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ABSTRACT
9-[(R)-2-[[(S)-[[(S)-1-(Isopropoxycarbonyl)ethyl]amino] phenoxy-
phosphinyl]-methoxy]propyl]adenine (GS-7340) is an isopropyl-
alaninyl phenyl ester prodrug of the nucleotide HIV reverse
transcriptase inhibitor tenofovir (TFV; 9-[(2-phosphonometh-
oxy)propyl]adenine) exhibiting potent anti-HIV activity and en-
hanced ability to deliver parent TFV into peripheral blood mono-
nuclear cells (PBMCs) and other lymphatic tissues in vivo. The
present study focuses on the intracellular metabolism of GS-
7340 and its activation by a variety of cellular hydrolytic en-
zymes. Incubation of human PBMCs in the presence of GS-
7340 indicates that the prodrug is hydrolyzed slightly faster to
an intermediate TFV-alanine conjugate (TFV-Ala) in quiescent
PBMCs compared with activated cells (0.21 versus 0.16
pmol/min/106 cells). In contrast, the conversion of TFV-Ala to
TFV and subsequent phosphorylation to TFV-diphosphate

occur more rapidly in activated PBMCs. The activity of GS-
7340 hydrolase producing TFV-Ala in PBMCs is primarily loc-
alized in lysosomes and is sensitive to inhibitors of serine
hydrolases. Cathepsin A, a lysosomal serine protease has re-
cently been identified as the primary enzyme activating GS-
7340 in human PBMCs. Results from the present study indicate
that in addition to cathepsin A, a variety of serine and cysteine
proteases cleave GS-7340 and other phosphonoamidate pro-
drugs of TFV. The substrate preferences displayed by these
enzymes toward TFV amidate prodrugs are nearly identical to
their preferences displayed against oligopeptide substrates, in-
dicating that GS-7340 and other phosphonoamidate deriva-
tives of TFV should be considered peptidomimetic prodrugs of
TFV.

Tenofovir (TFV) is an acyclic nucleotide analog active
against a variety of retroviruses including human immuno-
deficiency virus (HIV) and hepatitis B virus (De Clercq,
2003). TFV contains catabolically stable phosphonate moiety;
therefore, unlike with nucleoside analogs, its intracellular
activation requires only two phosphorylation steps to yield
its active form, TFV diphosphate (TFVpp). The phosphoryla-
tion of TFV is catalyzed by AMP kinase and nucleoside
diphosphate kinase (Robbins et al., 1995). TFVpp is a potent
competitive inhibitor of HIV reverse transcriptase, acting as
an obligatory DNA chain terminator (Suo and Johnson,

1998). However, the presence of two negative charges on the
TFV molecule limits its cellular permeability and precludes
oral administration. To overcome these limitations, various
TFV prodrugs containing lipophilic groups masking the
charged phosphonate moiety have been designed. Among
these, tenofovir disoproxil fumarate (TDF; Viread) has been
approved for the treatment of HIV infection. Because of its
favorable resistance profile and long-term tolerability, TDF
therapy is broadly used in treatment of both naive and pre-
viously drug-treated HIV-infected patients (for review, see
Antoniou et al, 2003; Grim and Romanelli, 2003).

GS-7340 (Fig. 1) is a prototype molecule representing a
novel class of TFV mono-phosphonoamidate prodrugs. Un-
like TDF, GS-7340 contains phenol and alanine isopropyl
ester as the phosphonate masking groups (Fig. 1). Relative to
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parent TFV, GS-7340 exhibits 500- to 1000-fold enhanced
activity against HIV-1 in T-cells, activated peripheral blood
mononuclear lymphocytes (PBMCs), and macrophages (Lee
et al., 2005). It is also a potent inhibitor of hepatitis B virus
(Lee et al., 2005) and exhibits markedly enhanced stability in
plasma compared with TDF (Eisenberg et al., 2001). As a
consequence, in vivo oral administration of GS-7340 results
in an increased accumulation of parent TFV and its active
diphosphate metabolite in PBMCs relative to TDF (Lee et al.,
2005). GS-7340 also increases the accumulation of TFV in
lymphatic tissues, which is likely to favorably affect the
therapeutic efficacy of this novel prodrug (Lee et al., 2005).

Phosphonoamidate prodrugs of TFV share structural sim-
ilarity with previously explored aryl phosphoramidate deriv-
atives of antiviral nucleosides (Balzarini et al., 1996; Valette
et al., 1996). After penetration into cells, the activation of
phosphoramidate prodrugs is initiated by hydrolytic enzymes
that cleave the carboxyester bond in the prodrug moiety. This
hydrolysis releases a metastable metabolite, from which the
phenol group is spontaneously eliminated via intramolecular
cyclization and hydrolysis (Balzarini et al., 1996; Valette et
al., 1996). In the case of GS-7340, the resulting metabolite is
a conjugate of TFV and alanine (TFV-Ala) (Fig. 1). Because
GS-7340 is a lipophilic cell-permeant compound, the forma-
tion of negatively charged TFV-Ala has important pharma-
cological implications. As TFV-Ala undergoes further conver-
sion to parent TFV, its efficient formation is crucial for the
intracellular accumulation and retention of TFV metabolites
delivered via GS-7340. In vitro experiments have demon-
strated that the antiviral activity of different TFV phospho-
noamidates is greatly affected both by the ester and amino
acid moiety present in the prodrug (Lee et al., 2005), which is
probably a consequence of differences in the efficiency of
hydrolysis of the prodrug carboxy ester bond.

To understand the activation of GS-7340 and other phos-

phonoamidates of TFV, including the mechanism of prodrug
hydrolysis, the metabolism of GS-7340 in quiescent and ac-
tivated human PBMCs was investigated. In addition, subcel-
lular fractionation was used to demonstrate that GS-7340
undergoes its enzymatic hydrolysis in lysosomes. Finally, the
present study shows that in addition to cathepsin A, which
was identified as a major hydrolase responsible for the acti-
vation of GS-7340 in PBMCs (Birkus et al., 2007) multiple
specific serine proteases and hydrolases cleave GS-7340 and
other phosphonoamidate prodrugs of TFV. The characterized
proteases display substrate preference toward TFV amidate
prodrugs that closely resembles their substrate specificity for
oligopeptide substrates, indicating that the amidates can be
considered peptidomimetic prodrugs of TFV.

Materials and Methods
Reagents. Human cathepsin A was isolated from PBMCs as

described previously (Birkus et al., 2007), human leukocyte elastase,
human cathepsins B, D, G, and H, bovine cathepsin C, mouse gran-
zymes A and B, porcine liver carboxylesterase, Percoll, 4-methylum-
belliferyl-2-actamide-2-deoxy-�-O-glucopyranoside, iodonitrotetra-
zolium chloride, and all common chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). Human chymotrypsin and trypsin,
human mast cell chymase, and porcine pancreatic elastase were
supplied by Calbiochem (San Diego, CA). Human proteinase 3 was
from EPC (Owensville, MO). The custom synthesis of [14C]GS-7340
was performed by Moravek Biochemicals (Brea, CA). Amplify
Fluorographic Reagent, ECL Western blotting detection kit, and
Hyperfilm MP were purchased from GE Healthcare (Chalfont St.
Giles, Buckinghamshire, UK). EZ-Link Sulfo-NHS-Biotinylation Kit
was from Pierce Biotechnology (Rockford, IL). [3H]Chloroquine was
purchased from American Radiolabeled Chemicals (St. Louis, MO).
The monoamidate prodrugs of tenofovir were prepared using a mod-
ified procedure taken from literature (Lee et al., 2005).

Metabolism of GS-7340 in Human PBMCs. PBMCs were pre-
pared from human buffy coats obtained from Stanford Medical

Fig. 1. Activation pathway of GS-7340.
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School Blood Center (Stanford, CA). One human buffy coat (�30 ml)
was diluted with 10 ml of PBS, and 13 ml of diluted buffy coat was
layered over 13 ml of Ficoll Plus (GE Healthcare). Tubes were cen-
trifuged at 500g for 15 min at room temperature. The leukocyte layer
was removed and mixed with hypotonic red cell lysis buffer (155 mM
NH4Cl, 0.1 mM EDTA, and 10 mM KHCO3). Cells were centrifuged
at 500g for 5 min at room temperature and washed with red cell lysis
buffer. Finally, cells were washed in 50 ml of PBS and pelleted.
Quiescent PBMCs were resuspended in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum to a final
concentration of 2 � 106 cells per ml. Eight milliliters of cell culture
was kept in 15 ml of conical tubes for 1 h at 37°C in a 5% CO2 air
atmosphere before 10 �M [14C] GS-7340 (0.53 �Ci/ml) was added. A
portion of purified PBMCs were activated for 2 days in RPMI 1640
medium containing 10 units/ml Interleukin-2, 50 ng/ml phorbol 12-
myristate 13-acetate, and 1 �g/ml phytohemagglutinin. After the
activation, cells were spun at 500g and resuspended in fresh RPMI
1640 medium to a final concentration of 2 � 106 cells/ml. One hour
later, cells were exposed to 10 �M [14C]GS-7340 for 15 to 180 min.
Eight milliliters of the culture were spun (500g, 5 min, 4°C) at each
time point, and the cell pellets were washed twice with 12 ml of
ice-cold PBS. Finally, cells were lysed with 700 �l of ice-cold 70%
methanol in 10 mM TrisCl, pH 7.6. The lysates were incubated for 30
min at �20°C and then spun at 13,000g for 30 min at 4°C. Super-
natants were collected, evaporated, and reconstituted in 200 �l of
water. The total amount of all GS-7340 metabolites per 106 cells was
determined by scintillation counting of an aliquot of the reconsti-
tuted cell lysate. A calibration curve of cpm versus pmol of [14C]GS-
7340 was constructed to calculate the total intracellular concentra-
tion of metabolites.

HPLC Analysis of GS-7340 Metabolites in PBMCs. The anal-
ysis was performed using a modified HPLC protocol developed pre-
viously (Eisenberg et al., 2001). The metabolites were separated on a
Prodigy ODS-3 column (5 mm, 150 � 4.6 mm; Phenomenex, Tor-
rance, CA) using the HP 1090 (series II) HPLC system connected to
a Radiomatic Flo-One Beta liquid scintillation detector (Packard
Series A-500). A gradient elution from buffer A (5% AcCN in 25 mM
phosphate buffer, pH 6, and 5 mM tetrabutylammonium bromide) to
25% buffer A/75% buffer B (60% AcCN in 25 mM phosphate buffer,
pH 6, and 5 mM tetrabutylammonium bromide) for 15 min and a flow
rate of 1.2 ml/min and 40°C was used to separate the metabolites.
The metabolites were identified by the comparison of their retention
time with that of standards for TFV (tR � 3.5 min), TFV-Ala (tR � 6.3
min), TFVp (tR � 8.8 min), TFVpp (tR � 11.4 min) and GS-7340 (tR �
13.6 min).

Preparation of PBMC Extract. Freshly isolated human PBMCs
(4 � 108 cells) were washed twice with 15 ml of PBS and centrifuged
(500g, 5 min). The pellet was extracted with 4 ml of 10 mM Tris-HCl
buffer, pH 7.3, 150 mM NaCl, 2 mM CaCl2, 1 mM DTT, and 1%
Nonidet P-40 for 20 min on ice. The extract was cleared by centrif-
ugation at 13,000g for 30 min and the supernatant was frozen at
�70°C.

Subcellular Fractionation. MT-2 T cells and PBMCs were
grown in RPMI 1640 medium supplemented with 100 mM HEPES
and 10% fetal bovine serum at 37°C. To perform subcellular fraction-
ation, cells were disrupted and fractionated using a modified version
of a method described previously (Wex et al., 2001). In brief, 5 � 107

cells were washed twice with ice-cold PBS and once with buffer A
(0.25 mM sucrose, 3 mM imidazole, pH 7.4, and 1 mM EDTA). The
pellet was resuspended in 500 �l of buffer A and passed 10 times
(MT-2 cells) or 35 times (PBMC cells) through a 26 gauge needle.
This resulted in a disruption of �90% cells as monitored by micro-
scopic examination. Disrupted cells were brought to a volume of 4 ml
and spun at 1000g for 10 min at 4°C. The pellet containing nuclei and
unbroken cells was discarded. The supernatant was removed, di-
luted with buffer A to a volume of 4.33 ml, and combined with 1.67
ml of 90% Percoll. The sample was centrifuged at 75,000g for 30 min
at 4°C using a 50TI rotor on an ultracentrifuge (L7; Beckman

Coulter, Fullerton, CA). A gradient of Percoll with a density of 1.040
to 1.15 g/ml was formed during the centrifugation. Fractions (0.25
ml) were collected from the top of the tube. To remove Percoll, each
fraction was spun in a TLA100 rotor on a TL-100 ultracentrifuge at
100,000g for 1 h at 4°C. This step was necessary to prevent the
interference of Percoll with enzyme marker assays.

Organelle Marker Assays. Lysosomal enzyme marker �-hex-
osaminidase was assayed using 5 �M fluorescent substrate 4-methyl-
umbelliferyl-2-acetamide-2-deoxy-�-O-glucopyranoside in 100 mM
sodium acetate and 0.1% TX-100, pH 4.5 (Merion and Sly, 1983). In
addition, chloroquine was used as a small molecule marker for lyso-
somes (Matsuzawa and Hostetler, 1980). Cells were incubated with
20 nM [3H]chloroquine for 1 h at 37°C followed by disintegration and
gradient fractionation. The amount of chloroquine in each fraction
was determined by scintillation counting. Mitochondrial succinate
dehydrogenase was assayed using iodonitrotetrazolium chloride ac-
cording to a previously published protocol (Pennington, 1961).
NADPH cytochrome-c reductase was used as a marker for endoplas-
mic reticulum according to previously published methods (Ouar et
al., 2003). The activity of GS-7340 hydrolase was evaluated using the
same reaction condition as described for the hydrolase from PBMC
extracts (see below).

In the experiment evaluating TFV metabolites distribution among
the organelles, the cells were incubated with 10 �M [14C]GS-7340 for
4 h at 37°C followed by disintegration and gradient fractionation.
The total amount of TFV metabolites in each fraction was deter-
mined by scintillation counting.

Enzyme Assays. TFV prodrugs (100 �M) were incubated with
each enzyme for 10, 30, and 120 min at 37°C. The reactions with
leukocyte elastase (4 �g/ml), proteinase 3 (4.4 �g/ml), porcine liver
carboxyl esterase (40.5 �g/ml), granzyme A (13.88 �g/ml), and gran-
zyme B (13.88 �g/ml) was performed in a reaction buffer containing
25 mM Mes-Na�, pH 6.5, 100 mM NaCl, and 1 mM DTT. The extract
from PBMCs (134 �g/ml) was assayed under the same conditions
except that Nonidet P-40 was present at a final concentration of
0.1%. To perform the inhibition experiments, PBMC extract was
preincubated with 0, 1, 10, and 100 �M tested inhibitors for 10 min.
GS-7340 was added to a final concentration of 100 �M and incubated
with the treated extract for 5, 10, and 20 min. After sample analysis,
the concentration of inhibitor reducing the hydrolysis of GS-7340 by
50% (IC50) was determined. Mast cell chymase (1 �g/ml), cathepsin
G (0.333 �g/ml), chymotrypsin (1.47 �g/ml), trypsin (16 �g/ml), and
pancreatic elastase (7.8 �g/ml) were incubated with TFV prodrugs in
a reaction buffer containing 25 mM Tris-HCl, pH 8.0, 100 mM NaCl,
and 1 mM DTT. The conversion of TFV prodrugs by cysteine pro-
teases cathepsin H (7.5 �g/ml), cathepsin L (7.35 �g/ml), cathepsin B
(8.33 �g/ml), and cathepsin C (40 �g/ml) was performed in 25 mM
Mes-Na�, pH 6.5, 100 mM NaCl, and 5 mM DTT. Aspartic protease
cathepsin D (5.2 �g/ml) was incubated with prodrugs in 25 mM
acetate-Na� buffer, pH 4.0, containing 100 mM NaCl and 1 mM
DTT.

After the incubation, reactions with all enzymes were quenched by
adding ice-cold methanol (final concentration, 70%) and samples
were processed as described above. Reaction products were quanti-
fied by HPLC analysis on C18 column (Vydac, Hesperia, CA) using a
gradient of acetonitrile (5%–45%, 6 min; flow rate, 0.25 ml/min; � 260
nm) in a buffer containing 25 mM KPO4, pH 6.0, and 5 mM tetrabu-
tylammonium bromide. The identity of corresponding TFV-amino
acid conjugates was confirmed by LC-mass spectrometry analysis.
Hydrolase specific activity was expressed as picomoles of metabolites
produced per minute per microgram of total protein. For all tested
enzymes, the prodrug hydrolysis rates were determined under the
steady-state reaction conditions.

Covalent Labeling of Serine Hydrolases with [14C]GS-7340.
Bovine serum albumin (BSA), proteinase 3 (Pr3), leukocyte elastase
(LE), pancreatic elastase (PE), and porcine liver carboxylesterase
(PLCE) were diluted in 200 �l of 25 mM Mes-Na� buffer, pH 6.5,
containing 100 mM NaCl and 1 mM DTT to a final concentration of
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10 �g/ml and kept on ice. Half of each enzyme solution was dena-
tured for 10 min at 80°C before the labeling was performed. Native
and denatured PLCE was also preincubated with nonradioactive
diisopropyl fluorophosphate (DFP) (final concentration, 100 �M) be-
fore labeling with GS-7340. The denatured and native samples were
simultaneously preincubated for 2 min at 37°C and [14C]GS-7340
(final concentration, 1.5 mM; 0.08 mCi/ml) was added. After an
additional 2-min incubation at 37°C, the reaction was quenched with
0.3% SDS solution and proteins were precipitated with ice-cold tri-
chloroacetic acid (10% final concentration). The samples were kept
on ice for 30 min, spun at 13,000g for 30 min at 4°C, and protein
pellets were washed twice with 700 �l of ice-cold acetone. The protein
pellets were air-dried, dissolved in Nu-PAGE loading buffer (Invitro-
gen, Carlsbad, CA), and denatured for 10 min at 70°C. After electro-
phoresis in 4–12% Nu-PAGE BisTris gel with Mes buffer (Invitro-
gen), the gels were fixed in isopropanol/water/acetic acid (25:65:10)
solution for 30 min and then soaked in Amplify Fluorographic Re-
agent (GE Healthcare) for 30 min. The gels were dried under vacuum
at 80°C and exposed for 2 weeks to preflashed X-ray films. Native
and denatured PLCE was also labeled with 50 �M [3H]DFP (0.1
mCi/ml) for 30 min at 37°C. The labeled protein was then processed
as described above.

Results
Metabolism of GS-7340 in Human PBMCs. During the

incubation of quiescent or activated PBMCs with 10 �M
[14C]GS-7340, the concentration of intact prodrug reaches
intracellular steady-state levels (� 8 �M) in less than 15 min
(Fig. 2), indicating that GS-7340 readily enters the cells and
achieves equilibrium with the extracellular prodrug. In ad-
dition to the intact prodrug, the formation of TFV-Ala, TFV,
and TFVpp was detected in PBMCs. TFVp was present at
levels below the limit of quantification.

The initial rate of GS-7340 hydrolysis to TFV-Ala observed
in quiescent and activated PBMCs is approximately 0.21 and
0.16 pmol/106 cells/min, respectively (Table 1). The slightly
higher rate of TFV-Ala production observed in quiescent cells
results in approximately 1.3-fold higher total level of TFV
metabolites compared with activated cells (Fig. 2). Although
the initial rate of TFV formation (Table 1) is similar in both
quiescent and activated PBMCs (0.11–0.13 pmols/106 cells/
min), the equilibrium level of TFV-Ala in quiescent cells
(55��) was 2.5-fold higher than the equilibrium concentra-
tion of TFV-Ala reached in activated cells (22��). This ob-
servation suggests that the conversion of TFV-Ala to TFV is

more efficient in activated PBMCs, possibly because of a
higher expression of the putative phosphoamidase in these
cells. Despite the presence of higher concentrations of TFV in
quiescent cells, the rate of intracellular accumulation of
TFVpp is independent of the cell activation state (�0.05
pmols/106 cells/min), suggesting that TFV is slightly more
efficiently phosphorylated in activated cells compared with
quiescent cells.

Characterization of GS-7340 Hydrolase Activity in
PBMC Extract. The rapid hydrolysis of GS-7340 observed in
PBMCs and cellular extracts (Table 1 and 2) indicates the
presence of intracellular hydrolytic enzyme(s) capable of cata-
lyzing the hydrolysis of the carboxyl ester bond of GS-7340. The
structural similarity between the phosphonophenyl ester iso-
propyl alanyl amidate and the tripeptide Phe-Ala-Ala (Fig. 3)
suggests that the phenol ring, alanine moiety, and the isopropyl
ester of GS-7340 may mimic P2, P1, and P1� residues of a
peptidic substrate. [Nomenclature for the substrate amino acid
preference is P4, P3, P2, P1, P1�, P2�, P3�, and P4�. Amide bond
hydrolysis occurs between P1 and P1�. S4, S3, S2, S1, S1�, S2�,
S3�, and S4� denote the corresponding enzyme binding sites
(Schechter and Berger, 1967).] Together with the known fact
that proteases and peptidases can efficiently hydrolyze ester
in addition to amide bonds, these structural characteristics of
GS-7340 suggest the potential involvement of specific cellu-
lar proteases and/or peptidases in the activation of GS-7340.
To further characterize this hydrolytic activity, GS-7340 was
incubated with PBMC extract in the presence and absence of
various protease inhibitors.

Various inhibitors of cysteine proteases [E64; L-trans-
epoxysuccinyl-leucylamido(4-guanidino)butane] (Barrett et
al., 1982), aspartic proteases (pepstatin A) (Rich et al., 1982),
and metalloproteases (EDTA, bestatin) (Powers and Harper,
1986) at concentrations up to 100 �M failed to inhibit the
hydrolysis of GS-7340 in PBMC extract. In contrast, GS-7340
hydrolysis was inhibited by both DFP and 3,4-dichloroisocou-
marin, two potent inhibitors of serine proteases (Powers et
al., 2002), with IC50 values of 10.5 and 6.5 �M, respectively.

In addition, the hydrolytic activity present in PBMC ex-
tracts exhibited a substrate preference for TFV prodrugs
containing linear aliphatic or aromatic residues (Ala, Gly,
�-ABA, or Phe) compared with those containing aliphatic
branched amino acid moieties (Leu, Ile, or Val) (Table 2, Fig.

Fig. 2. Metabolism of GS-7340 in quiescent and activated PBMCs. 2 � 106 cells per ml were incubated with 10 �M [3H]GS-7340 (0.52 �Ci/ml) for 15,
30, 60, 120, and 180 min. Cells were extracted with 70% methanol and GS-7340 (�), TFV-Ala (Œ), TFV (f), and TFVpp (�) were analyzed using
high-performance liquid chromatography-liquid scintillation detection as described under Materials and Methods.
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4). Together, these data suggest that the hydrolysis of the
alanine isopropyl ester in GS-7340 as well as ester bonds in
other amidate prodrugs of TFV may be mediated by specific
proteases present in PBMC extract.

Subcellular Localization of GS7340 Hydrolase. Im-
mune cells contain a variety of proteases localized in subcel-
lular organelles such as lysosomes and secretory granules
(Borregaard and Cowland, 1997; Blott and Griffiths, 2002).
To test whether the GS-7340 hydrolase activity is localized in
a distinct subcellular compartment, MT-2 T-cells and PBMCs
were disintegrated, and the presence of GS-7340 hydrolase
was determined in organelles fractionated using Percoll den-
sity gradient ultracentrifugation (Wex et al., 2001). In par-
allel, cells were incubated with [14C]GS-7340 and fraction-
ated to determine the intracellular distribution of TFV
metabolites. Individual subcellular fractions were identified
by measuring the levels of specific organelle markers (Merion
and Sly, 1983). Lysosomal hexosaminidase activity was
found predominantly in high-density fractions (fractions 18
and 20) (Fig. 5), well separated from the peak of the mito-
chondrial marker activity. Both of these markers were dis-
tinct from those for less dense organelles, including endoplas-
mic reticulum. GS-7340 hydrolase activity was present in a

distinct peak overlapping with the lysosomal hexosamini-
dase marker. In addition, the fractionation of organelles of
cells treated with a lysosomotropic agent [3H]chloroquine
(Matsuzawa and Hostetler, 1980) indicated the colocalization
of chloroquine-containing fractions with both the hex-
osaminidase marker and the GS-7340 hydrolase activity, a
further evidence for the lysosomal localization of GS-7340
hydrolase (Fig. 5). It is noteworthy that TFV metabolites
were equally distributed across all Percoll gradient fractions
from cells treated with [14C]GS-7340, indicating their pres-
ence primarily in cytosol, which does not sediment in the
Percoll gradient.

Hydrolysis of TFV Amidate Prodrugs by Proteases.
The hydrolase capable of activating GS-7340 was isolated
from human PBMCs and identified as a serine protease ca-
thepsin A (Birkus et al., 2007). Consistent with the above
results from the cell fractionation experiments, cathepsin A
is localized primarily in lysosomes. However, there is a broad
spectrum of cellular proteases known to be present in lyso-
somes and lysosome-related secretory organelles (azurophilic
granules of neutrophils and cytotoxic granules of T-cells);
therefore, selected lysosomal proteases in addition to cathep-
sin A were tested for their ability to hydrolyze GS-7340 and

TABLE 1
Rates of metabolite formation in quiescent and phytohemagglutinin/interleukin-2-activated human PBMCs
Quiescent and phytohemagglutinin/interleukin-2-activated PBMC were treated with 10 �M 	14C
GS-7340 and extracted with ice-cold 70% methanol. TFV metabolites were
analyzed using ion-pair HPLC with on-line liquid scintillation detection. The rate of TFV-Ala formation � � of intracellular 	TFV-Ala
, 	TFV
, and 	TFVpp
 accumulated per
minute of incubation time; the rate of TFV formation � � of intracellular 	TFV
 and 	TFVpp
 accumulated per minute of incubation time; and the rate of TFVpp formation
is expressed as the intracellular 	TFVpp
 accumulated per minute of incubation time.

Metabolite
Activated PBMC Quiescent PBMC

Rate of Formation Steady-State Concentration Rate of Formation Steady-State Concentration

pmol/min/106 cells �M pmol/min/106 cells �M

GS-7340 N.D. 79 N.D. 77
TFV-Ala 0.16 22 0.21 55
TFV 0.11 55 0.13 N.R.
TFVpp 0.044 N.R. 0.045 N.R.

N.D., not determined; N.R., not reached.

TABLE 2
Conversion of tenofovir prodrugs by serine, cysteine, and aspartic proteases
Substrates (100 �M) were incubated with each tested enzyme under the reaction conditions described under Materials and Methods. The reaction products were analyzed
by ion-pairing HPLC. Data are means from at least two independent determinations; S.D. values were �20% of the mean.

Amidate Moiety GS-7003
Phe-Me

GS-7098
Leu-Me

GS-7340
Ala-iPr

GS-7095
Ile-Me

GS-7096
Val-Me

GS-7119
Gly-Et

GS-7120
ABA-Et

pmol/min/�g

Serine proteases
Chymotrypsin 4138 604 0 0 0 123 22
Cathepsin G 8144 995 0 0 0 0 0
Chymase 4961 369 0 0 0 168 10
Leukocyte elastase 0 0 891 327 194 0 181
Proteinase 3 0 0 57 165 0 0 70
Pacreatic Elastase I 0 85 113 53 24 23 756
Granzyme A 0 0 0 0 0 0 0
Trypsin 0 0 0 0 0 0 0
Granzyme B 0 0 0 0 0 0 0
Cathepsin Aa 4400 0 31,000 0 0 2449 2900

Cysteine proteases
Cathepsin H 34 0 27 0 0 12 10
Cathepsin B 0 0 0 0 0 0 0
Cathepsin C 0 0 0 0 0 0 0
Cathepsin L 0 26 0 0 0 0 44

Aspartic proteases
Cathepsin D 0 0 0 0 0 0 0

Serine hydrolases
Porcine liver carboxylesterase 73 10 116 0 1 67 44
Cellular extract 6.8 0 21.5 0.2 0.2 3.7 5.3

a Data from Birkus et al. (2007).
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other amino acid ester prodrugs of TFV (Table 2). To assess
a potential effect of proteases on the intestinal absorption of
TFV prodrugs, the ability of several major digestive proteo-
lytic enzymes to hydrolyze GS-7340 and other TFV amidates
was evaluated.

TFV prodrug containing Phe in the amidate moiety (i.e., in
the putative P1 position) is cleaved most efficiently by chy-
motrypsin-like serine proteases (chymotrypsin, cathepsin G,
and mast cell chymase) (Table 2). In contrast, a prodrug
containing Leu was cleaved 7- to 13-fold less efficiently by
these proteases. Chymotrypsin and mast cell chymase exhib-
ited low activity against a prodrug with Gly and �-aminobu-

tyric acid (�-ABA) in the P1 position. It is noteworthy that
chymotrypsin-like proteases failed to hydrolyze GS-7340
with Ala as the P1-like residue. In contrast, elastase-like
serine proteases (LE, Pr3, and PE I) exhibited a preference
for TFV prodrugs containing Ala, Ile, Val, and �-ABA moi-
eties at this position (Table 2). PE displayed the broadest
substrate specificity toward TFV phosphonoamidate pro-
drugs, the �-ABA-containing prodrug being cleaved most ef-
ficiently. In contrast, Ala-containing GS-7340 was the best
substrate for leukocyte elastase among the prodrugs tested.

It is noteworthy that none of the tested prodrugs were
hydrolyzed by trypsin-like protease (trypsin, granzyme A) or

Fig. 3. Alignment of GS-7340 (in blue) and Phe-Ala-Ala tripeptide (green).

Fig. 4. Structures of tenofovir phoshonoamidate prodrugs.
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aspase-like protease (granzyme B). Among cysteine pro-
teases, cathepsins H and L were the only enzymes capable of
hydrolyzing TFV prodrugs, albeit with a very low efficiency
(Table 2). Cathepsin D, the only aspartic protease tested,
hydrolyzed no TFV phosphonoamidate prodrugs. As ex-
pected, the nonselective liver carboxyl esterase exhibited a
broad substrate specificity toward a wide range of tested TFV
prodrugs (Table 2). However, the efficiency of prodrug hydro-
lysis was substantially lower compared with more specific
proteases.

Cathepsin A exhibited the highest specific activity for the
GS-7340 hydrolysis and was also able to effectively cleave
TFV prodrugs containing Phe, �-ABA, or Gly. It is notewor-
thy that chymotrypsin, cathepsin G, and chymase hydrolyzed
the Phe-containing prodrug with efficiency comparable with
that of cathepsin A. On the other hand, TFV prodrugs with
Val, Leu, and Ile were not substrates for cathepsin A, but
they were hydrolyzed by LE, Pr3, and PE I.

Covalent Labeling of Hydrolases with GS-7340 Sub-
strate. The reaction mechanism of serine hydrolases involves
the formation of a covalent bond between serine in the active
site and the substrate acyl group (Satoh and Hosokawa, 1998).
Denaturing the enzyme during the course of reaction should
allow for capturing this intermediate. Consistent with this as-
sumption, we have recently demonstrated that cathepsin A can
be covalently labeled with [14C]GS-7340 (Birkus et al., 2007).
Likewise, the other enzymes tested in this study and found
capable of GS-7340 hydrolysis (PLCE, LE, Pr3, and PE) were
successfully labeled with GS-7340 (Fig. 6). The specificity of this
method was confirmed by the lack of labeling of heat-denatured
enzymes or inert bovine serum albumin. In addition, the prein-
cubation of enzymes with the inhibitor DFP prevents their
labeling by [14C]GS-7340. These observations further confirm

the interactions of GS-7340 with multiple proteases observed in
enzyme kinetic experiments.

Discussion
The cellular permeability and antiviral activity of TFV is

markedly enhanced by masking its two negative charges by
hydrolyzable hydrophobic moieties. After the clinical devel-
opment of TDF, a diester prodrug of TFV, a new class of TFV
prodrugs was successfully designed by using phenol and an
esterified amino acid moiety as masking groups. GS-7340,
the lead molecule of this new prodrug series, exhibits en-
hanced in vivo pharmacokinetic properties, particularly with
respect to the delivery of parent nucleotide into cell types and
tissues supporting HIV replication (Lee et al., 2005). In this
study, we characterized the intracellular metabolism of GS-
7340 in human PBMCs and conclusively demonstrated effi-
cient intracellular conversion of the prodrug to the active
metabolite TFVpp. In these experiments, GS-7340 rapidly
achieves equilibrium between the media and cells indicating
its rapid uptake across plasma membrane.

The initial rate of GS-7340 hydrolysis was marginally
faster in quiescent cells than in activated PBMCs; however,
the rate of TFV formation in cells was independent of their
activation status. TFV-Ala reached a steady-state concentra-
tion approximately 2.5-fold higher in quiescent cells than in
activated cells, suggesting higher activity of a phosphoami-
dase in activated cells (Chou et al., 2007). Alternatively,
enhanced acidification of activated cells may cause more
efficient conversion of TFV-Ala to TFV as a result of a limited
stability of TFV-Ala under acidic conditions present in lyso-
somes. TFV-Ala exhibits t1/2 of 72 and 28 min at pH 5.4 and
4.9, respectively (data not shown). Despite higher levels of

Fig. 5. Fractionation of MT-2 cells (A and B) and PBMCs (C and D) using Percoll gradient. Lysosomal markers hexosaminidase (ƒ) and chloroquine
(�), mitochondrial marker succinate dehydrogenase (f), endoplasmic reticulum marker NADPH cytochrome c reductase (�), GS-7340 hydrolase
activity (F), and TFV metabolites (E)
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TFV-Ala and TFV in quiescent cells, the overall rate of the
intracellular accumulation of TFVpp was similar regardless
of the PBMC activation state, suggesting more efficient phos-
phorylation of TFV in activated cells.

Hydrolysis of GS-7340 in PBMC extract was sensitive to
serine protease inhibitors but not to inhibitors of cysteine,
aspartic, or metalloproteases. In addition, subcellular frac-
tionation of the MT-2 T-cells and PBMCs conclusively
demonstrated that GS-7340 hydrolase is localized in the
high-density lysosomal fraction (Fig. 4). Lysosomes and lyso-
some-related organelles are known to contain a wide variety
of hydrolases, including serine proteases (Borregaard and
Cowland, 1997; Blott and Griffiths, 2002). Because the pro-
drug moiety of GS-7340 can be viewed as a structural analog
of Phe-Ala-Ala tripeptide (Fig. 3), these results suggested
that lysosomal serine protease(s) are probably responsible for
the hydrolysis of GS-7340. Consistent with this hypothesis,
we have recently identified cathepsin A as an enzyme capa-
ble of effectively activating GS-7340 (Birkus et al., 2007). In
this follow-up study, we identified multiple other lysosomal
proteases that are able to cleave a set of structurally diverse
phosphonoamidate prodrugs of TFV, including GS-7340.

Leukocyte elastase and proteinase 3 are elastase-like
serine proteases and prefer peptide substrates containing
small hydrophobic amino acids in P1 position (Blow, 1977;
Harper et al., 1984; Kam et al., 1992). These proteases hy-
drolyzed TFV prodrugs containing Val, Ala, or �-ABA at
P1-like position but not those with bulkier hydrophobic moi-
eties such as Phe or Leu. Likewise, the chymotrypsin-related
serine proteases cathepsin G and chymase, which prefer
large hydrophobic residues in P1 position (Powers et al.,
1985; Polanowska et al., 1998), efficiently hydrolyzed TFV
prodrugs with Phe or Leu but not those with smaller amino
acids, including GS-7340. In contrast, none of the tested TFV
prodrugs were hydrolyzed by trypsin or granzymes A/B (Kam
et al., 2000), which are known to display a strong preference
for substrates with charged residues Lys/Arg or Asp at P1,
respectively. Likewise, the relative specific activity of diges-
tive serine proteases chymotrypsin and pancreatic elastase
toward various TFV amidate prodrugs matched their prefer-
ence for their peptide substrates (Bergman and Fruton,
1943). The susceptibility of TFV prodrugs to cleavage by
digestive serine proteases may affect their stability in the

gastrointestinal tract and consequently influence their oral
bioavailability. In contrast to serine proteases, the primary
structural determinant for the substrate specificity of papa-
in-like cysteine endopeptidases is the P2 amino acid residue.
Cathepsins B, H, and L all prefer hydrophobic amino acids,
including Phe in the P2 position (Kärgel et al., 1980; Koga et
al., 1992; Rothe and Dodt, 1992). Although all tested pro-
drugs contain phenol in the P2-like position that may mimic
Phe residue, only cathepsins H and L were able to hydrolyze
TFV amidates. This suggests that the phenol residue, which
is shorter than natural Phe by one atom, may shift the
scissile bond further from the enzyme catalytic dyad, thereby
reducing the catalytic efficiency of substrate hydrolysis.

Cysteine protease cathepsin C and aspartyl protease ca-
thepsin D both exhibit unique substrate specificity. The
former cleaves two residues from the N terminus of polypep-
tide substrates (Turk et al., 1997). Cathepsin D has an elon-
gated binding site cleft requiring interaction with up to seven
amino acid residues in a polypeptide chain; therefore, it is
inactive against shorter synthetic peptides (Press et al.,
1960; Conner, 2004). Consistent with their substrate speci-
ficity, neither of these two enzymes hydrolyzed any of the
tested TFV phosphonoamidate prodrugs. Taken together,
these data demonstrate that the specificity of serine pro-
teases toward TFV phosphonoamidate prodrugs closely
matches their natural substrate specificity, indicating that
nucleotide amidate prodrugs should be considered mimics of
oligopeptide substrates.

PLCE, a close homolog of human liver carboxylesterase 1
(Lange et al., 2001), was shown to hydrolyze carboxyl ester
bonds in a wide variety of substrates, including phosphor-
amidate prodrugs of nucleoside analogs such as 2�,3�-didehy-
dro 3�-deoxythymidine (d4T) and 3�-azido 3�-deoxythymidine
(AZT) (Balzarini et al., 1996; Valette et al., 1996). The cur-
rent data indicate that PLCE displays relatively low specific
activity against both GS-7340 and the other TFV prodrugs.
However, because of its abundance in liver, the carboxyles-
terases may contribute to the hepatic clearance of this class
of TFV prodrugs.

The present study demonstrates that multiple intracellu-
lar proteolytic enzymes exist that are capable of hydrolyzing
GS-7340 and other TFV amidate prodrugs. More than 553
different human proteases have been identified thus far
(Puente et al., 2003), many of them being specifically ex-
pressed only in a narrow range of tissues or body compart-
ments. Even though cathepsin A is present in a variety of
tissues, its expression is elevated in cells of the immune
system (data not shown). This makes it an attractive target
for the activation of prodrugs for HIV therapy. In contrast,
other proteases have much more restricted expression pat-
terns. For example, leukocyte elastase, proteinase 3, and
cathepsin G are present in neutrophils (Owen and Campbell,
1999), granzymes in natural killer cells and cytotoxic T lym-
phocytes (Kam et al., 2000), and tryptases and chymases in
mast cells (Sayama et al., 1987). Tissue-specific expression of
prodrug hydrolases may allow for the rational design of nu-
cleotide phosphonoamidate prodrugs that can be preferen-
tially activated in relevant target cells. Furthermore, many
viruses and other infectious agents produce their own specific
proteases in host cells. These enzymes can be targeted for the
activation of specific prodrugs, enhancing the therapeutic
selectivity toward infected cells or tissues. Detailed knowl-

Fig. 6. Labeling of hydrolases with [14C]GS-7340. Labeling of PLCE,
BSA, Pr3, LE, and PE with [14C]GS-7340 was performed as described
under Materials and Methods. A, native PLCE labeled with: [14C]GS-
7340 (lane 1), [3H]DFP (lane 2), preincubated with unlabeled DFP and
labeled with [14C]GS-7340 (lane 3); denatured PLCE labeled with:
[14C]GS-7340 (lane 4); [3H]DFP (lane 5); preincubated with unlabeled
DFP and labeled with [14C]GS-7340 (lane 6); native (lane 7) and dena-
tured (lane 8) BSA labeled with [14C]GS-7340. B, native Pr3 (lane 1), PE
(lane 2), and LE (lane 3) labeled with [14C]GS-7340; denatured Pr3 (lane
4), PE (lane 5), and LE (lane 6) labeled with [14C]GS-7340

Proteolytic Activation of TFV Amidates 99

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


edge about the localization and substrate preference of the
targeted prodrug-activating proteases as well as hydrolytic
enzymes potentially affecting absorption and/or metabolic
elimination (e.g., digestive proteases and liver esterases)
should facilitate the rational design of novel prodrugs with
improved pharmacokinetic and therapeutic properties.

References
Antoniou T, Park-Wyllie LY, and Tseng AL (2003) Tenofovir: a nucleotide analog for

the management of human immunodeficiency virus infection. Pharmacotherapy
23:29–43.

Balzarini J, Karlsson A, Aquaro S, Perno CF, Cahard D, Naesens L, De Clercq E, and
McGuigan C (1996) Mechanism of anti-HIV action of masked alaninyl d4T-MP
derivatives. Proc Natl Acad Sci U S A 93:7295–7299.

Barrett AJ, Kembhavi AA, Brown MA, Kirschke H, Knight CG, Tamai M, and
Hanada K (1982) L-trans-Epoxysuccinyl-leucylamido(4-guanidino)butane (E-64)
and its analogues as inhibitors of cysteine proteinases including cathepsins B, H
and L. Biochem J 201:189–198.

Bergman M and Fruton JS (1943) The specificity of proteinases. Adv Enzymol
1:63–98.

Birkus G, Wang R, Liu X, Kutty N, MacArthur H, Cihlar T, Gibbs C, Swaminathan
S, Lee W, and McDermott M (2007) Cathepsin A is the major hydrolase catalyzing
the intracellular hydrolysis of the antiretroviral nucleotide phosphonoamidate
prodrugs GS-7340 and GS-9131. Antimicrob Agents Chemother 51:543–550.

Blott EJ and Griffiths M (2002) Secretory lysosomes. Nat Rev Mol Cell Biol 3:122–
131.

Blow AM (1977) Action of human lysosomal elastase on the oxidized B chain of
insulin. Biochem J 161:13–16.

Borregaard N and Cowland JB (1997) Granules of the human neutrophilic polymor-
phonuclear leukocyte. Blood 89:3503–3521.

Chou TF, Baraniak J, Kaczmarek R, Zhou X, Cheng J, Ghosh B, and Wagner CR
(2007) Phosphoramidate pronucleotides: a comparison of the phosphoramidase
substrate specificity of human and Escherichia coli histidine triad nucleotide
binding proteins. Mol Pharm 4:208–217.

Conner GE (2004) Cathepsin D, in Handbook of Proteolytic Enzymes (Barret AJ,
Rawlings ND, and Woessner JF, eds) pp 43–52, Elsevier, Amsterdam.

De Clercq E (2003) Clinical potential of the acyclic nucleoside phosphonates cidofo-
vir, adefovir, and tenofovir in treatment of DNA virus and retrovirus infections.
Clin Microbiol Rev 16:569–596.

Eisenberg EJ, He GX, and Lee WA (2001) Metabolism of GS-7340, a novel phenyl
monophosphoramidate intracellular prodrug of PMPA, in blood. Nucleosides Nu-
cleotides Nucleic Acids 20:1091–1098.

Grim SA and Romanelli F (2003) Tenofovir disoproxil fumarate. Ann Pharmacother
37:849–859.

Harper JW, Cook RR, Roberts CJ, McLaughlin BJ, and Powers JC (1984) Active site
mapping of the serine proteases human leukocyte elastase, cathepsin G, porcine
pancreatic elastase, rat mast cell proteases I and II. Bovine chymotrypsin A alpha,
and Staphylococcus aureus protease V-8 using tripeptide thiobenzyl ester sub-
strates. Biochemistry 23:2995–3002.

Kam CM, Hudig D, and Powers JC (2000) Granzymes (lymphocyte serine proteases):
characterization with natural and synthetic substrates and inhibitors. Biochim
Biophys Acta 1477:307–323.

Kam CM, Kerrigan JE, Dolman KM, Goldschmeding R, Von dem Borne AE, and
Powers JC (1992) Substrate and inhibitor studies on proteinase 3. FEBS Lett
297:119–123.

Kärgel HJ, Dettmer R, Etzold G, Kirschke H, Bohley P, and Langner J (1980) Action
of cathepsin L on the oxidized B-chain of bovine insulin. FEBS Lett 114:257–260.

Koga H, Mori N, Yamada H, Nishimura Y, Tokuda K, Kato K, and Imoto T (1992)
Endo- and aminopeptidase activities of rat cathepsin H. Chem Pharm Bull 40:
965–970.

Lange S, Musidlowska A, Schmidt-Dannert C, Schmitt J, and Bornscheuer UT
(2001) Cloning, functional expression, and characterization of recombinant pig
liver esterase. Chembiochem 2:576–582.

Lee WA, Gong-Xin H, Eisenberg E, Cihlar T, Swaminathan S, Mulato A, and Cundy
K (2005) Selective intracellular activation of a novel prodrug of the human immu-

nodeficiency virus reverse transcriptase inhibitor tenofovir leads to preferential
distribution and accumulation in lymphatic tissue. Antimicrob Agents Chemother
49:1898–1906.

Matsuzawa Y and Hostetler KY (1980) Studies on drug-induced lipidosis: subcellular
localization of phospholipid and cholesterol in the liver of rats treated with chlo-
roquine or 4,4�-bis (diethylaminoethoxy)alpha, beta-diethyldiphenylethane. J
Lipid Res 21:202–214.

Merion M and Sly WS (1983) The role of intermediate vesicles in the adsorptive
endocytosis and transport of ligand to lysosomes by human fibroblasts. J Cell Biol
96:644–650.

Ouar Z, Bens M, Vignes C, Paulais M, Pringel C, Fleury J, Cluzeaud F, Lacave R, and
Vandewalle A (2003) Inhibitors of vacuolar H�-ATPase impair the preferential
accumulation of daunomycin in lysosomes and reverse the resistance to anthra-
cyclines in drug-resistant renal epithelial cells. Biochem J 370:185–193.

Owen CA and Campbell EJ (1999) The cell biology of leukocyte-mediated proteolysis.
J Leukocyte Biol 65:137–150.

Pennington RJ (1961) Biochemistry of dystrophic muscle Mitochondrial succinate-
tetrazolium reductase and adenosine triphosphatase. Biochem J 80:649–654.

Polanowska J, Krokoszynska I, Czapinska H, Watorek W, Dadlez M, and Otlewski J
(1998) Specificity of human cathepsin G. Biochim Biophys Acta 1386:189–198.

Powers JC and Harper JW (1986) Inhibitors of metalloproteases, in Proteinase
Inhibitors (Barrett AJ and Salvesen G eds) pp 219–298, Elsevier, Amsterdam.

Powers JC, Asgian JL, Ekici OD, and James KE (2002) Irreversible inhibitors of
serine, cysteine, and threonine proteases. Chem Rev 102:4639–4750.

Powers JC, Tanaka JW, Harper Y, Minematsu Y, Barker L, Lincoln D, Crumley KV,
Fraki JE, Schechter NM, Lazarus GL, et al. (1985) Mammalian chymotrypsin-like
enzymes. Comparative reactivities of rat mast cell proteases, human and dog skin
chymases, and human cathepsin G with peptide 4-nitroanilide substrates and with
peptide chloromethyl ketone and sulfonyl fluoride inhibitors. Biochemistry 24:
2048–2058.

Press EM, Porter RR, and Cebra J (1960) The isolation and properties of a proteolytic
enzyme, cathepsin D, from bovine spleen. Biochem J 74:501–514.

Puente XS, Sánchez LM, Overall CM, and López-Otı́n C (2003) Human and mouse
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