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Results

Dietary Zn deficiency causes severe and prolonged irritant contact derma-
titis with the histological features of AE. Symptoms of Zn deficiency in
animals are similar across different species. Zn deficiency causes a
well-characterized nutritional-immunological syndrome in mice
(14-18, 23, 24), whereby young adults quickly manifest symp-
toms within 4 to 5 weeks of feeding a ZD diet containing 0.5 mg
Zn/kg or more (23, 24). It is of note that, although ZD mice at
approximately 70% to 80% of the control group weight exhibited
visible cutaneous symptoms, such as alopecia and parakeratosis,
they did not present with the characteristic inflammatory der-
matitis of patients with AE (refs. 23, 24, and Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/JCI58618DS1). Because AE in humans is typically
seen on areas subject to repeated contact, we investigated allergic
contact dermatitis (ACD) and irritant contact dermatitis (ICD) in
dietary ZD mice. Five-week-old BALB/c mice were fed a ZD or Zn-
adequate (ZA) diet, and atr 10 weeks of age, ACD in response to
dinitrofluorobenzene (DNFB) and ICD in response to croton oil
(CrO) were quantified. Consistent with previous findings (24), ZD
mice showed markedly decreased ear swelling responses to DNFB
compared with those of ZA mice (Figure 1A). This was probably
due to immunodeficiency in ZD mice, as previously reported (14,
15). Surprisingly, in contrast, the ear swelling response to CrO
in ZD mice was significantly increased and prolonged compared
with that of ZA mice (Figure 1A and Supplemental Figure 2). ICD
caused by other skin irritant chemicals, benzalkonium chloride
(BAC) and ethyl phenylpropiolate (EPP), was also tested, with
similar results (Figure 1C and Supplemental Figure 2). Histologi-
cal examination of ICD lesions in ZD mice revealed parakeratosis
and cytoplasmic pallor, subcorneal vacuolization, and ballooning
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Figure 1

ZD mice demonstrate severe ICD with histo-
logical degeneration of keratinocytes. (A and
C) ACD responses to DNFB and ICD respons-
es to CrO, EPP, or BAC were induced in ZA
(white circles) and ZD (black circles) mice,
as described in Methods. Ear thickness was
evaluated at the indicated time points. The
data shown are (n = 5) the swelling responses
(mean = SD). (B) H&E staining of ear samples
collected from ZA or ZD mice 24 hours after
topical application of CrO. Original magnifica-
tion: x200; x400 (insets). Data are representa-
tive of 3 independent experiments.

degeneration of keratinocytes and leukocyte infiltration (Figure
1B). These signs are histological features of cutaneous AE lesions
in humans. No such degeneration of keratinocytes was observed
in ICD lesions in ZA mice or ACD lesions in either ZA or ZD mice
(Figure 1B and data not shown). These findings suggest that ICD,
but not ACD, responses in ZD mice mimic the characteristic cuta-
neous manifestations observed in AE and can thus be considered
an appropriate model for human disease.

Zn deficiency increases ATP release from keratinocytes in response to
irritants. Accumulating evidence suggests that different environ-
mental stimuli (e.g., chemical irritants) trigger adenosine 5'-tri-
phosphate (ATP) release from keratinocytes via nonlytic mecha-
nisms and also, more frequently, as a consequence of cell damage
oracute cell death (25-27). Once released, ATP activates a family of
plasma membrane receptors known as purinergic (P2) receptors.
Because ATP released from chemically injured keratinocytes has
been shown to cause ICD (28), we next compared the amount of
ATP that was released from ZD or ZA mouse skin tissue after CrO
application in ex vivo organ culture. Skin tissue obtained from ZD
mice 4, 6, or 20 hours after CrO application released significantly
greater amounts of ATP than tissues from ZA mice (Figure 2A).
We next examined the effect of the Zn-chelating reagent TPEN on
exogenous ATP release from Pam-212 keratinocytes cultured in
vitro. Consistent with previous findings (26, 28), Pam-212 kerati-
nocytes rapidly released ATP after exposure to CrO (Figure 2B). The
addition of TPEN to the culcture significantly augmented release
of ATP in response to CrO, whereas TPEN alone failed to increase
ATP release (Figure 2, B and D). The TPEN-mediated increase of
ATP secretion was prevented by the addition of ZnSOj in a dose-
dependent manner (Figure 2C). Furthermore, TPEN also signifi-
cantly increased the secretion of ATP in response to other skin
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Figure 2

Zn deficiency increases ATP release by keratinocytes in response to irritant chemicals. (A) 1% CrO was painted on the ears of ZA (white bars)
and ZD (black bars) mice (n = 5), and skin samples were taken at the indicated time points. ATP secretion from skin organ cultures was quanti-
fied. (B-D) Pam-212 keratinocytes were treated with (B and C) 0.3% CrO or (D) titrated concentrations of CrO, EPP, or BAC in the presence
(black circles/bars) or absence (white circles/bars) of 2 uM TPEN. ATP in the culture supernatants was quantified at (B) the indicated time points
or (C and D) 10 minutes after stimulation. (C) Cells were cultured with 10-100 uM ZnSO.. *P < 0.05, compared with cells that were not treated
with TPEN. (E) ICD responses to CrO were induced, as described in Figure 1. ZA and ZD mice (1 = 5) received local injections of potato apyrase
on the right ear (black circles) or PBS alone on the left ear (white circles) before and after CrO application to both ears. The data shown are the
swelling responses (mean = SD). *P < 0.05, between the apyrase and PBS treatments. Data are representative of 3 independent experiments.

irritant chemicals (herein, EPP and BAC) (Figure 2D). Together,
these findings clearly indicate that Zn deficiency and irritant
chemicals synergistically increase ATP release from keratinocytes.

Although various types of cells release ATP, the mechanism
underlying the release of ATP is controversial (29). Several studies
have shown that the release of ATP is reduced by carbenoxolone
(CBX), suggesting the involvement of connexin or pannexin mem-
brane channels in the release. In addition, inhibition of ATP release
by vesicular ATPase inhibitors or intracellular Ca?* deprivation
was also reported, suggesting that the mechanisms of ATP release
could include exocytosis. As shown in Supplemental Figure 3,
CBX significantly decreased ATP release from CrO-treated kerati-
nocytes, and, more importantly, it dramatically inhibited TPEN-
mediated increase of ATP secretion. By contrast, BAPTA-AM, a
membrane-permeable, strong Ca?*-chelator, did not affect the
CrO-evoked ATP release from keratinocytes. These results clearly
indicate that membrane channel-mediated diffusible mechanisms,
but not Ca?*-dependent exocytosis, play a key role in the release of
ATP from keratinocytes treated with CrO.

Previous studies have shown that hydrolysis of nucleotides by
s.c. injections of soluble ecto-nucleoside triphosphate diphos-
phohydrolase (NTPDase; soluble potato apyrase) diminishes
early inflammation in ICD (28). As shown in Figure 2E, we
obtained similar results in ZA mice. In contrast, injections of
apyrase before and after CrO application in ZD mice significantly
decreased the late ICD response (Figure 2E). This suggests that
aberrant ATP release from epidermal keratinocytes in response to
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irritant chemicals contributes, at least in part, to the prolonged
ICD response in ZD mice.

Aberrant chemokine gene expression in ZD keratinocytes. In gen-
eral, there are very few differences in the histological, immuno-
histochemical, and electron microscopy findings in ACD and ICD
(30). However, ICD is thought to be mediated via T cell-indepen-
dent innate immunity, because the ear swelling response to CrO
is similar for both athymic and normal mice and neutrophils are
the predominant cells in ICD (31). Recent work has shown that
different patterns of inflammatory chemokines may distinguish
berween ACD and ICD (32). To explore such mechanisms for
increased ICD in Zn deficiency, we first analyzed gene expression
profiles for 44 chemokines in epidermal sheets obtained from ZA
and ZD mice 24 hours after vehicle or CrO exposure. Profound
differences in chemokine gene expression were observed (Supple-
mental Figure 4). However, Cxcll was markedly induced by CrO in
both ZA and ZD mice, suggesting a possible association between
this chemokine and neutrophil recruitment. Because CXCL1 and
CXCL2 are known to mediate neutrophil influx into tissues (33),
we next quantified their mRNA expression in epidermal sheets
obrtained from ZA and ZD mice after vehicle or CrO application in
vivo. Quantitative real-time PCR demonstrated that Zn deficiency
resulted in a significant increase of Cxcll mRNA 4 and 24 hours
after CrO exposure and Cxcl2 mRINA at 4 hours (Figure 3, A and B).
The same enhancing effects of Zn deficiency for the chemokine
mRNA expression were observed when mice were treated with BAC
(Supplemental Figure 5A). In addition, in vitro exposure of Pam-
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Figure 3

Zn deficiency increases Cxcl/1 and Cxcl2 gene expression in keratinocytes after treatment with CrO. (A and B) 1% CrO (black bars) or vehicle
alone (white bars) was painted on the ears of ZA and ZD mice (n = 5). Epithelial sheets were obtained from the ears at (A) 4 hours or (B) 24
hours, and total RNA was extracted. (C) Pam-212 keratinocytes were cultured in the presence or absence of 2 uM TPEN. Total RNA was
extracted 4 hours after 0.3% CrO (black bars) or vehicle (white bars) exposure. (D) Pam-212 keratinocytes were treated with 100 uM ATPyS
in the presence (black circles) or absence (white circles) of 2 uM TPEN. Total RNA was extracted 4 hours after ATPyS exposure. Quantitative
real-time RT-PCR analysis of Cxc/7 and Cxc/2 was performed. Cxcl5 was examined as control in A. mRNA expression was normalized to
Gapdh. The fold induction (mean = SD) was calculated from the normalized mRNA expression by CrO- or ATP-stimulated keratinocytes relative
to nonstimulated ZA keratinocytes. *P < 0.05, compared with cells that were from ZA mice or not treated with TPEN. Data are representative

of 3 independent experiments.

212 keratinocytes to CrO rapidly induced Cxcll and Cxcl2 mRNA
(Figure 3C). When TPEN was added to the cultures, significant
further augmentation of CrO-induced chemokine mRNA accumu-
lation was observed, which was not seen with TPEN alone (Figure
3C). Similar results were obtained in BAC-treated keratinocytes
(Supplemental Figure 5B). Furthermore, consistent with recent
findings (34), exogenous ATPyS induced Cxcll and Cxcl2 mRNA
expression by ZA Pam-212 keratinocytes (Figure 3D). Together,
our results suggest that Zn deficiency indirectly augments Cxcll
and Cxcl2 gene expression in CrO-stimulated keratinocytes via
increased ATP release, as observed in Figure 2. Interestingly, Zn
deficiency further augmented ATPyS-induced Cxcl2, but not Cxcll,
mRNA expression (Figure 3D).

Loss of epidermal Langerhans cells in Zn deficiency. Langerhans cells
(LCs) are a long-lived subset of tissue DCs that reside in the epi-
dermis. LCs acquire skin antigens and then migrate to skin-drain-
ing LNs in both inflammatory and steady-state conditions (35).
Recently, it has been shown that CD39, which is expressed exclu-
sively by LCs in the epidermal compartment, is responsible for ecto-
NTPDase activity in LCs (28). Because the P2-receptor signaling
pathway is negatively regulated by NTPDase-dependent hydrolysis
of ATP, LC-associated CD39 plays a protective role against ATP-
mediated inflammatory signals by hydrolyzing extracellular nucle-
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otides released by keratinocytes in ICD responses (28). Therefore,
we next examined the number, distribution, and morphology of
epidermal LCs in Zn deficiency. Although epidermal cells prepared
from the ear skin of ZA mice contained a normal contingent of LCs
(I-A% CD11c* cells), in mice fed the ZD diet, the number of epider-
mal LCs decreased with time on the diet, and few LCs were observed
after 6 weeks (Figure 4, A and B). Immunofluorescence microscopy
confirmed the loss of LCs from epidermal sheets prepared from
mice fed a ZD diet for 6 weeks (Figure 4C). In contrast, the frequen-
cy and morphology of dendritic epidermal T cells (DETCs; Thy-1*
cells), which are skin-resident yd T cells expressing a monoclonal
T cell receptor containing Vy3 and V81 determinants, in ZD mice
was normal even after 6 weeks (Figure 4, C and D). It is of note that
the proportions of I’-A* CD11c” cells in axillary and inguinal lymph
nodes, including migratory DCs (e.g., LCs) and resident lymphoid
DCs, from ZD mice were comparable in number to those of ZA
mice (Figure 4A). The possibility that Zn deficiency downregulates
the expression of cell surface markers on epidermal LCs was con-
sidered unlikely, because treatment of epidermal sheets with TPEN
(2 uM) for 4 days failed to decrease surface expression of I-Ad and
CD11c on murine epidermal LCs (data not shown).

Loss of epidermal LCs in patients with AE. We next examined the num-
ber, distribution, and morphology of epidermal LCs in human skin
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Loss of epidermal LCs in Zn deficiency. (A) Cell suspensions of epidermis, axillary, and inguinal lymph nodes and spleens were prepared from
mice fed ZA (white circles) or ZD (black circles) diets for the indicated time and stained for I-A and CD11c antigens. The percentages of I-A and
CD11c double-positive cells were assessed within each live-gated cell population. Results are the mean = SD (n =3). *P < 0.05, compared
with mice fed the ZA diet. A representative FACS analysis of live-gated epidermal cell suspensions from mice fed ZA or ZD diets for 6 weeks
and stained for (B) I-A and CD11c or (D) Thy-1 and CD11c antigens. Numbers indicate the percentages of cells in the (B) circles or (D) gate.
(C) Immunofluorescence of epidermal whole mounts stained for I-A (red) and Thy-1 (green) from mice fed ZA or ZD diets for 6 weeks. Original
magnification, x100 (left panels); x400 (right panels). Data are representative of 3 independent experiments.

samples obtained from inflammarory lesions of patients, includ-
ing those with atopic dermaritis, psoriasis vulgaris, and hereditary
and acquired AE, by immunofluorescence staining analyses. Lan-
gerin® LCs were found to be regularly scattered throughout the
epidermis of control specimens but were absent from the epider-
mis of patients with AE (Figure SA). HLA-DR antigens were also
rarely expressed in the epidermis of AE specimens but were present
on the surface of dermal mononuclear cells in the same specimens
(Figure 5B). Interestingly, skin biopsy specimens obtained from
the same lesions in a patient with hereditary AE after 6 months
of oral Zn supplementation revealed recolonization of the epider-
mis with LCs, accompanied by marked clinical improvement (Fig-
ure SC). We also examined immunohistochemical staining with
formalin-fixed skin samples obtained from patients with AE. As
shown in Supplemental Figure 6A, langerin® LCs were absent from
the epidermis of the patients with AE. Quantitation of langerin”
cells in the epidermis (n = 3) revealed that the number of LCs in
the lesional epidermis of AE specimens was significantly decreased
as compared with that in normal skin (the mean positive cell per
field + SD was 16.7 + 2.8 in normal skin and 0.4 = 0.3 in AE skin;
P < 0.05). Similarly, the number of HLA-DR* cells in the lesional
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epidermis of AE specimens was also significantly decreased (the
mean positive cell per field + SD was 10.4 + 0.6 in normal skin and
3.7 £ 2.7 in AE skin; P < 0.05). Taken together with the findings
in ZD mice (Figure 4), these findings indicate that Zn deficiency
results in depletion of epidermal LCs.

Decreased steady-state production of TGF-B1 in cutaneous, but not muco-
sal, epidermis in Zn deficiency. Although the mechanisms that regulate
LC homeostasis in the steady state are yet to be fully elucidated,
previous studies demonstrated that LC development requires
TGF-B1 (35). Mice lacking TGF-B1 possess no LCs, owing to either
a failure in LC differentiation, survival, or both (35, 36). Therefore,
we next assessed the cutaneous expression of TGF-1 in Zn defi-
ciency. Mucosal TGF-P1 levels in the large and small intestine in ZD
mice were comparable to those in ZA mice (Figure 6B), whereas the
skin tissue obtained from ZD mice contained significancly lower
amounts of TGF-B1 than that from ZA mice (Figure 6A). To detect
the TGF-B activity in the skin samples, MFB-F11 reporter cells
were used in a bioassay (Figure 6C and ref. 37). Secreted alkaline
phosphatase (SEAP) activity was not detected without activation of
the samples by HCI, suggesting that murine skin contains TGF-$
protein in a latent form. However, after activation, skin samples
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Loss of epidermal LCs in patients with AE. (A and B) Immunohistochemical staining for HLA-DR (green) and langerin (red) in the erythematous
lesions of patients with psoriasis vulgaris (psoriasis), atopic dermatitis (A.D.), hereditary AE (hAE), and acquired AE (aAE) or normal skin. Origi-
nal magnification, x200. (C) Clinical appearance and immunohistochemical staining of a patient with hereditary AE before and after treatment
by oral Zn supplement. White dotted lines denote the epidermis/dermis interface. Original magnification, x200.

obtained from ZD mice were found to mediate significantly less
SEAP activity than those from ZA mice (Figure 6C). In addition, we
found that Tgfbl mRNA levels in epidermal sheets from ZD mice
were significantly lower than those from ZA mice (Figure 6D). These
results suggest that Zn deficiency decreases epidermal TGF-$1
expression in the steady state, and this might, at least in part, be
associated with the reduction of epidermal LCs in Zn deficiency.
Because recent studies have shown that TGF-B1 has antiapopro-
sis effects in LCs or DCs (38, 39), we next assessed for apoptosis in
epidermal LCs freshly isolated from ZA and ZD mice. As shown in
Supplemental Figure 7A, the incidence of annexin V* cells in LCs
from mice fed ZD diets for 3 weeks was slightly, but significantly,
higher than that from mice fed ZA diets. We next performed in
vitro experiments to obtain additional evidence for the hypothesis
that Zn deficiency directly induces apoptosis of LCs. After in vitro
culture of epidermal cell suspensions obtained from ZA mice with
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varying concentrations of TPEN for 48 hours, S uM TPEN signifi-
cantly increased the incidence of annexin V* LCs (Supplemental
Figure 7B). Similarly, we also found a significant increase of apop-
tosis in human monocyte-derived LCs cultured with TPEN at a
concentration of 5 uM (Supplemental Figure 7C). Notably, con-
sistent with a previous finding in HaCaT keratinocytes (40), Pam-
212 keratinocytes cultured with S pM TPEN for 48 hours demon-
strated no changes in cell viability and growth (data not shown).
These results suggest that, in addition to the reduced TGF-B1 in
epidermis, severe Zn deficiency may directly induce apoptosis in
LCs, resulting in the loss of LC networks in ZD mice.

Enbanced ICD in the absence of LCs. At present, there are 2 types
of LC ablation murine models. The first LC ablation model uses
transgenic langerin~ diphtheria toxin A (DTA) mice (41), which
constitutively lack LCs. The second uses mice that express EGFP
fused with a diphtheria toxin receptor (DTR) under the control
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of the langerin promoter, which are known as langerin-EGFP-
DTR mice (42) and langerin-DTR mice (43). After i.p. injection
of diphtheria toxin (DT) into langerin-EGFP-DTR mice, LCs
do not repopulate for at least 4 weeks, while the number of lan-
gerin® dermal DCs in the skin recover to the basal level about
7 days after depletion by DT (44). Langerin-EGFP-DTR mice
14 days after treatment with DT are used as a model to deplete LCs
alone. Fourteen days after treatment with DT, langerin-DTR mice
and C57BL/6 (B6) mice were treated with 5%, 1%, and 0.5% CrO
on the ears and monitored for ear swelling. As expected, the ear
swelling response to 1% and 0.5% CrO in langerin-DTR mice was
significantly increased at 12 and 24 hours after application com-
pared with thatin corresponding B6 mice (Figure 7). These results
suggest that deplerion of LCs enhances ICD responses, consistent
with our findings that ZD mice lacking epidermal LCs exhibired
increased ICD responses to 1% CrO (Figures 1 and 4).

Discussion
Although the skin is commonly involved and is often one of the
first organs affected in Zn deficiency, the underlying pathophysiol-
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Figure 6

Decreased TGF-p1 production in the skin of ZD mice. (A and B) Sam-
ples of (A) skin tissue or (B) mucosal tissue were taken from the backs
of mice fed a ZA (white bars) or ZD (black bars) diet for 5 weeks and
cultured for 24 hours (n = 5). TGF-p1 secretion in the ex vivo skin or
mucosa organ cultures was assessed by ELISA assays. (C) SEAP
activity of the skin samples measured using MFB-F11 cells with or
without HCl in the culture system. (D) Quantitative real-time RT-PCR
for the detection of Tgfb7 and Gapdh mRNAs in epidermis from the
ears of mice fed a ZA (white bar) or ZD (black bar) diet for 5 weeks.
The fold induction was calculated from normalized mRNA expression
by the epidermis of ZD mice relative to that of ZA mice. Results are
the mean = SD (n = 5). *P < 0.05, compared with mice fed the ZA diet.
Data are representative of several experiments with similar results.

ogy of the inflammarory skin manifestation in AE remains unclear.
Nearly pathognomonic in the histopathologic examination of
AE is the presence of “necrolysis,” a term describing cytoplasmic
pallor, vacuolization, ballooning degeneration, and subsequent
confluent necrosis of keratinocytes within the epidermis (8). As
several in vitro studies have shown that Zn deficiency can induce
cell death in HaCaT keratinocytes via apoptosis or necrosis (40,
45, 46), one of the mechanisms of epithelial damage observed in
AE lesions might be by increased death of keratinocytes. However,
the characteristic inflammatory dermatitis in clinical AE is seen
only in the acral areas, suggesting the participation of additional
cellular processes, which could account for the restricted localiza-
tion of the dermaritis and the severe cutaneous inflammarion in
immunodeficient AE patients.

Our data, which we believe to be novel, reveal that irritants, but
not haptens, can cause severe skin inflammation in immunodefi-
cient ZD mice, providing a biologic basis for understanding the
pathogenesis of AE. We found that ICD responses in ZD mice
exhibired similar histological features similar to those of the char-
acteristic dermatitis in clinical AE, highlighting the possibility
that the acral, periorificial, and anogenital dermatitis in AE might
be caused by contact with different irritants in daily life, such
as chemicals, foods, urine, and feces, etc. We have addressed the
mechanisms responsible for the severe and prolonged ICD in ZD
mice and have identified several abnormalities which we believe to
be novel, including aberrant chemokine gene expression and ATP
release by keratinocytes in response to irritant chemicals. These
2 abnormalities are closely associated, because extracellular ATP
induces keratinocyre Cxell and Cxcl2 gene expression, major che-
moattractants for neutrophils (Figure 3D and refs. 33, 34). Togeth-
er with the insight that neutrophils are the pathogenic cells in ICD
(31), our results suggest that ATP plays a key role in the pathogen-
esis of severe and prolonged ICD in Zn deficiency. This notion is
supported by the finding that local injection of apyrase signifi-
cantly diminished the ICD response in ZD mice (Figure 2E). Our
in vitro assay revealed that membrane channel-mediated diffus-
ible mechanisms play a pivotal role in the Zn deficiency-induced
increased ATP release from irritant-stimulated keratinocytes
(Supplemental Figure 3). However, because chemical irritants also
trigger ATP release from keratinocytes as a consequence of cell
damage or acute cell death (26, 28), Zn deficiency and irritants
may synergistically induce keratinocyte cell damage, as shown in
Figure 1B, leading to increased ATP release in vivo.

We found that ex vivo ATP release from CrO-treated skin was
increased in Zn deficiency (Figure 2A). This observation is in line
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with our in vitro findings that Zn deficiency augments the release
of ATP from irrianc-stimulared Pam-212 keratinocytes. In addi-
tion, the decreased number of epidermal LCs observed in ZD mice
(Figure 4) might also contribute to the increased ATP release from
skin organ cultures ex vivo (Figure 2A) as well as the severe and pro-
longed ICD responses in vivo (Figure 1). Mechanisms include loss
of the potent ecto-NTPDase activity of LC-associated CD39, which
plays a protective role against ATP-mediated inflammation in ICD
responses (28). Taken together, our results suggest that the inflam-
matory skin manifestations in patients with AE may occur as a
result of excessive ICD responses, presumably due to aberrant ATP
release upon repeated exposure to various irritants in daily life.

According to our data, Zn deficiency decreases epidermal TGF-$1
expression and its activity in the steady state. While the signaling
via TGF-f receptor has been well defined, the homeostatic regu-
lation of TGF-f is largely obscure. So far, the best-characterized
regulator (inducer) of TGF-f expression is TGF-f itself (47), and
an autocrine production of TGF-$1 is generally required for the
homeostasis of various cell types, including LCs (48). Therefore,
signaling molecules downstream of TGF-f receptor, such as Smad
proteins, are thought to be involved in the regulation of their
TGF-B production. Since a number of Zn finger transcription fac-
tors (e.g., ZNF580) has been reported to be associated with TGF-f
signaling (49), Zn deficiency might decrease the autocrine produc-
tion of TGF-B1 in LCs and keratinocytes by multiple pathways via
those transcription factors.

The present results indicate that Zn deficiency induced the loss
of epidermal LCs. Since several lines of evidence have indicated
that TGF-B1 governs LC homeostasis (36, 50), the reduced TGF-f1
in epidermis may be, at least in part, responsible for the LC dis-
appearance. The other possible mechanism for LC depletion is
apoptosis, because several studies have suggested that Zn is an
important physiological regulator of apoptosis (51). Indeed, the
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Figure 7

Enhanced ICD in the absence of LCs. Fourteen days after treatment
with DT, langerin-DTR (LC~) and B6 (LC+) mice were applied with 5%
(mean = standard error [SE]; n = 4 and 6, respectively), 1% (mean =
SE; n =10 and 16, respectively), and 0.5% (mean + SE; n =6 and 10,
respectively) CrO on the ears and monitored for ear swelling 3, 6, 12,
and 24 hours later. Data are presented as the mean = SEM (um) and
are a representative of 3 independent experiments. *P < 0.05, between
langerin-DTR and corresponding B6 mice.

incidence of apoptosis in epidermal LCs in ZD mice was increased
in the steady state (Supplemental Figure 7A). We also found that
murine and human LCs underwent apoptosis when culcured with
TPEN ata concentration of 5 uM (Supplemental Figure 7, B and C),
while the culture condition did not induce apoptosis in keratino-
cytes (dara not shown), suggesting that LCs are more sensitive to
Zn deficiency-induced apoptosis. Taken together with the findings
that TGF-B1 has antiapoprosis effects (38, 39), our results suggest
that severe Zn deficiency may induce apoptosis in LCs through
synergy between its direct effect and the reduced TGF-$1 expres-
sion, resulting in the loss of LC networks. Additional studies are
needed to determine the impact of TGF-f1 on LC survival in vivo
and the paramount mechanism underlying LC disappearance in
ZD mice and patients with AE.

A previous study has reported that, in transgenic langerin-DTA
mice, depletion of LCs does not affect ICD responses induced
by 0.5%-2.5% sodium dodecyl sulfate or 5% BAC (41). In our
study using langerin-EGFP-DTR mice, however, the ear swelling
response to 1% and 0.5% CrO was significantly increased (Figure 7),
consistent with the previous findings that LC-associated CD39
plays a protective role against ATP-mediated inflammation in
ICD (28). Nevertheless, both langerin-DTR mice and control mice
developed a similar degree of ear swelling after application of 5%
CrO (Figure 7), as previously observed in transgenic langerin-DTA
mice (41). Since CrO induces ATP release from keratinocytes in
a dose-dependent manner (Figure 2), it is possible that an excess
ATP release in ICD in response to a high dose of CrO in vivo might
be beyond the capacity of NTPDase-dependent hydrolysis by LCs.
Alternatively, differences in irritants or depletion timing might
explain the phenotypic differences among the LC ablation mod-
els (41, 42). Furcher detailed analysis under different conditions is
needed to reveal the functions and significance of LCs in ICD.

Methods
Animals and diet. Five-week-old female BALB/c mice were purchased from
Oriental Yeast Co. Ltd. Mice were maintained under specific pathogen-
free conditions throughout this study. ZD diet was purchased from CLEA
Japan Inc. The mice were fed a powdered ZD diet or control diet from 5 to
11 weeks of age (n = 5-10 per group). Both diets were of almost the same
nutritional quality, differing only in terms of Zn content (Zn, 0.11-0.38
mg/100 g in ZD diet, 6.00 mg/100 g in control diet). Langerin-EGFP-DTR
mice on a B6 background (provided by Bernard Malissen, Université de la
Méditerranée, Aix-en-Provence, Gap and Marseille, France) express a high-
affinity human DTR in the langerin locus, as described previously (44).
After i.p. injection of 1,000 ng DT in PBS, LCs do not repopulate for at
least 4 weeks, while the number of langerin* dermal DCs in the skin recov-
ers to the basal level about 7 days after depletion by DT (44).

Patients. Biopsies were obtained from lesional skin of patients, including
those with atopic dermaritis, psoriasis vulgaris, heredicary AE (pretreat-
ment and posttreatment with oral Zn sulfate), and acquired AE. Addition-
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ally, control biopsies were obtained from healthy volunteers. The samples
were snap frozen in liquid nitrogen and stored at -80°C.

Reagents and antibodies. DNFB, CrO, BAC, EPP, TPEN, CBX, and
BAPTA-AM were purchased from Sigma-Aldrich. ZnSO4 was purchased
from Kanto Chemical Inc. FITC-conjugated anti-human HLA-DR, anti-
mouse I-Ad, and CD90 (Thy-1) mAbs and PE-conjugated anti-mouse
CD11c and I-AY mAbs were purchased from BD Biosciences. Purified
and PE-conjugated anti-human langerin mAbs were purchased from
Abcam and R&D Systems, respectively.

ACD and ICD responses. For the induction of chemically induced allergic
skin inflammation, mice were topically treated with 20 ul 0.5% DNFB dis-
solved in acetone/olive oil (4:1), which was painted onto the shaved abdo-
men at days 0 and 1. The ears were then challenged with 10 ul of 0.2%
DNEFB on the right ear and vehicle alone on the left ear on day 5. For chemi-
cally induced irritant skin inflammation, mice received topical application
of 1% CrO, 10% BAC, or 30% EPP on the right ear and vehicle alone on the
left ear. Swelling responses were quantified (right ear thickness minus left
ear thickness) by a third experimenter using a micrometer, as described
previously (28). In some experiments, potato apyrase grade VII (0.2 U/ear;
Sigma-Aldrich) was injected s.c. into the ear 10 minutes before and 1 hour
after CrO painting (28). In experiments with langerin-EGFP-DTR mice, 5%,
1% and 0.5% CrO was painted on the ears.

Quantification of ATP release from the skin and keratinocytes. ATP secretion
from skin organ culture was quantified, as previously reported (52). Skin
samples were taken from both ears immediately. s.c. fat was removed with
a scalpel, and the skin explants were prepared by being cur into 8.0-mm
circular pieces. The 2 pieces of skin from the 2 ears were floated with the
epidermis side upward in 12-well plates containing 4 ml PBS and incu-
bated on ice for 10 minutes. In some experiments, Pam-212 keratinocytes
cultured in DMEM medium containing 10% FCS, 10 mM HEPES, 0.25
ug/ml gentamicin, and 2 mM L-glutamine were pretreated with 2 uM
TPEN for 6 hours and then cultured with PBS with CrO, BAC, or EPP.
ATP concentrations in the supernatants were then quantified using the
luciferin-luciferase assay.

Preparation of epidermal cell suspensions and epidermal sheets. The ears were
removed, mechanically divided into dorsal and ventral cutaneous sheets,
and then incubated with a 0.5% solution of trypsin (type XI, Sigma-Aldrich)
in PBS for 30 minutes at 37°C to separate the epidermis from the under-
lying dermis. After removal of the loosened dermis, the epidermal sheets
were gently agitated with 0.05% DNase (DN25; Sigma-Aldrich) in PBS for
10 minurtes, and the resulting EC suspension was passed through a nylon
mesh to remove hair and stratum corneum prior to use. The viability deter-
mined by trypan blue exclusion was always more than 90% (53). For immu-
nohistological staining, epidermal sheets were prepared from ear skin by
incubation in 0.5 M ammonium thiocyanate (37°C for 20 minutes), fixed
in acetone (-20°C for 30 minutes), and rehydrated in PBS (36).

Preparation of monocyte-derived LCs. Monocyte-derived LCs were cultured
from PBMCs, as described previously (54). Briefly, monocytes were isolat-
ed by depletion of magnetically labeled nonmonocytes (Monocyte Isola-
tion Kit II; Miltenyi Biotec) from plastic-adherent PBMCs obtained from
healthy blood donors. Monocytes were cultured with 1,000 U/ml recom-
binant human GM-CSF (R&D Systems), 1,000 U/ml recombinant human
IL-4 (R&D Systems), and 10 ng/ml human platelet-derived TGF-B1
(R&D Systems) for 7 days.

Flow cytometry. Single-cell suspensions (5 x 10%) of epidermal sheets,
inguinal and axillary lymph nodes, and spleens obtained from ZA and ZD
mice (S mice per group) were stained for LCs with FITC-conjugated anti-
I-Ad and PE-conjugated anti-CD11c mAbs or for DETCs with FITC-con-
jugated anti-Thy-1 mADb for 30 minutes at 4°C. Live/dead discrimination
was performed using propidium iodide (Sigma-Aldrich). After washing,
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samples were analyzed on a FACSCalibur (BD Biosciences). Annexin V-
FITC and propidium iodide staining was carried out according to the
instructions of BD Pharmingen.

Histological examination. Tissue specimens from the ears from ZA or ZD
mice were surgically removed immediately after determination of ear swell-
ing, embedded in OCT compound (Tissue-tek), frozen in liquid nitrogen,
and stored at -80° C until use. Cryostat sections were fixed in absolute ace-
tone and stained with H&E. For immunohistochemical staining, murine
epidermal sheets were stained for LCs and DETCs with PE-conjugated anti-
I-A4 mAD or FITC-conjugated anti-Thy-1 mAb, washed, and analyzed by
fluorescence microscopy. For human skin samples, cryostat sections were
double stained with FITC-conjugated anti-HLA-DR and PE-conjugated
anti-langerin mAbs, washed, and analyzed by fluorescence microscopy.
For formalin-fixed skin samples, they were stained with anti-HLA-DR and
anti-langerin mAbs, incubated with biotinylated goat anti-mouse immu-
noglobulins, and then incubated with streptavidin-peroxidase. Reactions
were developed with aminoethylcarbazole. Sections were incubated with a
DAKO LSAB Kit, HRP (DakoCytomation) and then counterstained with
Mayer’s hemartoxylin. Positive (HLA-DR and langerin) cells were counted
at high magnification (x400) in 4 different fields, and the average number
of positive cells per field was calculated for each sample.

DNA microarray analysis. RNA was harvested using TRIzol (Invitrogen)
from epidermal sheets obrained from ZA and ZD mice 24 hours after
vehicle or CrO exposure. Preparation of cRNA and hybridization of probe
arrays (U133.2.plus) was performed according to the manufacturer’s
instructions (Affymetrix). Data were analyzed according to the MIAME
rule. The average u and SD o values of ZA and ZD mouse distributions
are (-0.049, 1.35) and (-0.041, 1.34), respectively. The accession numbers
for each chemokine gene are as follows (GenBank; http://www.ncbinlm.
nih.gov/genbank): AF065933.1 (CCL2), AF128218.1 (CCL4), AF128196.1
(CCLY), US0712.1 (CCL12), NM_011332.1 (CCLI7), AF099052.1 (CCL20),
NM_009138.1 (CCL2S), NM_020279.1 (CCL28), NM_008176.1 (CXCLI),
NM_009140.1 (CXCL2), NM_009141.1 (CXCL5), NM_008599.1 (CXCL9),
NM_021274.1 (CXCL10), and AF252873.1 (CXCL14).

Quantitative real-time PCR analysis. Murine epidermal sheets were homog-
enized in liquid nitrogen using a Mikro-Dismembrator U (Braun Biotech).
Total RNA was extracted from Pam-212 keratinocytes or homogenized epi-
dermis using ISOGEN (Nippon Gene), and cDNA was synthesized using
the SuperScript system (Invitrogen Life Technologies). Subsequently,
relative mRINA expression was determined by real-time PCR using an ABI
PRISM 5500 Sequence Detection System (Applied Biosystems) with SYBR
Green I Dye (Qiagen). Primers corresponding to mouse chemokines, TGF-
B, and G3PDH were designed by TAKARA BIO INC. Ct numbers were
derived from the exponential phase of PCR amplification. Fold differences
in the expression of gene x in the cell populations y and z were derived by
the formula 2k, where k = (Cx - CtG3PDH)y - (Cex - CtG3PDH)z.

Measurement of TGF- production and its activity in mucosa and skin. To mea-
sure TGF-P production, skin and mucosa samples were taken from the
trunk and the large or small intestine of ZA and ZD mice. The pieces of
cutaneous (1.0 x 1.0 cm?) or mucosal (100 mg) tissues were cultured with
the epithelial side upward in 24-well plates containing 2 ml RPMI medium
(Invitrogen), with 10% FCS, 10 mM HEPES, 0.25 pug/ml gentamicin, and
2 mM L-glutamine for 24 hours. TGF-B production in culture supernatants
was measured by ELISA (R&D Systems). In general, TGF-f is secreted in a
latent complex in which TGF- homodimers are noncovalently associated
with homodimers of the propeptide called the latency-associated peptide
(LAP), and the release of TGF-f from its LAP is required for binding of
TGEF- to the cellular receptors (55). To determine TGF-f activity, we used
a bioassay using MFB-F11 cells stably transfected with the reporter plas-
mid containing 12 CAGA boxes (Smad-binding element) fused to a SEAP
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reporter gene (56). Briefly, MFB-F11 cells (4 x 10% cells/well) in 96-well flat-
botrom tissue culrure plates were incubated in 50 ul serum-free DMEM
for 2 hours, and then skin culture supernatants or TGF-f (10 pg/ml) were
added in a 50 ul volume in the presence or absence of 10 uM HTS466284.
After 24 hours of incubation, SEAP activity in the culture supernatants was

measured using Gene Light 55 (Microtec).

Statistics. Significant differences between experimental groups were
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Abstract

HIV-1 carrying the “"Q151TM complex” reverse transcriptase (RT) mutations (A62V/V75/F77L/F116Y/Q151M, or Q151Mc) is
resistant to many FDA-approved nucleoside RT inhibitors (NRTIs), but has been considered susceptible to tenofovir
disoproxil fumarate (TFV-DF or TDF). We have isolated from a TFV-DF-treated HIV patient a Q151Mc-containing clinical
isolate with high phenotypic resistance to TFV-DF. Analysis of the genotypic and phenotypic testing over the course of this
patient’s therapy lead us to hypothesize that TFV-DF resistance emerged upon appearance of the previously unreported
K70Q mutation in the Q151Mc background. Virological analysis showed that HIV with only K70Q was not significantly
resistant to TFV-DF. However, addition of K70Q to the Q151Mc background significantly enhanced resistance to several
approved NRTIs, and also resulted in high-level (10-fold) resistance to TFV-DF. Biochemical experiments established that the
increased resistance to tenofovir is not the result of enhanced excision, as K70Q/Q151Mc RT exhibited diminished, rather
than enhanced ATP-based primer unblocking activity. Pre-steady state kinetic analysis of the recombinant enzymes
demonstrated. that addition of the K70Q mutation selectively decreases the binding of tenofovir-diphosphate (TFV-DP),
resulting in reduced incorporation of TFV into the nascent DNA chain. Molecular dynamics simulations suggest that changes
in the hydrogen bonding pattern in the polymerase active site of K70Q/Q151Mc RT may contribute to the observed
changes in binding and incorporation of TFV-DP. The novel pattern of TFV-resistance may help adjust therapeutic strategies
for NRTl-experienced patients with multi-drug resistant (MDR) mutations.
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Introduction

Nucleos(tjide reverse transcriptase inhibitors (NRTIs) are used

in combination with other classes of drugs for the treatment of
patients infected with human immunodeficiency virus type-1
(HIV-1). This approach is known as highly active anti-retroviral
therapy (HAART) and has been remarkably successful in reducing
the viral loads and increasing the number of CD4+ cells in
patients’ plasma. However, prolonged therapies inevitably result in
resistance to all of the available drugs. Several mutations in the
reverse transcriptase (RT) are known to cause resistance to NRTTs
through two basic mechanisms:

1)

The excision mechanism, which is based on an enhanced
capacity of RT to use adenosine triphosphate (ATP) as a
nucleophile for the removal of the chain-terminating
nucleotide from the DNA terminus. The excision reaction
products are a 5', 5'-dinucleoside tetraphosphate and an
unblocked primer with a free 3'-OH, allowing DNA synthesis
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to resume [1,2,3]. Increased excision of NRTTs is imparted by
Excision Enhancement Mutations, typically M41L, D67N,
K70R, T215Y/F, L210W, and K219E/Q (also known as
Thymidine Associated Mutations, or TAMs). Other muta-
tions have also been reported to enhance excision, including
insertions or deletions at the tip of the B3- B4 loop of the
fingers subdomain in the background of other excision
enhancement mutations [4,5,6,7,8,9,10,11].

The other mechanism of NRTT resistance is the exclusion
mechanism, which is caused when NRTI-resistance muta-
tions in R'T enhance discrimination and reduce incorporation
of the NRTI-triphosphate (NRTI-TP). This mechanism is
exemplified by the resistance of the M184V R'T' mutant to
lamivudine (3TC) and emtricitabine (FT'C)) due to steric clash
between the B-branched Val or He at position 184 and the
oxathiolane ring of the inhibitors [12,13]. Another example
of the exclusion mechanism is the multi-drug resistant (MDR)
HIV-1 RT known as Q151M complex (Q151Mc). This RT
contains the Q151M mutation together with a cluster of four
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additional mutations (A62V/V751/F77L/F116Y) [14,15].
QI151M by itself causes intermediate- to high-level resistance
to zidovudine (AZT), didanosine (ddl), zalcitabine (ddC),
stavudine (d4T), and low level resistance to abacavir (ABC)
[15,16,17] without reducing viral fitness [18,19]. Addition of
the four associated mutations increases replication capacity of
RT and results in high-level resistance to AZT, ddI, ddC, and
d4T, 5-fold resistance to ABC and low-level resistance to
lamivudine (3TC) and emtricitabine (FTC) [17,18,19,20,21].
Miller ¢t al. and Smith et al. reported a 1.8-fold and 3.6-fold
increase in resistance to tenofovir (TFV), respectively {22,23].

Biochemical studies on the mechanism of Q151Mc resistance to
multiple NRTIs have revealed that the mutations of this complex
decrease the maximum rate of NRTI-TP incorporation without
significantly affecting the incorporation of the natural nucleotides
[21,24,25]. Structurally, the Q151 residue interacts with the 3'-
OH of a normal deoxynucleoside triphosphate (ANTP) substrate
[26]. It appears that the Q151Mc mutations cause resistance to
multiple NRTTs by affecting the hydrogen bond network involving
protein side chains in the vicinity of the dNTP-binding site and the
NRTI triphosphate lacking a 3'-OH [25,26,27]. The Q151Mc set
of mutations was also reported to decrease pyrophosphate PPi-
and ATP-mediated excision [25].

K65R is another mutation near the polymerase active site that
confers NRTI resistance through the exclusion mechanism.
Specifically, K65R RT has reduced susceptibility to the acyclic
nucleotide analog, TFV and other NRTIs, including ddl, ddC,
ABC, FTC and 3TC [28,29,30,31]. Biochemical studies with
K65R RT have demonstrated that this enzyme decreases the
incorporation rate of these NRTIs [32,33,34]. The crystal
structure of K65R RT in complex with DNA and TFV
diphosphate (TFV-DP) revealed that R65 forms a molecular
platform with the conserved residue R72, and the platform
enhances the ability of K65R RT to discriminate NRTTs from
dNTPs [35]. HIV carrying the Q151Mc mutations has been
reported to be susceptible to TFV disoproxil fumarate (TFV-DF),
the oral prodrug of TFV that enhances its oral bioavailability and
anti-HIV activity [22,36]. While the K65R mutation appeared in
several patients treated for more than 18 months with TFV-DF,
no patient developed multi-NRTI resistance through appearance
of Q151Mc [37].

Here we report the identification of unique HIV clinical isolates
that have acquired the K70Q mutation in the background of
Q151Mc during TFV-DF-containing therapy. We have used a
combination of virological, biochemical, and molecular modeling
methods to derive the mechanism by which this mutation confers
resistance to TFV.

Materials and Methods

Clinical samples

HIV was isolated from fresh plasma immediately after collection
of clinical samples from study participants at the outpatient clinic
of the AIDS Clinical Center (ACC), International Medical Center
of Japan. The Institutional Review Board approved this study
(IMCJ-H13-80) and a written consent was obtained from all
participants.

Construction of recombinant clones of HIV-1
Recombinant infectious clones of HIV-1 carrying various
mutations were prepared using standard site-directed mutagenesis
protocols as described previously [38]. The NL4-3-based molec-
ular clone was constructed by replacing the pol-coding region with
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the HIV-1 BHI10 strain. Restriction enzyme sites Xma I and Ne 1
were introduced by silent mutations into the molecular clone at
positions corresponding to HIV-1 RT codons 15 and 267,
respectively [39]. Each molecular clone was transfected into
COS-7 cells. Cells were grown for 48 h, and culture supernatants
were harvested and stored at —80°C until use.

Single-cycle drug susceptibility assay

Susceptibilities to various RT inhibitors were determined using
the MAGIC-5 cells which are HeLa cells stably transfected with a
B-galactosidase gene under the control of an HIV long terminal
repeat promoter, and with vectors that express the CD4 receptor
and the CCR5 co-receptor under the control of the CMV
promoter as described previously [40]. Briefly, MAGIC-5 cells
were infected with diluted virus stock (100 blue forming units) in
the presence of increasing concentrations of RT inhibitors,
cultured for 48 h, fixed, and stained with X-Gal (5-bromo-4-
chloro-3-indolyl-B-D-galacto-pyranoside). The stained cells were
counted under a light microscope. Drug concentrations reducing
the number of infected cells to 50% of the drug-free control (ECs)
were determined from dose response curves.

Enzymes

RT sequences coding for the p66 and p51 subunits of BH10 were
cloned in the pRT dual vector, which is derived from pCDF-2 with
LIC duet minimal adaptor (Novagen), using restriction sites PpulMl
and SacI for the p51 subunit, and SacZl and Avrl] for the p66 subunit.
RT was expressed in the Escherichia coli strain BL21 (Invitrogen) and
purified by nickel affinity chromatography and Mono(Q) anion
exchange chromatography [41]. RT concentrations were deter-
mined spectrophotometrically based on absorption at 260 nm using
a calculated extinction coefficient (261,610 M ™" ecm ™). The active
site concentration of the various RT preparations was calculated as
described below.

Nucleic acid substrates

DNA oligomers were synthesized by Integrated DNA Technol-
ogies (Coralville, JA). An 18-nucleotide DNA primer fluorescently
labeled with Cy3 at the 5’ end (P1g; 5'-Cy3 GTC CCT GTIT
CGG GCG CCA-3) and a 100-nucleotide DNA template (T'gq;
5'-TAG TGT GTG CCC GTC TGT TGT GTG ACT CTG
GTA ACT AGA GAT CCC TCA GAC CCT TTT AGT CAG
TGT GGA AAA TCT CTA GCA GTG GCG CCC GAA CAG
GGA C-3') were used in primer extension assays. An 18-
nucleotide DNA primer 5'-labeled with Cy3 (Pyg; 5'-Cy3 GTC
ACT GTT CGA GCA CCA-3') and a 3l-nucleotide DNA
template (T'5;; 5'- CCA TAG CTA GCA TTG GTG CTC GAA
CAG TGA C-3") were used in the ATP rescue assay and pre-
steady state kinetic experiments.

Active site titration and determination of the dissociation

constant for DNA binding (Kp.pna)

Determination of active site concentrations in the different
preparations of WT and mutant RTs were performed using pre-
steady state burst experiments. A fixed concentration of RT
(80 nM, determined by absorbance measurements) was pre-
incubated with increasing concentrations of DNA/DNA tem-
plate/primer (T'3;/P,g), followed by rapidly mixing with a reaction
mixture containing MgCly and dATP, at final concentrations of
5 mM and 50 uM, respectively. The reactions were quenched at
various times (10 ms to 5s) by adding EDTA to a final
concentration of 50 mM. The amounts of product (P,g-dAMP)
were quantitated and fit to the following burst equation:
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where 4 is the amplitude of the burst phase that represents the RT-
DNA complex at the start of the reaction, &y, is the observed burst rate
constant for dNTP incorporation, k is the steady state rate constant,
and tis the reaction time. The rate constant of the lincar phase (£,,) can
be estimated by dividing the slope of the linear phase by the enzyme
concentration. The active site concentration and template/primer
binding affinity (Kp.pna) were determined by plotting the amplitude
(1) against the concentration of template/primer. The data were fit
using non-linear regression to a quadratic equation:

A=05(Kp+[RT|+[DNA]) —

2
\/0.25(Kp +[RT) + [DNA))’ - ([RT)[DNA)) .

where &) is the dissociation constant for the RT-DNA complex, and
[RT] is the concentration of active polymerase molecules. Subsequent
biochemical experiments were performed using corrected active site
concentrations [42,43].

Primer extension assay

To examine the DNA polymerase activity of WT and mutant
RTs and the inhibition of DNA synthesis by TFV, the primer
extension assays were carried out on the T, p0/Pig template/
primer (P15 was 5'-Cy3 labeled) in the presence or absence of
3.5 mM ATP [41]. The enzyme (20 nM active sites) was
incubated with 20 nM template/primer at 37°C in a buffer
containing 50 mM Tris-HCI, pH 7.8 and 50 mM NaCl The
DNA synthesis was initiated by the addition of 1 uM dNTP and
10 mM MgCl,. The primer extension assays were carried out in
the presence or absence of varying concentrations of TFV-DP.
The reactions were terminated after 15 min by adding equal
volume of 100% formamide containing traces of bromophenol
blue. The extension products were resolved on a 7 M urea-15%
polyacrylamide gel, and visualized by phosphor-imaging (FLA
5100, Fujifilm, Tokyo). We followed standard protocols that utilize
the Multi Gauge software (Fujifilm) to quantitate primer extension
[41,44]. The results from dose response experiments were plotted
using Prism 4 (GraphPad Software Inc., CA) and ICj5q values for
TFV-DP were obtained at midpoint concentrations.

ATP-dependent rescue assay

Template/primer (T's5,/Pyg) terminated with TFV (T/Pppy) was
prepared as described in Michailidis et al [41]. 20 nM of T/Pypy
was incubated at 37°C with HIV-1 RT (60 nM), either at various
concentrations of ATP (0-7 mM) for 30 minutes, or for various
times (0120 minutes) with 3.5 mM ATP, in RT buffer containing
50 mM Tris-HCl, pH 7.8, and 50 mM NaCl, and 10 mM MgCl,.
The assay was performed in the presence of excess competing dATP
(100 uM) that prevented reincorporation of the excised TIFV,
0.5 uM dTTP and 10 uM ddGTP. Reactions were quenched with
100% formamide containing traces of bromophenol blue and
analyzed as described above. The dissociation constants (Kg) of the
various enzymes for ATP used in the rescue reactions were
determined by fitting the rescue data at various ATP concentra-
tions, using non-linear regression fitting to hyperbola.

Kinetics of dNTP incorporation by WT and mutant
enzymes

To determine the binding affinity of WT and mutant enzymes
to the dNTP substrate (Kp.gnrp) and to estimate the maximum
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rate of AN'TP mcorporation by these enzymes (k,), we carried out
transient-state experiments using a rapid quench instrument
(RQF-3, Kintek Corporation, Clarence, PA) at 37°C in RT
buffer (50 mM Tris-HCI, pH 7.8 and 50 mM NaCl). HIV-1 RT
(50 nM active sites) was pre-incubated with 50 nM T3, /P g in one
syringe (Syringe A), whereas varying concentrations of dNTP and
10 mM MgCly were kept in another syringe (Syringe B). The
solutions were rapidly mixed to initiate reactions, which were
subsequently quenched at various times (5 ms to 10 s) by adding
EDTA to a final concentration of 50 mM. The products from
each quenched reaction were resolved, quantitated, and plotted as
described above. The data were fit by non-linear regression to the
burst equation (Eq 1).

To obtain the dissociation constant Kp_gnrp for dNTP binding
to the RT-DNA complex, the observed burst rates (k,,) were fit to
the hyperbolic equation (Eq. 3) using nonlinear regression:

Kobs = (kpot [ANTP]) /(Kp - antp + [ANTP)) (3)

where £, is the optimal rate of dNTP incorporation.

The kinetics of TFV incorporation by the WT and mutant
enzymes were carried out in a manner similar to that employed for
natural dNTP substrate except the time of reactions. It was noted
that the mutant enzymes required longer time to incorporate TFV
compared to the WT HIV-1 RT (detailed in the Results section).

Molecular Modeling

Molecular models of mutant enzymes were generated using
SYBYL (Tripos Associates, St. Louis, MO). The starting protein
coordinates were from the crystal structure of HIV-1 RT in
complex with DNA template/primer and TFV-DP (PDB file
1T05) [45]. They were initially modified by the Protein
Preparation tool (Schrodinger Molecular Modeling Suit, NY),
which deletes unwanted water molecules, sets charges and atom
type of metal ions, corrects misoriented Gln and Asn residues, and
optimizes H-atom orientations. Amino acid side chains were
substituted in by Maestro (Schrodinger, Molecular Modeling
Suite, NY). Molecular dynamics simulations of the WT and
mutant RT models were carried out to obtain the most stable
structures by Impact, interfaced with Maestro at constant
temperature, and OPLS_2005 force field. The molecular
dynamics simulations were performed for 1000 steps with
0.001 ps intervals. The temperature relaxation time was 0.01 ps.
The Verlet integration algorithm was used in simulations. The
structures were imported into Pymol (http://www.pymol.org) for
visualization and comparison.

Results

Phenotypic resistance to TFV-DF in the absence of any
known TFV resistance mutations

During phenotypic and genotypic evaluation of the clinical
isolates we identified a unique virus that exhibited an apparent
discordance between the phenotypic and genotypic results. The
clinical history of the patient and the corresponding genotypic and
phenotypic changes during the course of the therapy are
summarized in Fig. 1. (Also see Table S1). The patient’s treatment
before Feb 2002 included d4T, ddl, and EFV and did not decrease
significantly the viral loads (Fig 1A). Hence, the therapeutic
regimen was switched to TFV-DF, EFV, and the protease
inhibitor lopinavir (LPV). However, the patient’s immunological
and virological responses still did not improve due to poor
adherence, especially to LPV. Genotypic and phenotypic analyses
on March 2002 (point 1) and June 2002 (point 2) revealed
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Figure 1. Clinical course of patient and drug resistance profile.
(A) The two clinical isolates were collected from the patient at the time
points indicated by triangles. Both isolates had no known resistant
mutations in the protease region. During the period indicated by
asterisk, LPV was administrated but the patient demonstrated poor
adherence due to undesirable side effects. After instruction on the use
of antiretroviral drugs, the viral loads successfully decreased below the
detection limit (<50 copies/ml). (B) Phenotypic drug susceptibility
assays of clinical isolates in at least three independent experiments are
shown as a relative increase in ECsy, compared to HIV-1 NL4-3 strain
which served as WT (see also Table S1). (C) Mutations observed in the
isolates that are defined as the NRTI and NNRTI resistance associated
mutations deposited in the HIV Drug Resistance Database maintained
by International AIDS Society 2009 [58] and the Stanford University
(http://hivdb.stanford.edu/) were shown. Abbreviations of drugs used:
d4T, stavudine; ddl, didenosine; EFV, efavirenz; TFV-DF, tenofovir
disoproxil fumarate; LPV, lopinovir; AZT, zidovudine; 3TC, lamivudine;
ABC, abacavir; FTC, emtricitabine; NVP, nevirapine.
doi:10.1371/journal.pone.0016242.g001

resistance to multiple RT inhibitors, including NNRTIs (Fig 1B).
Resistance to all NRTIs, except AZT and FTC, was enhanced in
the point 2 isolate (Fig. 1B). Notably, this isolate showed an
increase in resistance to TFV-DF in the absence of the canonical
TFV resistance mutation (K65R) and in the presence of Q151Mc
mutations (Fig. 1C). Previously, it has been shown that Q151Mc
remains susceptible to TFV [22] although Smith et al. reported
that Q151Mc had a 3.6-fold increase in TFV resistance [23].
Suppression of the viral load was finally achieved by improvement
in drug adherence to LPV and by the addition of FTC in the
therapeutic regimen, since no protease resistance mutations were
found within the protease coding region.

To identify the mutation(s) responsible for the unexpected
resistance to TFV-DF we sequenced the entire RT coding region
at time-points 1 and 2 (Figure S1, GenBank Accession Number
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AB506802 and AB506803). Of the three substituted residues (70,
102, and 108) amino acids 102 and 108 are part of the structurally
distinct NNRTT binding pocket [46], which can mutate during
EFV-based therapeutic regimens. However, residue 70 is located
in the $3-B4 hairpin loop of the p66 “fingers” subdomain of HIV-
1 RT, which interacts with the incoming dNTP substrate [10,27].
Different mutations at this site have been previously implicated in
NRTI resistance [47], suggesting that the observed K700Q
mutation may be involved in the increased resistance to TFV-DF.

NRTI resistance enhancement by mutation at residue 70

Several mutations at position 70 of HIV-1 RT (R, G, E, T, N and
Q) have been reported to the Stanford HIV-1 Drug Resistance
Database (http://hivdb.stanford.edu/, accessed on Feb. 27" 2010).
K70Q is rarely observed in treatment-naive patients (0.04%), but
appears more often in clinical samples from NRTI-treated patients
(0.1%, p<<0.0001 compared with the frequency of K70Q in
treatment-naive patients) but not NNRTI-treated patients. Fur-
thermore, K70Q) is observed in 0.5% of the clinical samples from
patients infected with HIV-1 Q151M. There have been no previous
reports on a possible role of K70Q in NRTI resistance.

To examine the effect of K70Q on drug susceptibility we
generated a series of HIV variants with mutations at RT codon 70
(Figure 2A and also Table S2). The HIV-1g;oq variant exhibited
marginal resistance to ddI and 3TC (5- and 3.3-fold, respectively),
but no significant resistance to other NRTIs. We further examined
whether the mutations at residue 70 affect susceptibility to
NRTIs in the Q151Mc background (Figure 2B and also Table
S3). HIV-1k706/0151Mc had enhanced resistance to d4'T (4.6-fold)
as compared to HIV-1gi51mc. Notably, HIV-1x700/0151Mc also
showed enhanced resistance to ddl and d4T (2.4- and 4.4-
fold, respectively, compared to HIV-1g;simc). In addition,
HIV-1k700/0151Mmc displayed 5-fold increased resistance to TFV-
DF compared to HIV-1gsime. Other K70 mutations exhibited
little or no resistance to TFV-DF.

Primer Extension and ATP-based Rescue Assays

As mentioned earlier, a key mechanism of NRTT resistance is
the excision mechanism, which is based on the enhanced ability of
NRTTI-resistant enzymes to use ATP for unblocking chain-
terminated primers and allow for further DNA synthesis to
continue [2,3,48]. To determine whether the K70Q mutation
causes TFV resistance through the excision mechanism we
measured the susceptibility of WT and mutant RTs to inhibition
by TFV in the presence or absence of ATP. In gel-based assays, an
enhancement in excision would manifest as an increase in the
production of fully extended DNA when 3.5 mM ATP is included
in the extension reaction [49,50]. Our extension assays in the
absence of ATP (no-excision conditions) showed that addition of
the K70Q) mutation to Q151Mc HIV-1 RT enhances resistance to
TFV-DP. However, this enhancement is not influenced by the
presence of ATP (Table 1, Fig. 3A and Figure S2A). In fact,
excision enhancement due to the presence of ATP measured as
[1C50 with ATP]/[IC5q without ATP] was similar for all enzymes,
including the WT RT (from 2.7-fold to 2.9-fold for WT, K70Q),
Q151Mc, and K70Q/Q151Mc RTs) (Table 1). Using a related
type of assay, the ATP-mediated rescue assay, we compared the
rates by which the WT and mutant RT's unblock TFV-terminated
primers and extend products past the point of chain-termination.
We find that the ATP-based rescue activity of WT RT is not
slower, but 1.5-, 2.5-, and 3-fold faster than that of K70Q),
Q151Mc, and K70Q/Q151Mc RTs, respectively (Fig. 3B and
Figure S2B). In addition, the ATP-based rescue activity of WT RT
was saturated at lower concentrations of ATP than K70Q,
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Figure 2. NRTI resistance of HIVs with mutations at RT residue 70 in the background of WT or Q151Mc. Antiviral activities of HIV-1s
carrying mutations at residue 70 (K70R, K70G, K70E, K70T, K70N, or K70Q) in the WT (A) or Q151Mc (B) background were determined by the MAGIC5
assay. The data for each clone were compared to WT (A) and Q151Mc (B) HIV-1 and are shown as fold increase; AZT (red), ddl (green), d4T (cyan), 3TC
(orange), ABC (blue), and TFV-DF (purple). Error bars represent standard deviations from at least three independent experiments (see also Table 52
and S3). The asterisk indicates statistically significant in ECso values (P<<0.0001 by t-test).

doi:10.1371/journal.pone.0016242.g002

Table 1. Primer extension assay in the presence or absence of ATP.

Enzyme® ICso (NM) of TFV-DPP (fold increase®) Excision enhancement due to ATP®

WT 641283 1854197 29

K70Q 80299 2306270 2.9

Q151Mc 150390 3996341 2.7

K70Q/Q151Mc 2392353 7001+226 29

*The sequence of HIV RT WT and mutant derived from BH10.

Data are means *+ standard deviations from at least three independent experiments.

“The relative increase in ICso value compared with each HIV-1 RT WT without, or with ATP is given in parentheses. Bold indicates an increase in fold increase value
greater than 3-fold.

%Excision enhancement due to ATP is calculated as ICso with ATP/ICso without ATP.

doi:10.1371/journal.pone.0016242.1001
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Figure 3. Effects of RT mutations K70Q, Q151Mc, or K70Q/Q151Mc

on DNA primer extension activity and on ATP-based excision

activities. (A) Effect of varying concentrations of TFV-DP on the primer extension activities of HIV-1 WT and mutant RTs. The experiments were
carried out in the presence (B) or absence (A) of 3.5 mM ATP (B) Time dependence of ATP-based rescue of TFV-terminated primers. TFV-terminated
T31/P1g oligos (20 nM) were incubated with 60 nM RT and 3.5 mM ATP. The reaction mixture also included excess of competing dATP (100 uM) that

prevented reincorporation of TFV-DP and 0.5 pM dTTP, and 10 uM ddGTP tha

t allowed extension of the rescued primer by two nucleotides and chain

termination. Rescue products (WT [B], K70Q [A], Q15TMc [¥] and K70Q/Q151Mc [¢]) were analyzed at indicated time points. (C) ATP-based rescue
was dependent on concentration of ATP. Reactions were as in (B), but for 30 minutes and at varying concentrations of ATP. Rescue products at 7 mM

ATP are defined as 100% product formed.
doi:10.1371/journal.pone.0016242.g003

Q151Mec, and K70Q/Q151Mc¢ RTs (the apparent Kp atp for
WT, K700, Q151Mc and K70Q/Q151Mc were 0.4, 0.7, 2.3,
and 3.1 mM, respectively), suggesting that a better binding of ATP
may contribute to the slightly enhanced excision activity of WT
RT (Fig. 3C and Figure S2C). Collectively, these results rule out
the possibility that K70Q/Q151Mc becomes resistant to TFV
through the excision mechanism.

(). PLoS ONE | www.plosone.org

Pre-Steady Kinetic Constants for Binding and
Incorporation of dATP and TFV-DP

To determine whether the resistance by K70Q/Q151Mc is
caused by an increased preference of physiological dATP substrate
over TFV-DP, we carried out pre-steady state transient kinetic
analyses of WT, K70Q, Q151Mc, and K70Q/Q15IMc enzymes.
The kinetic constants &y 2177 and Kp.garp for WT and mutant
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enzymes are presented in Table 2 and Fig. 4 (and also in Figure
S3). The results reveal that K70Q, Ql51Mc, and K70Q/
QI5IMc RTs have increased k. q7p as well as Kp_garp. Both
QI51Mc and K70Q/Q151Mc enzymes incorporate dATP faster
than WT (17.9 and 14.6 57, respectively zs. 6.3 s7") but have a
weaker binding affinity for dATP than WT RT (5.4 and 5.0 uM,
respectively zs. 2.6 pM). Hence, the catalytic efficiency ratio of
dATP incorporation remains similar for all enzymes (kyo.qa7p/ Kp.
aarp ratios for WT, K70Q, Q151Me, and K70Q/Q151Mc were
2.4,2.2, 3.3, and 2.9 uM "5 respectively). On the contrary, a
significant change in the incorporation efficiency of TFV was
observed. The K70Q and K70Q/Q151Mc enzymes had more
than 4.5-fold reduced aflinity for TFV than the WT enzyme
(Kp.ppy values were 8.6 and 8.9 uM compared to 1.9 pM). In
addition, the turnover rates of TFV incorporation by the WT and
K70Q, enzymes were comparable (k.75 were 2.8 and 3.1 s7L
respectively). The addition of the K700Q) mutation to Q151Mc also
reduced the &y, for TFV-DP. The net eflect of these changes was a
significant reduction in the TFV-DP incorporation efficiencies of
the mutant enzymes compared to the WT enzyme Fpor-1701/
Kpoppy ratios for WT, K70Q, Q151Mc, and K70Q/Q151Mec
were 1.47, 0.36, 0.3, and 0.11 uM ™17 F respectively; Table 2).
WT RT incorporated TFV-DP most efficienty, followed by
K70Q>Q151Mc>K70Q/Q151Mc enzymes. As a direct mea-
sure of the enzyme’s ability to discriminate between the natural
dATP substrate and the TFV, we determined the “selectivity”,
defined as the ratio of efficiency of the enzyme to incorporate
dATP over TFV-DP (/C‘,,O/‘([“} “1‘1)/ KI)»(}:\']‘P/ k[m/fTI“V/ I{D-TFV)- The
selectivity values demonstrate that the K70Q/Q151Mc¢ enzyme
favors incorporation of ANTP over TFV-DP 26.3 times compared
to 1.6 times by the WT enzyme, leading to a 16.4-fold resistance to
TFV (defined as selectivity,an/ selectivityw; Table 2). This
resistance is more than twice the TFV resistance of Q151Mc and 4
times the TIFV resistance of K70Q),

Molecular modeling

Molecular dynamics simulations on the control structural
coordinates of the WT RT/DNA/TFV-DP crystal structure
[45] did not cause any significant structural changes, suggesting
that the modeling protocols do not alter the structures in ways that
are not related to the K70Q) or Q151Mece mutations. The root
mean square deviation (rmsd) between the Co atoms of the WT
structures before and after simulation was 0.1 A. Similarly, the
rmsd between the Co atoms of WT and mutant RT molecular
models were also very low (~0.1 A). Comparison of these models

Q151Mc HIV-1 RT.
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showed a significant repositioning of residue 65 in Ql151Mc/
K70Q (Fig. 5), and to a lesser extent in K70Q or Q151Mc RTs
(not shown). Additional smaller changes in the side chains of
residues 151, 70, and 72 were also observed (Fig. 5). The structure
of TFV-DP was also slightly adjusted, possibly as a result of the
changes in the surrounding residues (Fig. 5). While residue 70 is
located proximal to residue 65, and to the phosphates of the
incoming TFV-DP, it does not appear to interact directly with
these structural elements.

Discussion

We have discovered a novel HIV mutation that causes high-
level resistance to TFV-DF. We have also determined the
biochemical mechanism of this resistance. TFV-DF is a valuable
NRTTI therapeutic option for patients infected with multi-drug
vesistant Q151Mc HIV-1 [22]. We demonstrate here that
Q151Mc can acquire an additional mutation, K70Q, which
expands the multi-drug resistance to include high-level resistance
to TFV-DF. We identified this mutant during genotypic analysis of
clinical isolates from an HIV-infected patient who was not
responding to TFV-DF. The K70Q/Q151Mc set of mutations is
currently rare among HIV-infected patients. However, we believe
that similar to K65R, its prevalence will increase, as tenofovir use
continues to rise. Our virological studies with recombinant viruses
confirmed that the observed enhancement and expansion of multi-
drug resistance is the consequence of the addition of K70Q to
Q151Mc HIV. Recently, the concept of clinical cut-offs (CCOs)
has been introduced to improve the prediction of drug resistance
during antiretroviral therapies. CCOs are better correlated with
virologic response than biological cut-offls [51,52]. Importantly,
K70Q/Q151Mc is 10 dmes less susceptible to TFV-DF than WT
HIV-1, whereas the CCOs for TFV-DF is defined as a 2.1-fold
reduction in virologic response to this inhibitor. Moreover,
K70Q/Q151Mc is at least twice as resistant to TFV as the well-
known TFV-resistant K65R in the background of Q151Mc (as
reported in the Stanford HIV Drug Resistance Database).

Previous studies have offered insights into the drug resistance
mechanism of similar mutations (K70E, K70G, K70R, and
K70T). Specifically, K70E was selected in patients with virological
failure after TFV-DF-based antiviral therapy [53,54,55]. K70T
emerged in the background of Q151Mc during in vitro selection by
TFV-DF [56]. K70R is a key mutation involved in resistance to
AZT and appears in the background of other excision enhance-
ment mutations [2,3,57]. In our case, a new mutation (K70Q) was

Table 2. Pre-steady state kinetic constants for binding and incorporation of dATP and TFV-DP by WT, K70Q, Q151Mc and K70Q/

Pre-steady state kinetic constants®

Kg (uM) koor/Kg (UM ™"-s77

K70Q
QisMc
K70Q/Q151Mc

54205
5.0%0.07

14.6*1.6 29%03

1.0£0.03

0.11£0.03 263 164

bThe sequence of HIV RT WT and mutant derived from BH10.
“Selectivity is defined as (Kpor/Ka)aare/ (kpor/Kadrev-pe.

dResistance (fold) is calculated as selectivity muand/Selectivity wr.
doi:10.1371/journal.pone.0016242.t002
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“Data are means = standard deviations from at least three independent experiments.
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Figure 4. Pre-steady state kinetics of incorporation of dATP or TFV-DP by WT and K70Q/Q151Mc HIV-1 RTs. Single-nucleotide
incorporation of dATP (panels A, B, and E) or TFV-DP (panels C, D, and F) by WT (panels A, C, E, and F) and K70Q/Q151Mc (panels B, D, E, and F).
Formation of extended primer products in the reactions with WT RT and K70Q/Q151Mc RT were measured at 5 ms to 5 s time points, using the
following dATP concentrations: 0.5 (H), 1 (), 2.5 (&), 5 (*), 10 (¢), 20 (<), 50 (V) and 75 uM (+). Incorporation of TFV was measured at 0.1-10 s
reactions and at the following TFV-DP concentrations: 0.75 (H), 1.5 ((J), 3.75 (&), 7.5 (*), 15 (¢), 37.5 (<) and 75 pM (+) for reactions with WT RT
(panel C), and 1.5 ([0), 7.5 (¥), 15 (¢), 37.5 (<), 55 (V), 75 (+), 112.5 (), 150 (O) and 200 M (x) for reactions with K70Q/Q151Mc RT (panel D). (E) The
amplitudes of the burst phases from the dATP reactions shown in panels A (WT, [¢]) and B (K70Q/Q151Mc, [E]) were plotted as a function of dATP
concentrations. (F) The amplitudes of the burst phases from the TFV-DP reactions shown in panels C (WT, [¢]) and D (K70Q/Q151Mc, [E]) were
plotted as a function of TFV-DP concentrations. The solid lines in panels A, B, C, and D represent the best fit of data to the burst equation. Each point
represents the average values of three experiments.

doi:10.1371/journal.pone.0016242.g004

identified in a patient infected with Q151Mc HIV-1 during the the goal of delivering accurate, unbiased, and evidence-based

course of TFV-DF-based antiviral therapy. The International information for use by HIV clinical practitioners. In order for a
AIDS Society-USA publishes [58] every year a list of HIV-1 drug novel mutation to be accepted in the list it should meet at least one
resistance mutations compiled by a panel of experts charged with of the following criteria: 1) i witro passage experiments or
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Figure 5. Stereo view of TFV-DP in the polymerase active site of WT RT and K70Q/Q151Mc RT. WT RT residues are shown as cyan sticks,
K70Q/Q151Mc RT residues are shown as purple sticks. The primer strand is shown as dark gray sticks, template strand as light gray sticks. The fingers

and palm subdomains are shown as blue and red cartoons, respectively.

doi:10.1371/journal.pone.0016242.g005

validation of contribution to resistance by using site-directed
mutagenesis; 2) susceptibility testing of laboratory or clinical
isolates; 3) nucleotide sequencing of viruses from patients in whom
the drug is failing; 4) correlation studies between genotype at
baseline and virologic response in patients exposed to a drug. Our
study has unambiguously demonstrated that K70Q meets at least
the first three criteria: evidence for criterion #1 is shown in
Figure 2; for criterion #2 in Figures 1 and 2; and for criterion #3
in Figure 1 and Figure S1. Therefore, the K70Q) mutation meets
the criteria of a clinically relevant mutation.

In addition to the clinical and virological studies, we used
biochemical techniques to determine the mechanism of TFV
resistance imparted by the K70Q) mutation to Q151Mc RTs. We
used primer extension assays to show that K70Q/Q151Mc RT is
less susceptible to TFV-DP than WT and Q151Mc RTs. We
demonstrated that the mechanism of this resistance is not based on
excision, On the contrary, we showed that the ATP-based excision
of the mutant enzymes was slightly decreased with respect to WT
RT, possibly because of decreased aflinity of the mutant enzymes
for the ATP excision substrate, incurred by changes in the binding
environment of ATP, such as the loss of lysine at position 70.

Using transient-state kinetics we unambiguously established that
the overall mechanism of K70Q/Q151Mc resistance to TFV is
due to enhanced discrimination between the natural dATP
substrate and TFV-DP. While all mutant enzymes had compara-
ble efficiency of dATP incorporation, they displayed varying
aflinity and turnover rates of incorporation. It appears that the
stronger effect of the enhanced discrimination overcomes the slight
increase in sensitivity due to the small increase in excision. As a
result, the mutant enzymes are resistant to the inhibitor.

Mutations at position 70 of RT have been known to confer
NRTT resistance by two distinct mechanisms: K70R combined
with at least two excision enhancing mutations, D67N and T215Y,

@ PLoS ONE | www.plosone.org

enhances ATP-mediated excision of AZT and d4T [1,2,3,48]
(excision—dependent mechanism). On the other hand, K70E causes
resistance to 3TC, TFV, and ABC by lowering the maximum rate
of inhibitor incorporation by RT' (ky,-dependent exclusion mechanism)
[35]. Our results establish that in the background of Q151Mc,
K70Q causes TFV resistance through a third mechanism: by
decreasing the binding affinity of the inhibitor (Kg-dependent
exclusion mechanism). Taken together, these findings highlight the
remarkable ability of RT to use separate mutations at a single
position to acquire NRTI resistance through three different
mechanisms.

Our cell-based assays with infectious HIV-1 show that Q151Mc
remains susceptible to TFV-DF, a finding consistent with previous
reports [22]. Similarly, clinical isolates deposited at the Stanford
HIV resistance database and carrying the QQ151Mec mutation were
also susceptible to TFV-DF, unless they also had the K65R
mutation. However, pre-steady state characterization of TFV-DP
incorporation by Q151Mc in this work (Table 2) and by others
[59] showed that Q151 Mc is less susceptible to TFV-DP than WT
RT. This small discrepancy may be the result of potential
differences in DNA-dependent and RNA-dependent DNA
synthesis, or the result of the slightly increased excision of
Q151Mc RT compared to WT RT (Fig. 3B and Q).

To gain insights into the possible structural changes caused by
the addition of K70Q to Q151Mec, we compared the molecular
model of K70Q/Q151Mc RT/DNA/TFV-DP with the crystal
structure of WT RT/DNA/TFV-DP [45] (Fig. 5). The network of
hydrogen bonds involving the side-chains of K65, R72, and Q151
in the WT structure [26,27,54], is disrupted in the mutant
structure. Also, Q151M and associated mutations A62V, V751,
and F77L are likely to modify the hydrophobic core of the fingers.
We and others have previously shown that the side-chains of
residues 72 and 65 interact with each other [35] and with Q151
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and the o- and y-phosphates of the incoming dNTP [26] or TFV-
DP [45]. The functions of these residues have been established by
several biochemical studies [21,25,60,61,62,63]. The reduction in
polymerase rate (k) and in binding affinity for TFV-DP
(increased Kyrpyv.pp) may be the consequence of one or more
such structural changes. Our molecular dynamics simulation
experiments suggested a re-arrangement in the position of the side
chain of K65, which is a catalytically important residue. While the
precise effect of this change is not clear at this point, such changes
could influence the overall binding of the substrate and/or the rate
of nucleotide incorporation. Moreover, such movement of K65 in
the presence of a mutation at position 70 is consistent with our
previously reported crystallographic data, which established that
there is an interplay between the positioning of the side chains at
positions 70 and 65 [64]. Ongoing crystallographic studies are
expected to provide more detailed structural insights into the role
of K70Q) in drug resistance.

In summary, we report here clinical data showing that addition
of the K70Q mutation to the Q151Mc background confers high-
level HIV resistance to TFV-DF and enhances resistance to other
NRTIs. The biochemical mechanism of the TFV resistance is
based on reduced binding affinity and incorporation of TFV-DP.
Detection of this novel pattern of TFV-DF resistance may help
adjust therapeutic regimens for the treatment of patients infected
with multi-drug resistant HIV-1.

Supporting Information

Figure S1 Amino acid sequence alignment of the RT regions
(amino acid 32 to 560) of the clinical isolates at time points 1 to 2
(see Figure 1A).

DOC)

Figure S2 Effects of RT mutations K70Q, Q151Mc, or K70Q/
Q151Mc on DNA primer extension activity and on ATP-based
excision activities. (A) Effect of varying concentrations of TFV-DP
on the primer extension activities of HIV-1 WT and mutant RTs.
The experiments were carried out in the presence and absence of
3.5 mM ATP (marked as ATP (+) and ATP (—), respectively).
Addition of ATP in the polymerization mixture allows measure-
ment of the net sum of DNA polymerization and ATP-based
excision activities. (B) Time dependence of ATP-based rescue of
TFV-terminated primers. (C) ATP-based rescue was dependent on
concentration of ATP.

(PPTX)
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