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Abstract: We have developed a fluorescence assay system 
to monitor the protein levels of human phenylalanine 
hydroxylase (hPAH). Wild-type (WT) and three mutant 
hPAHs (I65T, L255V, and S349L) were expressed as green 
fluorescent protein (GFP)-tagged forms in a PAH knockout 
mutant (pah−) of Dictyostelium discoideum Ax2. The flu-
orescence-activated cell sorting (FACS) analysis showed 
that the GFP positive cells were the most frequent in 
WT but were rare in pah−, demonstrating the successful 
expression of GFP-tagged hPAHs in Dictyostelium. The 
fluorescence levels of mutants relative to WT were higher 
than expected from the protein amounts determined from 
the non-tagged forms, probably due to the presence of 
the N-terminal GFP. However, treatment of the cells with 
cumene hydroperoxide, which is known to accelerate pro-
tein degradation, decreased fluorescence levels, suggest-
ing that protein stability changes in individual mutations 
can be monitored by FACS analysis. For an evaluation 
study, a putative pharmacological chaperone effect of 
yeast extract on S349L was examined by Western blot and 
FACS analysis. Both the protein amount and the fluores-
cence levels were increased by yeast extract, supporting 
that the FACS analysis could replace the time- and labor-
consuming procedures such as the Western blot and cell 
culture. The fluorescence-based cell assay system may be 
valuable for the high-throughput screening of pharmaco-
logical chaperones for phenylketonuria mutations.
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Introduction

Phenylalanine hydroxylase (PAH, EC 1.14.16.1) catalyzes 
the conversion of L-phenylalanine (Phe) to L-tyrosine (Tyr) 
in the presence of molecular oxygen and L-erythro-tetrahy-
drobiopterin (BH4) [1]. Human PAH (hPAH) is expressed 
highly in the liver, preventing the accumulation of dietary 
Phe in the body. Hereditary mutations in the hPAH gene 
are notorious for causing phenylketonuria (PKU), which 
results in a broad range of neuropsychiatric problems 
including severe mental retardation, if not treated early. 
Currently, there are 970  hPAH variants (BioPKU, http://
www.biopku.org) and more than two-thirds of them are 
missense mutations. Missense mutations in the hPAH 
gene are now understood to produce folding defects in 
the proteins causing accelerated proteolytic degradation 
in vivo [2]. The current treatment includes a low Phe diet 
and BH4 supplementation [2]. BH4 exerts pharmacologi-
cal chaperone effect, preventing protein misfolding and 
protecting from inactivation [3]. However, BH4 is not 
effective in all PKU genotypes, stimulating development 
of a number of potential pharmacological chaperones [4–
6]. It is expected that more pharmacological chaperones 
and their synergistic combinations could provide patient-
tailored therapeutic options for PKU treatment [6, 7].

Dictyostelium discoideum Ax2 is a cellular slime mold 
that serves as a well-known nonmammalian model organ-
ism for biomedical research. We previously developed an 
assay system for the evaluation of missense mutations in 
hPAH using a PAH knockout strain (pah−) of D. discoideum 
Ax2 [8, 9]. The pah− mutant transformed with expression 
vectors for hPAH variants demonstrated that hPAH muta-
tions can be evaluated quantitatively by the growth rate 
and characterized further for both protein stability and 
catalytic activity. The assay system, however, has several 
limitations. Because Dictyostelium cells have a doubling 
time of 8–12  h in axenic medium [10], it takes at least 
2  days to observe a significant level of difference in cell 
numbers. Furthermore, to determine protein stability the 
assay system needs chemiluminescence imaging analysis 
following a Western blot of the crude extract from a large 
number of cells. In order to replace the time-consuming 
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procedures, we speculated about using the green fluores-
cence protein (GFP) for direct measurement of the hPAH 
protein stability changes. To accomplish this idea, we 
transformed pah− cells to express GFP-tagged hPAHs and 
evaluated the fluorescence-based cell assay system for the 
screening of potential pharmacological chaperones.

Materials and methods
Dictyostelium discoideum Ax2 cells were cultured at 22°C in 
HL5  medium (10 g glucose, 5 g yeast extract, 10 g protease pep-
tone, 0.35 g KH2PO4, 0.35 g Na2HPO4 · 12H2O, pH 6.4, per liter) with 
100 μg/mL streptomycin sulfate and 100 U/mL benzylpenicil-
lin potassium [11]. The pah− strain was cultured in HL5 containing 
10 μg/mL Blasticidin S [9]. The pah− transformed with hPAH cDNAs 
were maintained in HL5 medium containing 100 μg/mL streptomycin 
sulfate and 10 μg/mL G418.

For the construction of GFP-tagged hPAH, the GFP sequence 
obtained from the pTX-GFP plasmid [12] was amplified by PCR using 
the primers (forward; catcatgatatcggtaccagtaaa, reverse; ggtac-
cagctctgaattctcttt) harboring KpnI sequences. The amplified GFP 
DNA was inserted into the corresponding sites of the pDXA-3H plas-
mid containing hPAH cDNAs, which were prepared beforehand [8, 
13], and then used for the transformation of pah− strain. The cells 
harvested by centrifugation at 350 × g for 3 min were washed twice 
with ice-cold H-50 buffer (20 mM HEPES, pH 7.0, 50 mM KCl, 1 mM 
MgSO4, 5 mM NaHCO3, 1 mM NaH2PO4). A 100 μL of the cell suspen-
sion (5 × 106 cells) was mixed with 10 μg of DNA and electroporated 
with Electrophorator 1000 (Stratagene) (0.85 kV, 2 times). After cool-
ing on ice for 5 min, the cells were transferred to a Petri dish con-
taining 20 mL of HL5 medium and incubated at 22°C for 24 h. The 
medium was supplemented with G418 and changed every 3  days. 
The viable clones in the selection medium were isolated between 7 
and 10 days. The expression of GFP-hPAH in the transformed cells 
was also confirmed by fluorescence microscopy.

Western blot analysis of S349L was performed as described pre-
viously [8]. Briefly, the crude extract from pah−[S349L] cells (equiva-
lent to 50 μg of protein per a well) was separated by the SDS-PAGE 
and transferred to a nitrocellulose membrane. Immunoblot was per-
formed with anti-PAH antibody (ab88740 from Abcam, England) and 
horseradish peroxidase-conjugated anti-mouse IgG (#7076 from Cell 
Signaling Technology, USA), followed by an enhanced chemilumine-
scense reaction (Millipore). The membrane was incubated with the 
diluted antibodies (1:2000) for 1 h at room temperature. The digital 
chemiluminescence images were taken using Fusion-SL4 Spectra 
(Vilber, Germany).

For the fluorescence-activated cell sorting (FACS) analysis, the 
cells were washed twice and cultured in a chemically defined FM 
minimal medium (ForMedium™, UK) [14]. Aliquots of 2 mL (1 × 106 
cells/mL) were cultured in 12-well plates for 2 days and then supple-
mented with either cumene hydroperoxide or yeast extract. Fluores-
cent intensity was determined on a BD FACSCalibur (BD Biosciences) 
with 10,000 cells per sample. The cells were gated for GFP signals 
based on the background signal from the non-transformed cells. 
Data acquisition and analysis were carried out with BD FACSDiva 
software.

Results and discussion
We previously determined the protein stability of eight 
mutant hPAHs expressed in pah− Dictyostelium as non-
tagged native forms by Western blot analysis [8]. Among 
them, three mutant proteins, I65T, L255V and S349L, rep-
resenting the different levels of protein stability [0.546, 
0.984, and 0.038, respectively, relative to wild-type (WT) 
protein] were selected for expression in the same pah− 
strain as GFP-tagged forms. Including non-transformed 
(pah−), the transformed cells were analyzed for GFP inten-
sity by flow cytometry (Figure  1A). Expectedly, the GFP 
positive cells were most frequent (71.3%) in WT cells but 
were rare (4.74%) in pah−, demonstrating the successful 
expression of GFP-tagged hPAHs in Dictyostelium. The GFP 
positive cells of three mutations were plotted as the per-
centage of WT (Figure 1B). Given that there is a strong cor-
relation between the intracellular fluorescence intensity 
and the GFP-tagged protein level [15, 16], we expected to 
see a result consistent with the relative protein stabilities 
determined from the native forms. Excluding GFP-tagged 
L255V, however, the others showed much higher fluores-
cence intensities than expected from the native forms. 
Because it is known that the N-terminal domain is flexible 
as a regulatory domain [1], we assume that the N-terminal 
tagged GFP might have increased the conformational sta-
bility of I65T and S349L. Otherwise, N-terminal tagging 
might have altered the quaternary structure equilibrium 
of hPAH rather than the tertiary or quaternary structure 
itself [17]. As these speculations are still insufficient to 
properly explain the observed fluorescence intensity of 
L255V, which was less than expected, the combined struc-
tural impacts of N-terminal GFP-tagging and point muta-
tion on the protein dynamics of hPAH need further study.

In order to determine if the fluorescence analysis can 
monitor changes in protein level, we induced acceler-
ated protein degradation in the transformed cells using 
cumene hydroperoxide, which was known to increase 
the rate of protein degradation in human red blood cells 
via free radical generation [18]. Following treatment with 
various concentrations of cumene hydroperoxide for 4 h, 
the cells were subjected to the FACS analysis. The GFP 
positive cells relative to those of the corresponding non-
treated cells are shown in Figure 2. Although the overall 
declining patterns were similar in every kind of hPAH, it 
was clear that the least stable S349L was the most severely 
affected. The result supports that the fluorescence-based 
assay system might be useful for quantifying the protein 
levels in individual mutant hPAHs.

For the evaluation of the assay system, a putative 
pharmacological chaperone effect of yeast extract on 
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S349L was examined (Figure 3). In the previous report, we 
showed that S349L protein was rescued to WT level when 
the strain was cultured in HL5 medium for 2 days [8]. The 
activity of S349L in the crude extract was also increased 

about five-fold, amounting to 11% of WT. Although the dis-
crepancy between the protein amount and the activity was 
not fully understood, we hypothesized that the effect of the 
HL5 medium might have come from some component(s) in 
the yeast extract and therefore determined the putative 
chaperone effect of yeast extract on S349L by Western blot 
analysis (Figure 3A). The S349L protein level was increased 
about two-fold with 1× yeast extract. We repeated the 
experiment using the FACS analysis system and found a 
four-fold increase in fluorescence intensity with 1× yeast 
extract (Figure 3B). Furthermore, the chaperone effect of 1× 
yeast extract began to be seen clearly after 8 h (Figure 3B 
inset). Although the putative component(s) of yeast extract 
and its underlying mechanism remain unidentified, the 
results show that the newly developed assay system using 
FACS analysis could replace the time- and labor-consum-
ing procedures such as Western blot and cell culture.

In conclusion, the fluorescence-based cell assay 
system appears to be feasible for monitoring changes n 
the protein level in individual hPAH mutations, despite an 
insufficiency in evaluating the intrinsic structural impact 
of each hPAH mutation on the native protein stability. As an 
assay system having a great advantage of saving time and 
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Figure 1: FACS analysis of pah− cells expressing GFP-hPAHs. 
(A) Representative FACS histograms. The peak pattern represents fluorescent profile of the cells. The gated region (M1) for positive GFP cells 
is indicated by the bar. The number reflects positive cell percentage. (B) The positive cell percentages relative to WT values were plotted as 
mean ± SD of the data from three independent experiments.

0.0
0

20

40

60

80

100

0.2 0.4 0.6 0.8
Cumene hydroperoxide, mM

R
el

at
iv

e 
fl

uo
re

sc
en

ce
, %

1.0

WT
L255V
S349L
I65T

Figure 2: FACS analysis of cumene hydroperoxide effect.
The transformed cells cultured in FM medium were treated with the 
indicated amounts of cumene hydroperoxide for 4 h and subjected 
to FACS analysis. The fluorescence levels were relative to those of 
the corresponding non-treated cells. The data shown is representa-
tive of two independent experiments.



156      Kim et al.: FACS analysis of human PAH

labor, it would be valuable for high-throughput screening 
of pharmacological chaperones for hPAH variants.
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Figure 3: Effect of yeast extract on S349L. 
(A) Protein levels determined by Western blot assay. The images obtained from chemiluminescense reaction (shown above) were quanti-
fied and plotted by percentage of the control (0× yeast extract). Crude extracts equivalent to 50 μg of total protein were used for each well. 
(B) Relative levels of fluorescence. Time-course of changes in fluorescence with 1× yeast extract (inset). The transformed cells (pah−[S349L] 
for Western blot and pah− [GFP-349L] for FACS analysis) were cultured in FM medium with the indicated amounts of yeast extract. 1× yeast 
extract corresponds to 5 g per liter. The FACS data is representative of two independent experiments.


