, 2H, Ar), 8.30 (d, J=8.3 Hz,
1H, Ar); 13C NMR (100 MHz, CDCls) &: 21.9, 30.0 (3C), 45.2, 45.4,
54.2, 57.6, 70.9, 75.0, 79.3, 123.0, 124.8, 126.9 (2C), 127.3, 127.5
(2C), 129.1, 129.9, 130.2 (2C), 130.7 (2C), 136.9, 137.0, 137.9,
141.6, 142.2, 143.4, 147.5, 195.7; HRMS (FAB): m/z calcd for
Ca3H33N30,S [M+H]" 522.2215; found: 522.2207.

4.1.17. 3,4-Dihydro-9-[4-(4-propargyloxymethyl)-
benzoylphenyl]-2H,6H-pyrimido[1,2-c][1,3]benzothiazin-6-
imine (8)

Using a procedure identical with that described for synthesis of
6 from 17, the imine 29 (42.8 mg, 0.08 mmol) was allowed to react
under reflux for 1 h with TFA (2.0 mL) and MS4A (300 mg). Purifi-
cation by flash chromatography over aluminum oxide with n-hex-
ane/EtOAc (9:1 to 1:1) gave the title compound 8 as colorless solid
(35.4 mg, 92%): mp 159-160 °C (from CHCls/n-hexane): IR (neat)
cm~': 1654 (C=0), 1619 (C=N), 1573 (C=N); 'H NMR (400 MHz,
CDCly) & 1.96-2.04 (m, 2H), 2.50 (t, J=2.4 Hz, 1H, CH), 3.72 (t,
J=5.6Hz, 2H, CHy), 4.05 (t, ] = 6.1 Hz, 2H, CH,), 4.25 (d, ] =2.4 Hz,
2H, CH5), 4.71 (s, 2H, CHy), 7.26-7.31 (m, 2H, Ar, NH), 7.48-7.51
(m, 3H, Ar), 7.67-7.89 (m, 6H, Ar), 8.33 (d, J =8.5 Hz, 1H, Ar); '*C
NMR (100 MHz, CDCl;) 4: 21.0, 43.8, 45.0, 57.6, 70.9, 75.0, 79.3,
122.0, 125.1, 126.3, 126.9 (2C), 127.5 (2C), 129.6, 129.7, 130.2
(2C), 130.7 (2C), 137.0, 137.1, 142.2, 142.3, 143.0, 146.2, 153.0,

195.7; HRMS (FAB): m/z caled for CogHz4N305S [M+H]|" 466.1589;
found: 466.1589.

4.2, Determination of anti-HIV activity

The sensitivity of HIV-1yg strain was determined by the MAGI
assay. The target cells (HeLa-CD4/CCRS-LTR/p-gal; 104 cells/well)
were plated in 96-well flat microtiter culture plates. On the follow-
ing day, the cells were inoculated with the HIV-1 (60 MAGI Ufwell,
giving 60 blue cells after 48 h of incubation) and cultured in the
presence of various concentrations of the test compounds in fresh
medium. Forty-eight hours after viral exposure, all the blue cells
stained with X-Gal (5-bromo-4-chloro-3-indolyl-p-p-galactopy-
ranoside) were counted in each well. The activity of test com-
pounds was determined as the concentration that blocked HIV-1
infection by 50% (50% effective concentration [ECsp]). ECso was
determined by using the following formula:

ECso = 10"[log(A/B) x (50 — C)/(D — C) + log(B)]

wherein

A: of the two points on the graph which bracket 50% inhibition,
the higher concentration of the test compound,

B: of the two points on the graph which bracket 50% inhibition,
the lower concentration of the test compound,

C: inhibitory activity (%) at the concentration B,

D: inhibitory activity (%) at the concentration A.

4.3. Photoaffinity labeling experiments using HIV-1-infected H9
cells (H9IIIB)

1 pL of probe 6 or 7 (10 mM solution in DMSO) was added to H9
cells chronically infected with HIV-1 (H9IIIB) in D-MEM with 10%
fetal bovine serum (500 L, 0.5 x 10° cells). For the competitive
evaluation (Fig. 3, lane C), 2 pL of compound 3a (10 mM solution
in DMSO) was also added. The cells were incubated at 37 °C for
1h. Then the cells were photolabeled by irradiation by UV
(MUV-202U, Moritex Co., Japan) at room temperature for 1 min
at a distance of 3 cm through a longpass filter (LU0O300, Asahi spec-
tra Co.). The mixture was centrifuged at 200 x g for 5 min and the
supernatant was removed. The cells were washed with PBS once
and were lysed in RIPA buffer containing 1% protease inhibitor
cocktail (Nacalai Tesque, Inc., Japan) at 4 °C for 30 min. After cen-
trifugation at 16500 x g for 15 min, the supernatant was used for
the next experiment.

NeutrAvidin-agarose beads (50 puL, Thermo), which were equil-
ibrated with RIPA buffer, were treated with the supernatant con-
taining 180 pg of proteins and were incubated at 4 °C for 1 h. The
beads were then centrifuged at 9100 x g for 30 sec and washed
with RIPA buffer (repeated three times). After heating the beads
at 95 °C for 5 min in sample buffer [50 mM Tris-HCl (pH 8.0), 2%
SDS, 0.1% BPB, 10% glycerol, 2% p-ME], the supernatants were sub-
jected to SDS-PAGE electrophoresis (SuperSep™Ace, 5-20%, Wako)
and the separated proteins were transferred onto a PVDF mem-
brane. The membrane was blocked with Blocking One (Nacalai Tes-
que, Inc.) at room temperature for 1h, and was then incubated
with a streptavidin-HRP conjugate (Invitrogen; 1:5000 in PBS with
0.1% Tween) at 4 °C overnight. The membrane was treated with
Chemi-Lumi One L (Nacalai Tesque, Inc.). Biotinylated proteins
were detected by Image Quant LAS 4000mini (GE Healthcare).
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