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Autophagy induction
by tetrahydrobiopterin deficiency
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Tetrahydrobiopterin (BH,) deficiency is a genetic disorder associated with a variety of metabolic syndromes such as
phenylketonuria (PKU). In this article, the signaling pathway by which BH, deficiency inactivates mTORC1 leading to the
activation of the autophagic pathway was studied utilizing BH,-deficient Spr’- mice generated by the knockout of the
gene encoding sepiapterin reductase (SR) catalyzing BH, synthesis. We found that mTORC1 signaling was inactivated
and autophagic pathway was activated in tissues from Spr’- mice. This study demonstrates that tyrosine deficiency
causes mTORC1 inactivation and subsequent activation of autophagic pathway in Spr’- mice. Therapeutic tyrosine
diet completely rescued dwarfism and mTORCT inhibition but inactivated autophagic pathway in Spr”- mice. Tyrosine-
dependent inactivation of mMTORC1 was further supported by mTORC1 inactivation in Pah®"? mouse model lacking
phenylalanine hydroxylase (Pah). NIH3T3 cells grown under the condition of tyrosine restriction exhibited autophagy
induction. However, mTORC1 activation by RhebQ64L, a positive regulator of mTORC1, inactivated autophagic pathway
in NIH3T3 cells under tyrosine-deficient conditions. In addition, this study first documents mTORC1 inactivation and

autophagy induction in PKU patients with BH, deficiency.

Introduction

Tetrahydrobiopterin (BH,) is an obligatory cofactor for aromatic
amino acid hydroxylases including phenylalanine hydroxylase
(PAH), tyrosine hydroxylase (TH) and tryptophan hydroxylase
(TPH) as well as three forms of nitric oxide synthases (NOS)."?
BH, is synthesized through de novo biosynthesis and the sal-
vage pathway. BH, is synthesized from GTP through sequen-
tial enzymatic reactions mediated by GTP cyclohydrolase I
(GTPCH), 6-pyruvoyl-tetrahydropterin synthase (PTPS) and
sepiapterin reductase (SR). Through the salvage or regenera-
tion pathway, BH, is regenerated from preexisting dihydropter-
ins by dihydrofolate reductase (DHFR) and dihydropteridine
reductase (DHPR).! Mutations in enzymes associated with BH,
homeostasis cause BH, deficiency, a metabolic disorder asso-
ciated with symptoms of phenylketonuria (PKU), especially
BH,-responsive PKU as well as neurodegenerative diseases such
as Parkinson disease.”® Untreated cases of BH,-responsive PKU
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have been reported to be generally accompanied by a signifi-
cant reduction in height and weight growth and microcephaly.”
Since BH, is required for the biochemical reactions catalyzed by
TH or TPH,*>'° BH, deficiency in cerebrospinal fluid has been
shown to cause profound neurological impairments associated
with deficit of neurotransmitters dopamine or serotonin. BH,
deficiency also creates a situation whereby NOS is impaired and
generates superoxide.">"" Thus, BH, deficiency is also respon-
sible for the oxidative stress associated with many neurological
features.

mTORCI is an evolutionarily conserved Ser/Thr protein
kinase complex that is a central controller of cell proliferation,
cell size and cell cycle.!*" mTORCI activity is believed to
upregulate anabolic cellular processes such as protein synthesis
and ribosome biogenesis, but to downregulate catabolic pro-
cesses such as autophagy.’" Regulation of mTORCI activity
is mediated by growth factors, energy status and amino acid
signaling. Insulin and other growth factors activate mTORCI1
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through the activation of phosphatidylinositol-3-kinase (PI3K)
and its downstream signaling molecule Akt. Energy status can
also regulate mTORCI activity through AMP-activated pro-
tein kinase (AMPK), which is activated by a high ratio of AMP
to ATPD. Activated AMPK phosphorylates and activates TSC2,
a negative regulator of mTORCI, leading to the downregula-
tion of mTORCI activity."*"® Amino acids are important acti-
vators of mTORCI but the mechanism by which amino acids
signal to mTORCI activation is largely unknown. Amino acid-
dependent control of mTORCI seems to be mediated by class
III phosphatidylinositol-3-kinase (PI3K class III, also known as
Vps34).2 Although the signal pathways between Vps34 and
mTORCI remain to be clarified, there are studies indicating that
the amino acid signal is propagated through the Vps34/PDK1/
PRAS40 pathway. Based on the loss of leucine effect in Pdk’”
mice, Sanchez Canedo et al.?* have proposed the ample require-
ment of PDKI in amino acid-dependent activation of mTORCI.
PDKI1 could stimulate mTORCI through the activation of AGC
kinases, Akt, SGK and PKC leading to the inactivation of pro-
line-rich Akt substrate 40 (PRAS40), an inhibitor of substrate
binding to mMTORC1.%* Recently, Ras-related small GTP bind-
ing proteins, Rag GTPases, have emerged as important inter-
mediate partners through which amino acid signaling regulates
mTORCI function.’®?” Work by Sancak et al.?® has proposed
that the colocalization of Rag GTPases with mTORCI at the
lysosomal membrane is important for mTORCI activation by
amino acid signaling.

Amino acid signaling is also known to be important for the
activation of autophagic pathway. Under amino acid starvation
conditions, mTORC1 directly binds to the ULKI-mATGI13-
FIP200 complex, a signaling complex that mediates autophagic
vesicle formation.?”* Amino acid starvation induces autophagy
(macroautophagy) in order to provide an internal source of nutri-
tion that can support cellular energy production or biosynthesis
through the degradation process.’® In this study, we estab-
lished that mTORCI inactivation by BH, deficiency activates
autophagic pathway in cultured cells and experimental mice.
Inactivation of mTORCI and subsequent induction of auto-
phagy by BH, deficiency was confirmed in human patients with
BH,-responsive PKU.

Results

mTORCI inactivation and subsequent induction of autophagy
in BH,-deficient Spr’~ mice. The biochemical mechanism by
which BH, deficiency induces autophagy was investigated in
BH,-deficient Spr/~ mice generated through the knockout of Spr
gene encoding SR that catalyzes the final step of BH, synthesis.’
Autophagy was assessed by detecting the conversion of LC3-I into
LC3-1I1, a hallmark of autophagy, in tissues of brain, liver, muscle
and lung from BH,-deficient Spr'~ mice. Levels of LC3-II were
markedly increased in these tissues from Spr’" mice compared
with those from Spr*/* mice. Since autophagy is primarily regu-
lated by mTORCI signaling, mTORCI activity was evaluated
by monitoring its ability to phosphorylate S6K. Cellular levels
of S6K in tissues of brain, liver, muscle or lung were the same as
those in Spr** mice. However, the phosphorylation state of S6K
at Thr389 was inhibited in Spr’- mice (Fig. 1A and B). Electron
micrographs, indicating the formation of autophagic vesicles in
liver cells from Spr/~ mice, confirmed the induction of the auto-
phagy in Spr’ mice (Fig. 1C). We then evaluated the role of
mTORCI signaling in controlling cell size in livers of Spr”’" mice
in which mTORCI activity was suppressed. Liver cells from Spr"-
mice were considerably reduced in size compared with those from
Spr** mice (Fig. 1D and E). To test whether mTORCI activity
in BH,-deficient Spr” mice was modulated by Akt or AMPK,
each of which has emerged as an important upstream regulator of
mTORCI, levels of phosphoylated Akt or AMPK in tissues from
Sprt'* or Spr'- mice were measured. Levels of Akt and AMPK in
tissues from Spr’~ mice did not differ from those in Spr*/* mice. If
mTORCI is to be inactivated in Spr’~ mice by its positive regula-
tor Ak, activation phosphorylation of Akt should be inhibited in
Spr’~ mice. However, our data indicate that Akt phosphorylation
is activated in Spr’" mice. If mMTORCI is to be inactivated by
its negative regulator AMPK, the level of phosphorylated AMPK
should be elevated in Spr’~ mice. But we found that the levels of
phosphorylated AMPK were not substantially enhanced in Spr"-
mice and thereby cannot account for the inhibition of mTORCI1
in Spr’”” mice (Fig. 1F and G).

Tyrosine paucity induces autophagy in BH,-deficient
Spr" mice. Since BH, function is required for PAH, which

Figure 1 (See opposite page). Autophagy induction in BH,-deficient Spr” mice. (A) Inactivation of mTORC1 and induction of autophagy in Spr” mice.
Tissue homogenates from 25-d-old Spr/* or Spr’- mice fed a normal diet were analyzed by protein gel blotting to examine the phosphorylation status
of S6K and the conversion of LC3-1 into LC3-Il. (B) Relative band intensities in protein gel blot in (A) were quantified by using ImagelJ software and the
ratio of phosphorylated S6K (p-S6K) to S6K or LC3-Il to LC3-1 was presented. The ratio of band intensities of p-S6K/S6K in each tissue from Spr’* mice
was individually set to 1.0 (upper). The ratio of band intensities of LC-11/LC3-1 in tissues from Spr/* mice was set to 1.0 (bottom). Values were means +
SD (n = 3 experiments). Statistical significance was determined by Student’s t-test, *p < 0.05, compared with Spr’* mice. (C) Representative electron
micrographs show the formation of autophagic vesicles in liver cells from 25-d-old Spr” mouse. Scale bars represent 2 um. (D) Representative example
of liver cells from Sprt* or Spr- mice indicating reduced cell size in Spr”- mice. Liver sections from 25-d-old Spr*/* (left) or Spr” (right) mice were stained
with hematoxylin and eosine (H&E). Scale bars represent 20 um. (E) Average number of cells in 10 randomly selected areas (100 pm x 100 pwm) was
presented. Statistical significance was determined by Student’s t-test. Values represent means + SD **p < 0.01, compared with Spr’* mice. (F) Dispens-
able role of BH, deficiency on the activity of Akt or AMPK. Levels of Akt, AMPK, and their phosphorylated forms in livers and muscles from 25-d-old
Spr- mice fed a normal diet were compared with those in Spr/* mice. The activation of Akt or AMPK was evaluated by examining the phosphorylation
status of Akt at Ser473 or AMPK at Thr172 by protein gel blotting. (G) Relative band intensities in protein gel blot in (F) were quantified and ratios of
p-Akt/Akt and p-AMPK/AMPK in the liver or muscle from Sprt+ or Spr- mice were determined. The ratio of band intensities of p-Akt/Akt or p-AMPK/
AMPK in tissues from Spr*’* mice was respectively set to 1.0. Values represent means + SD (n = 3 experiments). #,0.1 < p < 1.0.
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Figure 1. For figure legend, see page 1324.

converts phenylalanine into tyrosine, and amino acid availability
is critical for the control of mMTORCI activation, it was neces-
sary to determine whether tyrosine deficiency in BH,-deficient
mice interferes with mTORCI activity, resulting in the subse-
quent induction of autophagy. First, we attempted to show that
BH, deficiency leads to mTORCI inhibition due to tyrosine
deficiency in Spr’- mice. Concentrations of phenylalanine and
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tyrosine in livers from Spr’~ mice were compared with those from
control Spr*"* mice. In accordance with the previous report in
reference 5, phenylalanine levels in livers from Spr’~ mice were
much higher than levels found in control Spr** mice, while levels
of tyrosine were fairly reduced in livers from Spr/- mice (Fig. 2A).
A causative correlation between tyrosine deficiency and growth
retardation in Spr’" mice was also investigated. We examined
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whether dietary tyrosine supplementation can rescue growth
retardation in Spr'~ mice. For tyrosine replacement therapy, new-
born Spr’~ mice were pretreated with BH, by daily oral admin-
istration of a ‘high dose of BH, as indicated in Materials and
Methods. All 35-d-old Spr’~ mice fed a normal diet displayed
conspicuous growth retardation. Rescue of Spr’ mice with BH,
supplementation was also performed as a positive control experi-
ment as previously described in reference 5. Considerable weight
gain was observed in Spr’" mice that received tyrosine replace-
ment therapy. The average body weight of Spr’~ mice fed a thera-
peutic tyrosine diet was not statistically different from that of
Spr** mice fed a normal diet. Although leucine is an important
amino acid affecting mTORCI signaling,** no body weight gain
was observed in Spr’- mice fed a leucine-rich diet. Our data reveal
that Spr’ mice are rescued from growth retardation specifically
by tyrosine supplementation (Fig. 2B and C). Knowing that
mTORCI is inactivated in Spr’~ mice with dwarfism, we exam-
ined whether mTORCI activity is restored in rescued Spr”'" mice
after tyrosine replacement therapy. Activities of mMTORCI in tis-
sues of liver and muscle from Spr’" mice were restored almost
completely by tyrosine replacement therapy. Together with the
activation of mTORCI, levels of LC3-II in tissues from Spr”
mice were diminished by tyrosine replacement therapy. In order
to ascertain that mTORCI activity in Spr/" mice is specifically
restored by tyrosine supplementation, we compared the effect of
leucine supplementation with that of tyrosine supplementation in
Spr'- mice. Neither the level of phosphorylated S6K nor lipidated
LC3-II was affected by leucine supplementation in Spr’~ mice
(Fig. 2D and E).

Activation of autophagic pathway in Pah*? mice. A genetic
mouse model of PKU (Pah?) developed in the C57BL/6 back-
ground strain was employed to ascertain the induction of auto-
phagy as well as mTORCI inhibition by tyrosine deficiency. The
Pah™? mice have a mutation in the gene for PAH in exon 7. In
Pah™? mouse, PAH activities are minimal in the liver resulting
in increased phenylalanine concentration but decreased tyrosine
3637 In the current study, Pah™* mice
fed a normal diet exhibited significant growth retardation com-
pared with the wild-type control (Fig. 3A and B). Activities of
mTORCI in tissues of liver or muscle were severely downregu-

concentration in the brain.

lated; however, the autophagic pathway was activated as assessed
by the conversion of LC3-I into LC3-II in Pah*™? mice with
impaired PAH activity (Fig. 3C and D).

Dispensable role of phenylalanine excess on mTORC1 inac-
tivation and autophagy induction in NIH3T3 cells. BH, defi-
ciency creates a metabolic situation characterized by an excess of
phenylalanine and tyrosine paucity. The effect of tyrosine or phe-
nylalanine availability on autophagy induction and mTORCI1
function was investigated in NIH3T3 mouse fibroblasts. Cells
were grown in media containing an excess amount of phenylala-
nine, or in media lacking tyrosine. Data in Figure 4A and B dem-
onstrate autophagy induction as well as mMTORCI inactivation in
NIH3T3 cells grown under tyrosine restriction. Phosphorylation
of S6K was inhibited but the conversion of LC3-I into LC3-II
was increased in NIH3T3 cells grown under tyrosine limitation.
The result showing the absence of an effect of phenylalanine
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excess on autophagy induction in NIH3T3 cells grown in media
containing 4.0 mM phenylalanine (normal growth medium
contain 0.4 mM phenylalanine) also supports our notion that
mTORCI inactivation followed by autophagy induction in BH,-
deficient Spr’~ mice is mediated by tyrosine deficiency, but not by
phenylalanine excess. Additionally, ultrastructural analysis shows
the accumulation of autophagic vesicles in NIH3T3 cells grown
under tyrosine deficiency for 24 h (Fig. 4C). The important
role of tyrosine availability in the activation of the autophagic
pathway was further stressed by the accumulation of autophagic
vesicles in NIH3T3-GFP-LC3 cells stably expressing GFP-LC3.
Ectopically-expressed GFP-LC3 accumulated in autophagic
vesicles was imaged by fluorescent microscopy and quantified
(Fig. 4D and E).

Inactivation of autophagic pathway by constitutively active
Rheb in NIH3T3 cells grown under tyrosine deficiency. Since
mTORCI is an important negative regulator of autophagy,'***
we examined whether autophagic pathway induced by tyro-
sine deficiency could be inactivated by mTORCI activation.
NIH3T3 cells were cotransfected with FLAG-RhebQ64L, a
constitutively active mutant of Rheb, GFP-LC3 and HA-S6K.
At 16 h after transfection, culture media were replaced with
fresh DMEM or tyrosine-deficient media (-Tyr). Cells were then
further incubated for 24 h. Ectopic expression of RhebQ64L
strongly induced the phosphorylation of HA-S6K and suppressed
the conversion of GFP-LC3-I into GFP-LC3-II in cotransfected
NIH3T3 cells growing under tyrosine-deficient conditions
(Fig. 5A and B).

Activation of autophagic pathway in BH,-responsive PKU
patients. We tested the hypothesis that mTORCI-dependent
autophagic pathway is activated in patients with BH,-deficiency.
The phosphorylation of S6K in lymphocytes from untreated
patients (Patient #1 and #3) was severely suppressed while levels
of lipidated LC3-II were elevated. However, mTORCI activi-
ties were recovered along with the inactivation of autophagic
pathway in BH,-responsive PKU patients (Patient #2 and #4)
who received regular BH, treatment (400 mg/day) (Fig. 6A
and B). Since lymphocytes from two untreated BH,-responsive
PKU patients (Patient #1 and #3) revealed diminished levels of
tubulin along with insufficient levels of S6K, we used actin as
a loading control instead of tubulin to measure the phosphory-
lation of S6K in lymphocytes. An independent experiment was
performed to test whether the reduced phosphorylation of S6K
merely represents insufficient levels of S6K in Patients #1 and #3.
A larger amount of lysate from Patient #1 (250 ug protein) than
the amount of lymphocyte lysate protein from a healthy control
(Normal #1, 50 g protein) was subjected to protein gel blotting
to determine the level of phosphorylated S6K using tubulin as a
loading control. Although the lymphocytes lysate from Patient
#1 contained much larger amount of S6K than Normal #1, the
level of phosphorylated S6K was much lower in lymphocytes
from Patient #1 than Normal #1, indicating a marked inacti-
vation of mTORCI in BH,-responsive PKU patients (Fig. 6C
and D). Therefore, our data conclude that activities of mMTORCI
were severely suppressed stimulating the induction of autophagy
in Patients #1 and #3 affected by BH, deficiency.
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Figure 2. Tyrosine deficiency causes autophagy induction following mTORC1 inactivation in Spr’- mice. (A) Concentrations of liver phenylalanine and
tyrosine in 25-d-old Spr’* or Spr’- mice (n = 5 for each genotype). Data represent means + SD, **p < 0.01, compared with Spr* mice. (B) Weight gain of
35-d-old experimental mice. Newborn Spr” mice were pretreated with ‘high dose of BH,' as described in Materials and Methods. For a control experi-
ment, Spr’- mice were fed a normal diet (ND) with or without BH, solution (+BH,) for an additional 10 d. For replacement therapy, therapeutic tyrosine
diet (+Tyr) or leucine diet (+Leu) was prepared as described in Materials and Methods. Spr”- mice were fed a tyrosine or leucine supplemented diet for
10 d under ad libitum conditions. (C) Effects of tyrosine replacement therapy on weight gain of Spr’”- mice (n = 5 for each genotype per experimental
group). Each experimental mouse was weighed before and after replacement therapy for 10 d. Data represent means + SD, **p < 0.01. ***p < 0.001,
compared with body weight of Spr’* mice fed a normal diet, one-way analysis of variance (ANOVA), #, 0.1 < p < 1.0. (D) Dietary tyrosine supplementa-
tion increases mTORC1 activity with subsequent inactivation of autophagic pathway in Spr”- mice. Tissue homogenates from 35-d-old Spr** or Spr”-
mice fed a normal diet, therapeutic tyrosine or leucine diet were analyzed by protein gel blotting to examine the phosphorylation of S6K and the
conversion of LC3-l into LC3-Il. (E) Band intensities of protein gel blot in (D) were quantified and ratios of p-S6K/S6K and LC3-1I/LC3-| were determined
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tively set to 1.0. Values represent means + SD, *p < 0.05.
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Discussion

BH, is present in most mammalian tissues and cells. Impaired BH,
homeostasis affects hydroxylations of aromatic amino acids and
influences various neurological functions. Here, we first report the
induction of mMTORCI-dependent autophagy in BH, deficiency.
The crosstalk between BH, function and mTORCI-depen-
dent autophagy was sought in BH,-deficient Spr’ mice. We
found that mTORCI inactivation and subsequent activation of
autophagy in Spr’" mice are attributable to tyrosine deficiency.
Amino acid starvation not only inactivates mTORCI signaling
but also induces autophagy to provide an internal source of nutri-
tion that supports cellular energy production and biosynthesis
through the degradation of self-cellular proteins.*>** Enhanced
levels of lipidated LC3-II were observed in tissues from Spr'~ mice
(Fig. 1A). In addition, electron micrographs indicate autophagic
vesicle formation in livers of Spr/~ mice (Fig. 1B). We evaluated
the effect of mTORCI inhibition on cell size in BH,-deficient
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Spr’~ mice since mTORCI1 signaling functions as a positive regu-
lator of cell growth and size.”’ A significant reduction in cell size
in the liver from Spr’~ mice strongly supports the functional link
between mTORCI inactivation and BH, deficiency (Fig. 1D and
E). The mechanism involved in mTORCI inactivation by BH,
deficiency has not yet been proposed. Studies have demonstrated
that PI3K/Akt pathway is a predominant upstream signal path-
way that regulates mMTORCI activation.”” However, it is unlikely
that BH, deficiency inactivates mTORCI signaling through the
inactivation of PI3K/Akt pathway since PI3K/Akt pathway was
not at least inhibited in BH -deficient Spr'~ mice as assessed by
the phosphorylation of Akt. Neither AMPK appear to participate
in the inactivation of mMTORCI by BH, deficiency in this mouse
model because AMPK activity assessed by the phosphorylation of
AMPK was not enhanced enough to account for the inhibition
of mMTORCI in tissues from Spr"- mice. Thus, these observations
predict that mTORCI inactivation in Spr’~ mice is not mediated
by the modulation of Akt or AMPK (Fig. 1F and G).
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of autophagy in NIH3T3 cells grown in tyrosine-deprived DMEM for 24 h. Scale bars represent 2 um. (D and E) NIH3T3-GFP-LC3 cells stably expressing
GFP-LC3 were incubated in DMEM, tyrosine-restricted media, DMEM containing excess amount of phenylalanine (4.0 mM) or tyrosine-restricted media
containing 4.0 mM phenylalanine for 24 h. Accumulation of GFP-LC3 was visualized by fluorescent microscope and quantified. Combined results from
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The data in Figure 2 imply that mTORCI inactivation and  growth retardation of Spr’~ mice with dwarfism has been shown

subsequent autophagy induction in BH,-deficient Spr’~ mice
are mediated by the limited availability of tyrosine. Discernible
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to be rescued by tyrosine supplementation (Fig. 2B and C).
Tyrosine replacement therapy restored mTORCI activity along
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grown in complete media were transiently cotransfected with Flag-RhebQ64L (0.8 .g), GFP-LC3 (0.1 png) and HA-S6K (0.1 g). At 16 h after transfection,
culture media were replaced with fresh DMEM or tyrosine-deficient media (-Tyr) and incubated for additional 24 h. The phosphorylation of ectopically
expressed S6K (HA-S6K) and conversion of GFP-LC3-1 into GFP-LC3-Il were examined by protein gel blotting. (B) Band intensities were quantified and
the ratio of p-S6K/S6K or LC3-11/LC3-I was shown. (n = 3 experiments). Values represent means + SD, *p < 0.05.

with the weight gain in Spr’~ mice. The important role of tyrosine
availability on autophagic pathway, which is negatively regulated
by mTORCI signaling, was illustrated by results showing the res-
toration of mTORCI activity after tyrosine replacement therapy
(Fig. 2D and E). How mTORCI signaling is wired to pathways
that determine the size of animals and organs are the least known
aspect of mTORCI signaling. However, there are several lines
of evidence that support the role of mMTORCI in regulating the
whole-body size of animals and organs. Treatment of experimen-
tal mice with rapamycin, a known mTORCI inhibitor, has been
shown to reduce heart size and body mass.*"*> Although leucine
deprivation in growth media has been known to be highly inhibi-
tory to mTORCI activity in cultured mammalian cells,*® supple-
mentation with a high dose of leucine affects neither mTORCI
activity nor the weight gain in Spr’ mice (Fig. 2B-E). The
inactivation of autophagic pathway by tyrosine supplementation
(Fig. 2D and E) indicates that tyrosine deficiency induces signals
that activate the autophagic pathway in BH,-deficient Spr’~ mice,
suggesting an interplay between BH, deficiency and autophagy
induction.

Our notion that tyrosine deficiency activates autophagic
pathway by inactivating mTORCI signaling in BH,-deficient
Spr'- mice was also examined in a genetic mouse model of PKU
(Pab™?). The inactivation of mTORCI and growth retardation
in Pap™? mice lacking the ability to convert phenylalanine into
tyrosine strongly support that the induction of autophagy by the
inactivation of mTORCI in Spr’" mice is mediated by tyrosine
paucity (Fig. 3). However, a high level of phenylalanine inter-
feres with neither mTORCI function nor autophagic pathway in
Spr'- mice because the phosphorylation of S6K and the conversion
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of cytoplasmic LC3-I into lipidated LC3-II in NIH3T3 cells
grown in media containing high concentration of phenylala-
nine was virtually the same as in cells grown in normal complete
media (Fig. 4). The important role of mMTORCI inactivation in
the activation of the autophagic pathway by tyrosine paucity was
evidenced in NIH3T3 cells overexpressing constitutively active
mutant of Rheb, RhebQ64L. The autophagic pathway was
inhibited when mTORCI activity was enhanced by RhebQ64L
in NIH3T3 cells under tyrosine-deficient conditions (Fig. 5).
BH, has been known to exert proliferative activities in cul-
tured murine cells.®* Signaling through mTORCI has been
regarded as a central regulator of cell growth by controlling the
protein synthetic machinery in mammalian cells.!*" Decreased
concentration of BH, in the cerebral spinal fluid has been
documented in many neurological diseases such as Parkinson
and Alzheimer disease.**® Recent studies have disclosed that
mTORCI activities are modified in these neurodegenerative
disorders.” The present study confirms that tyrosine paucity
resulting from BH, deficiency causes mTORCI inactivation fol-
lowed by the induction of autophagy in experimental mice and
reports that the mTORCI-dependent autophagic pathway is acti-
vated in BH,-responsive PKU patients. There are two types of
BH,-responsive PKU patients; those with reduced binding affin-
ity to BH, due to mutations in PAH gene and those with defects
in BH, metabolism.”” The plasma concentration of phenylalanine
is elevated in both types of BH,-responsive PKU patients.>”" In
Figure 6, we explored a hypothesis that the failure to convert phe-
nylalanine to tyrosine and low birth weight in patients with BH,
deficiency”” might correlate with the inactivation of mTORCI
signaling and activation of autophagic pathway. Lymphocytes
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Figure 6. Downregulation of mTORC1 activates autophagic pathway in BH,-responsive PKU patients. (A) Levels of phosphorylated S6K and LC3-Il in
lymphocytes from BH,-responsive PKU patients with BH, deficiency left untreated (Patient #1 and #3) or treated with 400 mg/day BH, (Patient #2 and

ratios of p-S6K/S6K and LC3-1l/actin were determined. Values represent means + SD (n = 3 experiments). *p < 0.05. #, 0.1 < p < 1.0. (C) Levels of S6K and

protein from BH,-responsive PKU patient (Patient #1). (D) Band intensities were quantified and the ratio of p-S6K/S6K or LC3-II/LC3-lin PKU patient was
compared with that in normal control. Values represent means + SD (n = 3 experiments). *p < 0.05.

ncy, Patient #3: DHPR deficiency. (B) Band intensities were quantified and

Id (Normal #1) were compared with those in 250 pg of lymphocyte lysate

from BH,-responsive PKU patients with a high level of plasma
phenylalanine (>400 pwmol/L) contained insufficient amounts of
S6K and phosphorylated S6K. Interestingly, diminished levels of
tubulin were also observed in lymphocytes from BH,-responsive
PKU patients. Since the inactivation of mMTORCI signaling path-
way also promotes the subsequent activation of the autophagic
pathway in PKU patients with BH,-responsiveness, it is likely
that cells in patients with BH, deficiency degrade the principal
component of cytoskeleton such as tubulin. Janelidze et al.** have
previously shown that the level of S6K protein in brain tissue
from rats was decreased along with the suppression of mTORCI1
activity during focal ischemia. Decreased levels of tubulin were
also reported in mouse embryonic fibroblast cells after incubation
in media deprived of growth factors and amino acids.® The phos-
phorylation of S6K by mTORCI activation and LC3 conversion

by autophagy induction in patients with BH,-deficient PKU
were measured using actin as a loading control (Fig. 6A). We also
noticed that mTORCI activity was restored and the autophagic
pathway was inactivated in BH,-responsive PKU patients treated
with BH,. An independent experiment was performed to assess
the possibility that the decreased levels of phosphorylated S6K
in BH,-responsive PKU patients are attributable to the dimin-
ished S6K substrate levels. The result in Figure 6C and D reveals
that both the level of S6K substrate and the activity of mTORCI1
to phosphorylate S6K were seriously reduced in BH,-responsive
PKU patients.

There have been studies emphasizing the potential role of
tyrosine deficiency in the causation of mental retardation in
maternal PKU.*” Low concentrations of tyrosine in both the
fetus and pregnant mother have been implicated as an important
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factor in fetal damage in maternal PKU.>* In fact, treatment of
pregnant PKU patients with tyrosine has been reported to exhibit
some alleviation of the symptoms.”® Our study demonstrating the
activation of autophagic pathway by mTORCI inactivation in
PKU-affected patients with BH, deficiency may provide some
additional insight into therapeutics that could be used to improve
the symptoms of diseases associated with BH, deficiency.

Materials and Methods

Materials and growth media. BH,-2HCl (11.212-5) was
obtained from Schircks Laboratories. L-DOPA (D9628),
5-hydroxytryptophan (H9772), carbidopa (C1335), ascorbic
acid (A4544), N-acetyl-L-cysteine (A8199), L-tyrosine (T3754),
L-leucine (L8912), L-phenylalanine (P5482), L-glutamine
(G8540) and anti-a-tubulin antibody (T5168) were pur-
chased from Sigma. Anti-phospho-S6K (Thr389) (#9234),
Anti-phospho-Akt (Ser473) (#9271), anti-Akt (#9272), anti-
phospho-AMPK (Thr172) (#2535) and anti-AMPK (#2632) anti-
bodies were purchased from Cell Signaling Technology. Anti-S6K
(sc-8414) and anti-actin (sc-1616-R) antibodies were obtained
from Santa Cruz Biotechnology. Anti-LC3 antibody (NB100-
2220) was from Novus Biological. Customized DMEM
(LMO001-95) deprived of tyrosine, phenylalanine and glutamine
was supplied by WelGENE Inc. To prepare tyrosine-restricted
medium, phenylalanine (0.4 mM) and glutamine (4 mM) along
with 10% dialyzed FBS (Wel GENE Inc., S001-01) were added
to Tyr/Phe/Gln-deprived DMEM.

Experimental mice and replacement therapy. All animal
experiments were compliant with the guidelines of Institutional
Animal Care and Use Committee (IACUC) at Korea Advanced
Institute of Science and Technology (KAIST). Spr’~ mouse line
on a mixed C57BL6/sv129 hybrid background was generated as
previously described in reference 5. Both Spr*'* and Spr’~ mice
from the same mother were raised in the same cage and weaned at
20 d after birth. For analyses of mMTORCI activity and autophagy
induction, Spr** or Spr'~ mice were fed a normal diet for an addi-
tional 5 d after weaning and then sacrificed to prepare tissue
samples for protein gel blotting. For tyrosine replacement therapy
test, newborn Spr” mice were pretreated with a ‘high dose of BH,’
solution containing BH, (122 pg/g body weight/day), L-DOPA
(13.5 ng/g body weight/day), 5-hydroxytryptophan (9.5 pg/g
body weight/day), carbidopa (2.5 pug/g body weight/day), ascor-
bic acid (100 pg/g body weight/day) and N-acetyl-L-cysteine
(50 pg/g body weight/day) by oral administration as described
by Elzaouk et al.’® for 25 d. Spr*'* or Spr’- mice were weaned at
20 d of age and fed a normal diet ad libicum for 5 d to acclimate
them to normal mouse chow. After the acclimatization period,
25-d-old mice were kept in separate cages for tyrosine replace-
ment therapy test. Mice were fed either a normal or therapeutic
tyrosine diet in which 5.6% tyrosine (w/w) was added to the nor-
mal diet® for an additional 10 d under ad libitum conditions.
For leucine supplementation, 25-d-old Spr/* mice pretreated with
‘high dose of BH,’ solution were fed a leucine supplemented diet
in which 3.6% leucine (w/w) was added to the normal diet for
10 d under ad libitum conditions.
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PAH-deficient C57BL6-Pakh™? (Pah*?) mice were kindly
provided by Dr. Beat Thény (University of Ziirich). Pap™
mice were also raised and weaned at 20 d after birth. For anal-
yses of mTORCI activity and autophagy induction, wild-type
or mutant Pazh*™** mice were fed a normal diet for an additional
5 d after weaning and then sacrificed to prepare tissue samples for
protein gel blotting.

Determination of phenylalanine and tyrosine levels.
Concentrations of free phenylalanine and tyrosine in livers from
Spr'- mice were compared with those from Spr*'* mice by reversed
phase high-performance liquid chromatography (RP-HPLC)
using the Pico-Tag method. Phenylisothiocyanate-derivatized free
amino acids were analyzed on a Pico-Tag amino acid analysis col-
umn with monitoring of the elutes at 254 nm. The phenylalanine
and tyrosine were identified and quantified by comparing their
elution points and peak areas, respectively, with those of standards.

Electron microscopy. Fragmented tissues from experimen-
tal mice or cell preparations from cultured NIH3T3 cells were
fixed using Karnovsky’s fixative solution (2% paraformalde-
hyde, 2% glutaraldehyde, 0.5% calcium chloride in cacodyl-
ate buffer, pH 7.2), washed with cacodylate buffer, dehydrated
through a graded ethanol series and embedded in resin. Blocks
were sectioned on a Reichert Jung Ulcracut S (Leica, Germany),
mounted on grids and stained with uranyl acetate and lead
citrate. Images were analyzed using a Zeiss EM 902 A electron
microscope.

Establishment of NIH3T3 cell line stably expressing
GFP-LC3. 293T cells were cotransfected with retroviral pRe-
vEXTO2 expression vector containingcDNA encoding N-terminal
GFP fusion of LC3 (GFP-LC3) and pGP expression vector for
MuLV Gag-Pol (Takara, 6160) together with the pVpack-VSV-G
expression vector encoding VSV-G protein (Stratagene, 217567).
Viral particles were collected 48 h after transfection, filtered, and
used to infect NIH3T3 cells. Transduced NIH3T3-GFP-LC3
cells were selected in DMEM containing 3 pg/ml puromycin
(Amresco, J593) to establish stable subclones.

RhebQ64L mutant construct. cDNA encoding mouse Rheb
was cloned into EcoRI and BamHI sites of expression vector
pFlag-CMV2 (Sigma, E7033) to produce pFlag-Rheb vector
using PCR primers 5-CGG AAT TCA ATG CCT CAG TCC
AA-3"and 5-CGG GAT CCT CAC ATC ACC GAG C-3'. The
mutant construct containing QG64L substitution was generated
by using two-step PCR-based targeted mutagenesis. RhebQ64L
was cloned into EcoRI and BamHI sites of expression vec-
tor pFlag-CMV2 to produce pFlag-RhebQ64L vector. Specific
primers used to amplify the substituted fragment were 5-AGA
CAC AGC GGG GCT GGA TGA AT-3' and 5-ATT CAT
CCA GCC CCG CTG TGT CT-3.

Patients with BH -responsive PKU. BH,-responsive PKU
affected children whose initial phenylalanine levels were higher
than 400 pmol/L were selected from the Department of
Pediatrics (Soonchunhyang University Hospital, South Korea).
This study was approved by Institutional Review Board of each
respective institution. Parents of all patients and controls gave
their informed written consent for this study. PKU affected
patients were given a single oral dose of BH, (20 mg/kg body
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weight) and blood phenylalanine levels were determined 24 h
after BH, loading. Patients whose blood phenylalanine levels
decreased more than 30% in 24 h after the BH, loading test
were diagnosed as BH,-responsive PKU. Two subjects, untreated
1- and 9-y-old female BH -responsive PKU patients, were cho-
sen for this study. Analysis of their genotypes disclosed that the
l-y-old patient was 6-pyruvoyl-tetrahydropterin = synthase
(PTPS)-deficient and the 9-y-old patient was dihydropteridine
reducase (DHPR)-deficient. A blood sample was also drawn
from other BH -responsive PKU patients, an 11-y-old female and
a 16-y-old male who received regular BH, replacement therapy
(400 mg/day) immediately after their birth. Medical records
disclosed that both patients were BH,-deficient due to PTPS
deficiency. Human mononuclear lymphocytes (1 x 10°) from
the normal or BH -responsive PKU patients were isolated using
Ficoll-paque (GE HealthCare, 17-1440-02) density gradient

centrifugation as described in the manufacturer’s instructions.
Lymphocyte lysates were analyzed for the phosphorylation of
S6K as a measure for mTORCI activity and levels of LC3-1l as a
measure for autophagy induction by protein gel blotting.
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