tions, and reversely, the suppression of G2A internal-
ization is relieved when the pH value is above 7.

MATERIALS AND METHODS
Reagents

Lysophosphatidylcholine (LPC, 18:0) was purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Alexa Fluor 488
carboxylic acid, succinimidyl ester, mixed isomers (AF488-
NHS), Alexa Fluor 647 (AF647)-labeled human transferrin,
and LysoTraker Red DND-99 were from Invitrogen (Carlsbad,
CA, USA). The anti-HA antibody FITC conjugate was pur-
chased from Bethyl Laboratories (Montgomery, TX, USA).

Preparation of SrtA and the AF488-conjugated LPETGG
peptide

SrtA from S. aureus was expressed and purified by following
our previous report (37). A hexapeptide LPETGG was pre-
pared by standard Fmoc solid-phase peptide synthesis and
purified by reversed-phase high-performance liquid chroma-
tography (RP-HPLC). The N terminus of the LPETGG pep-
tide was modified with AF488-NHS in dry dimethyl sulfoxide
including excess diisopropylethylamine. The product, AF488-
modified LPETGG peptide (AF488-LPETGG), was purified by
RP-HPLC and identified with matrix-assisted laser desorption
and ionization time-of-flight mass spectrometry, as previously
reported (38).

Preparation of expression plasmids

The expression plasmid for LPETG,;-G2A was constructed as
follows. The gene encoding human G2A was subcloned into
EcoRI and Kpnl sites of the pCXN2.1-HA vector, as previously
reported (24), and was designated as pCXNZ2.1-HA-G2A. The
gene encoding the LPETGGGGG sequence was inserted into
pCXN2.1-HA-G2A by PCR using the forward primer
(5"-AAAACTCGAGGCCATGCTACCCGAGACTGGTGGCGGA-
GGTGGCTACCCCTACGACGTGCCCGAC-3") and the reverse
primer (5-AAAAGAATTCAGCAGGACTCCTCAATCAGCCTC-
3") to yield pCXN2.1-LPETG;-HA-G2A. The expression plasmid
for mREFP-NLS,, pcDNA-mRFP-NLS, was constructed as pre-
sented in previous work (37).

Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Gibco Invitrogen, San
Diego, CA, USA), 0.584 g/L glutamine, 10% NaHCO, and
kanamycin on a poly L-lysine-coated 35 mm glass-base dish
(Iwaki Glass, Iwaki Gity, Japan) at 37°C with 0.5% CO, for
24 h before transfection. HEK293T cells were then cotrans-
fected with pCXN2.1-LPETG;-HA-G2A and pcDNA-mRFP-
NLS using the Lipofectamine Plus reagent (Invitrogen),
according to the manufacturer’s protocol. Before the labeling
experiments, the transfected HEK293T cells were cultured
for 24 h in the CO, incubator where the temperature and the
CO, concentration were set at 37°C and 0.5% CO,, respec-
tively.

Preparation of culture media with acidic and neutral pHs

The culture media with pH values of 6.5 and 7.7 were
prepared by 50-fold dilution of 1 M HEM buffer, a HEPES/
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EPPS/MES mixture (each 333 mM), with the pH value of 6.0
and 8.4 in DMEM containing 0.5 g/L NaHCO,, and 0.1%
bovine serum albumin (BSA) [DMEM (0.1% BSA)], respec-
tively. These media were denoted as DMEM (20 mM HEM,
0.1% BSA) (pH 6.5 or 7.7).

SrtA-mediated labeling of G2A on cell surfaces

The culture medium was removed from the dishes, and the
cotransfected HEK293T cells were washed once with 1 ml of
DMEM(-) (0.1% BSA). The cells were then incubated in a
DMEM (0.1% BSA) containing 5 uM LPC (18:0) for 2 h in
the CO, incubator. After removal of the medium, the cells
were incubated in DMEM (0.1% BSA) containing 1 mM
triglycine, 30 pM SrtA, and 0 or 5 pM LPC(18:0) at 37°C for
30 min for cleavage. The cells were subsequently incubated in
DMEM (0.1% BSA) containing 30 pM SrtA, 10 uM AF488-
LPETGG, and 0 or 5 uM LPC(18:0) at 37°C for 15 min for
labeling. After labeling, the cells were washed with 1 ml
DMEM (=) (0.1% BSA) three times and subjected to confocal
microscopy.

Confocal microscopy observations of SrtA-mediated labeled
G2A

The images of labeled cells were obtained using an LSM510
laser scanning confocal microscope (Carl Zeiss, Jena, Ger-
many) with a X40 objective lens. Time-lapse observation of
the labeled G2A was performed by incubating the cells in
DMEM (20 mM HEM, 0.1% BSA) (pH 6.5 or 7.7) on the stage
of the microscope with a XL-Clear S1 incubator system (from
Carl Zeiss, Jena, Germany). In the pH jump experiments, the
pH of the medium was instantly increased from 6.5 to 8.5 by
adding a small amount of 10% NaHCO, aqueous solution
into DMEM (20 mM HEM, 0.1% BSA) (pH 6.5) in the dish,
and then, reacidification to pH 6.5 was achieved by subse-
quently adding a small amount of an HCI solution.

Fluorescent staining with intracellular markers

For staining endosomal vesicles or late endosomes/lyso-
somes, the SrtA-mediated labeled cells were incubated in
DMEM (20 mM HEM, 0.1% BSA) containing 10 ug/ml
AF647-abeled transferrin, or 100 nM LysoTracker Red DND-
99, respectively. After incubation at 37°C for 45 min, the cells
were washed with 1 ml DMEM (20 mM HEM, 0.1%BSA) three
times and subjected to confocal microscopy.

Image analysis

The images obtained, as described above, were analyzed as
follows. We manually cut out the fluorescent image of a target
cell along the cell membrane contour from the original image
and converted this image to a grayscale image (200X200 pix).
The binarized images were obtained from single-cell images by
using the adaptive threshold, which was calculated from the
mean brightness at each square block (45X45 pix) by the
OpenCV adaptive threshold function (http://opencv.jp/opency-
2.1/cpp/miscellaneous_image_transformations.html). From the
binarized images, the two bunches of pixels at the cell surface
and the intracellular regions were converted to the mask images
with connected component labeling software (the labeling.h.
function; http://oshiro.bpe.es.osaka-u.ac.jp/people/staff/imura/
products/labeling/source/Labeling.h). The average bright-
ness of each region was calculated by dividing the sum of the
original pixel brightness value in the mask region with the
region area. To cancel out the influence of photobleaching
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and the slight pH sensitivity of the fluorescent dye, the
average brightness of each region was normalized with the
total average brightness of two regions, and normalized
brightness of each region was plotted against the observation
time of the analyzed image.

Model fitting

To derive an analytical fitting model for pH-responsive G2A
distribution, we formulated a simple model where fluores-
cently labeled G2A was distributed at the cell surface mem-
brane and the intracellular domain. In addition, we made the
following assumptions for this model: Only the deprotonated
G2A receptor can be internalized; the G2A receptor concen-
trations in each compartment (cell membrane and interior)
are spatially uniform; the measured fluorescence intensity is
proportional to the concentration of the labeled G2A recep-
tor; the time change of interior volume (V{(#) can be evalu-
ated by the measurement of the interior area, as determined
by fluorescence image analysis; the time change of membrane
volume (V,(#) is negligible, because the size of the cells and
their membrane areas determined by the fluorescence image
analysis were almost constant.

The pH-dependent internalization rate of the labeled
deprotonated G2A receptor can be formulated as follows.
The labeled protonated G2A receptor (G2A nem ae-H ") depro-
tonates into a labeled deprotonated G2A (G2Aemde) and
proton. This process can be represented schematically as
follows:

GQAmem,de'H+ g GQAmem,de + H+

For this dissociation process, the acid dissociation constant
(K,) can be defined as follows:

. [GQAmem,de][H+:|
N [G2Amem,de'H+]

Here, [G2A emde] + [G2AnemacH ] is the concentration of
the total labeled G2A receptor on the cell membrane
([GQAmem])~

[GQAmem] = [GzAmem,de] + ‘:GQAlnem,de'H+]

The concentration of labeled deprotonated G2A receptor

([G2Amem,ae)) can be shown as follows:

(4

—_— A
K, + [H+] [G2 mem]

[GQAmem,de] =

We assumed that only the deprotonated G2A receptor inter-
nalizes into the interior compartment and that the internal-
ization rate of the labeled G2A receptor is proportional to the
concentration of labeled deprotonated G2A receptor on the
cell membrane ([G2A e del):

K

GQAmem,de - G2Aim
Thus, the internalization rate can be shown as below:

K

Internalize rate = k[G2Aemae] = ki_K:I TH]

[G2Amem]

The changes in the labeled G2A receptor concentration at
the membrane and within the interior compartments can be
shown by the following mass balance equations:

d[G2Aem] Vi() K
— = K [G2A ~ ki G2A,
dt k’r[ mt] Vm kl& + [H+] [ mem}
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AC2d _ _, [G2Au] + k————[G2A ]ﬁ
dt T K, + [H'] V(D
[G2A,] aVi(9)
Vi)  dt
Here,

£<900; pH = 85, [H'] =1 x 10783

t=900; pH = 6.5, [H"] = 1 x 107%?

Furthermore, the relative volume of V() to V, was
obtained by image analysis as shown in the supporting
information (Supplemental Figs. S1 and S2 and Supple-
mental Table S1).

The simulation was carried out in the Vcell platform. The
values of k. and k were searched by the 2D parameter scan
((10X10 samples) X 2 sets) at each pKa value (6.5, 7.0, 7.5
and 8.0), and the bestfitted ones were determined by
minimizing the root-mean-square (RMS) error between the
normalized measured fluorescence intensity and the simu-
lated labeled G2A receptor concentration calculated by the
Excel 2010 software (Microsoft, Redmond, WA, USA; Sup-
plemental Fig. S3 and Supplemental Table S2).

RESULTS

Sortase-mediated labeling of G2A on cell surfaces

The N terminus of tag-fused G2A can be labeled with a
fluorescent labeling reagent using our previously re-
ported method based on a 2-step SrtA-catalyzed reac-
tion on cell surfaces (Fig. 1) (39, 40). In the first step,
to expose the N-terminal pentaglycine sequence on the
tag-fused G2A, the LPETGGGGG sequence of the tag
was site-specifically cleaved between threonine and
glycine by treatment of G2A-expressing HEK 293T cells
with SrtA and triglycine. Successively, in the second
step, the labeling reagent consisting of the AF4838-
conjugated LPETGG peptide was linked to the exposed
N-terminal pentaglycine on G2A by treatment with a
mixed solution of SrtA and the labeling reagent. In this
study, HEK293T cells were selected as a model cell,
because exogenous proteins can be highly expressed by
standard lipofection of the expression plasmid. HEK293T
cells were cotransfected with the expression plasmids
encoding the genes of LPETGGGGG tagfused human
G2A (LPETG5G2A) and monomeric red fluorescence
protein with a nuclear localized signal (mRFP-NLS;),
which was employed as a transfection reporter.

The SrtA-mediated labeling of LPETG4G2A was per-
formed with or without LPC treatment. In our labeling
method, only LPETG4G2A exposed on cell surfaces
can be labeled, and therefore, the amount of surface
expressed LPETG5-G2A is critical for clearly visualizing
the G2A trafficking. LPC treatment was reported to
enhance the surface expression of both murine and
human G2A-GFP fusion proteins in Swiss 3T3 cells or
DO11.10 cells (34). Accordingly, before labeling,
LPETG,-G2A expression cells were incubated with
DMEM containing 5 pM LPC for 2 h for increasing
LPETG5-G2A on cell surfaces. Figure 2 shows the
confocal microscopic images of LPETG;-G2A express-
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Figure 2. SrtA-mediated labeling of tag-fused G2A in the
presence or in the absence of LPC. LPETG,-G2A was labeled
with an AF488-modified LPETGG peptide through the SrtA-
mediated 2-step labeling method on HEK293T cells express-
ing mRFP-NLS, as a transfection marker in the presence (A,
B) or in the absence of 5uM LPC (C). After removing the SrtA
and the labeling reagents, the cells were successively incu-
bated for 3 h in the presence (A) or in the absence of 5 uM
LPC (B, C). After incubation, the green and red fluorescent
images of cells were obtained with a confocal microscope.
Labeling of G2A and incubation were performed in DMEM
containing 0.1% BSA with or without LPC at pH 7.4. Scale
bars = 20 pm.

ing cells after SrtA-mediated labeling and following
incubation either in the presence or absence of 5 uM
LPC. In all green fluorescent images, the fluorescence
of AF488 was observed only on the transfected cells that
were stained by the transfection marker protein. Ac-
cordingly, the specific labeling of LPETG;G2A on
living cells was successfully confirmed under our exper-
imental conditions with and without LPC, and AF488-
labeled LPETG;-G2A (AF488-G2A) was clearly visual-
ized by confocal microscopy. In the presence of LPC
during labeling (Fig. 2A, B), the green fluorescent
images appeared brighter than the images taken for
samples where LPC was absent (Fig. 2C). This result
indicates that the amount of AF488-G2A was increased
by LPC-induced enhancement of LPETG;-G2A reten-
tion on cell surfaces during labeling.

After labeling, the fluorescence of AF488-G2A was
observed in the presence or in the absence of LPC. As
shown in Fig. 2B, a part of AF488-G2A on cell surfaces
was triggered to internalize into intracellular compart-
ments within 3 h following washout of LPC, while
almost all AF488-G2A was retained on cell surfaces
when 5uM LPC was present (Fig. 2A). This result
clearly shows that LPC treatment blocked the sponta-
neous internalization of AF488-G2A. The blockage of
AF488-G2A internalization is consistent with and com-

PH-INDUCED G2A DYNAMICS

150

plementary to the previously reported LPC-triggered
surface relocation of G2A-GFP (34). In addition, it was
demonstrated that the SrtA-mediated labeling with LPC
treatment is useful for strictly chasing the intracellular
movement of the cell-surface G2A: only the cell-surface
G2A could be specifically labeled, and the labeled G2A
could be retained on the cell surface until LPC was
washed out at the desired time. Therefore, the present
method was applied to further investigate the influence
of pH on G2A trafficking.

Extracellular pH change-induced G2A trafficking

We first examined the effect of the extracellular pH on
G2A internalization from cell surfaces into intracellular
compartments. In our previous report, G2A-mediated
signal transduction at various pHs from 6.8 to 8.8 was
evaluated by promoter-luciferase reporter assay, and
the promoter activation gradually decreased as the pH
value increased, resulting in slight activity at pH 8.6
(24). Accordingly, in this study, G2A trafficking was
observed in this pH range. First, LPETG;-G2A on the
was labeled with AF488 in a medium
including LPC. Next, following the washout of LPC, the
time-lapsed images of AF488-G2A were obtained in a
medium with pH values of 7.7 and 6.5. At pH 7.7,
AF488-G2A was visualized to internalize within 40 min
and to gradually accumulate in intracellular compart-
ments over time (Fig. 34). In contrast, the intracellular
accumulation of AF488-G2A was barely observed at pH
6.5, and even after incubation for 120 min a significant
fraction of AF488-G2A was localized on the cell surface
(Fig. 3B). From these results, the extracellular pH
appears to influence the internalization of G2A in the
absence of LPC. To strictly show the influence of the
extracellular pH on G2A trafficking, the extracellular
pH was instantly changed from 6.5 to 8.5 by adding a
10% NaHCOg solution into the medium during obser-
vation (Fig. 4). Before the pH jump, the internalization
of AF488-G2A was barely observed within 35 min, as
shown in Fig. 3B. On the other hand, AF488-G2A
gradually accumulated in a certain cellular compart-
ment within 30 min after the pH jump to 8.5 (Fig. 4,
from 40 to 70 min). This change in AF488-G2A inter-
nalization on the same cells between before and after
the pH jump clearly shows that the internalization of
G2A was regulated by the extracellular pH: the inter-
nalization rate seems to be extremely slow under acidic
pH conditions and increases when the pH is shifted to
a value above neutral pH.

Next, to identify where AF488-G2A was accumulating
following an increase in the extracellular pH, we exam-
ined the colocalization of AF488-G2A with two intracel-
lular organelle markers, namely, fluorescent-labeled
transferrin and LysoTracker (Fig. 5). The former is a
marker of endosomal vesicles, and the latter stains late
endosome/lysosomes. In a previous report, at neutral
pH, G2A-GFP was localized on the endosomal vesicles
that were stained with fluorescently labeled transferrin,
whereas significant colocalization with LysoTracker, the

cell surface
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Figure 3. Time-course images of fluorescently labeled G2A at
acidic or neutral pH values. The time-course changes in the
distribution of AF488-labeled G2A in living HEK293T cells
were observed at pH 7.7 (A) and 6.5 (B). The green fluores-
cent images of AF88-labeled G2A were obtained with a
confocal microscope every 10 min, following the 20 min
labeling. The red fluorescent image in the top-left corner is
the image of mRFP-NLS; expressed in the transfected cells as
a transfection marker. Scale bars = 20 pm.

ER marker, and the Golgi marker was not observed
(34). Similarly, in this study, the AF488-G2A in the
intracellular regions was found to colocalize with
AF647-labeled transferrin rather than with the Lyso-
Tracker Red at pH 7.4 (Fig. 5A, B). However, at pH 6.5,
almost all of the AF488-G2A was retained on cell
surfaces and no colocalization with intracellular mark-
ers was observed (Fig. 5C, D). This result clearly indi-
cates that increasing the extracellular pH to the neutral
value triggers the internalization of G2A through endo-
somal pathways and that the internalized G2A is localized
on endosomal vesicles without trafficking to the late
endosome/lysosomes. Therefore, the internalized G2A is
assumed to return to cellular membranes through recy-
cling endocytosis as found for other GPCRs (31, 32).
We aimed to visualize the redistribution of AF488-
G2A from endosomal vesicles to cellular membranes.
After internalization of AF488-G2A at pH 8.5, the
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extracellular pH was shifted back to pH 6.5 by the
addition of an HCI solution. If AF488-G2A returns to
cell surfaces through recycling pathways, the fluores-
cent intensities on the cellular membranes may increase
with simultaneous decrease of intracellular fluorescence.
As shown in Fig. 64, the strong fluorescence of the
intracellular compartments was observed to decrease
immediately following the shift of the extracellular pH
to an acidic value. Additionally, the cell-surface fluores-
cence appeared to slightly increase in parallel with the
decrease of the intracellular fluorescence. To clearly
show this, these time course images were analyzed by
image analysis based on adaptive binarization. The
analyzed data showed that the decrease in fluorescence
of the cell surfaces reverted to an increase following
reacidification, whereas the intracellular fluorescence
was found to decrease (Fig. 6B, C). These results clearly
showed that the internalized AF488-G2A was redistrib-
uted to cell surfaces by reacidification. Thus, it was first
directly visualized that the G2A internalized from the
cellular membrane can return to the cell surface,
probably through recycling endocytosis.

To further understand the mechanism of pH change-
induced distribution of G2A, we applied the two-region
distribution model to fit the image analysis data. In this
model, the internalization rate depends on the proto-
nation of a key amino acid on G2A; however, the
recycling rate is only proportional to the concentration
of G2A in the intracellular region, independent of the
extracellular pH. As shown in Fig. 6B, C, the analytical
data fitted the simulated data well using this model,
where the pK, value of the key amino acid on G2A was

pHES5
Time (min) 10 15 20 25
pH85
35 40 45

30 50 55 60

65 70 75 80 85 90
Figure 4. Time-course images of fluorescently labeled G2A
before and after a pH jump. The time-course changes in the
distribution of AF488-labeled G2A in living HEK293T cells
were observed before and after a pH jump from 6.5 to 8.5.
The green fluorescent images of AF488-labeled G2A were
obtained with a confocal microscope every 5 min following
the 10 min labeling period. At a time between 35 and 40 min
after labeling, the pH value of the medium was rapidly
increased on the microscope stage by the addition of a small
amount of 10% NaHCOjg aqueous solution. The red fluores-
cent image in the top-left corner is the image of mRFP-NLS,

expressed in the transfected cells as a transfection marker.
Scale bars = 20 pm.
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Figure 5. Intracellular localization of fluorescently labeled G2A
at acidic or neutral pH values. The HEK293T cells dispalying
AF488-labeled G2A were incuabed for 45 min in the medium
containing AF647-labeled transferrin (A, C) or LysoTracker Red
DND-99 (B, D). The pH of the incubation media was adjusted to
7.7 (A, B) or 6.5 (C, D). Scale bars = 10 pm.

set to 7.5 (Fig. S3). Furthermore, in this case, the
internalization rate k at pH 6.5 was one-tenth smaller
than at pH 8.5 (Supplemental Table S2). Thus, the
change in the internalization rate due to a shift in the
extracellular pH is likely to be the main factor in
inducing a change in the distribution of G2A.

DISCUSSION

Post-translational pulse labeling enables the most accu-
rate and simplest monitoring of protein trafficking,
whereas target-specific pulse labeling with high effi-
ciency is not easy to achieve with conventional labeling
methods (35-37). In this study, the SrtA-mediated
site-specific N-terminal labeling method was employed
for specific pulse labeling of G2A. By using this method,
highly site-specific and rapid labeling of target mem-
brane proteins on living cells could be achieved owing
to the advantages of SrtA-mediated transpeptidation,
such as high substrate specificity and reactivity (39, 40).
The specific labeling of G2A on living cells was success-
fully completed through the 2-step SrtA-mediated reac-
tion over 45 min (Fig. 2). Furthermore, it is noteworthy
that only G2A on cell surfaces was potentially labeled
with the fluorescent dye. This is because both SrtA and
the labeling reagent cannot spontaneously permeate
the cell membrane. In addition, in this case, LPC
treatment blocked the spontaneous internalization of
the labeled G2A during the labeling period (Fig. 2).
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Accordingly, in this approach, at the beginning of the
time course analysis, only the G2As that were mature
and displayed on cell surfaces could be selectively
visualized.

However, conventional labeling by expressing the
protein as a fusion construct with a fluorescent protein
clearly offers absolute specificity and certainty of tar-
geted labeling of proteins in living cells. Since this
labeling method easy to perform, this approach has
been widely employed to investigate protein localiza-
tion in living cells. With this approach, pulse labeling
for accurately monitoring of protein dynamics requires
further technology for controlling the expression tim-
ing and lifetime of the fusion proteins or using a
photoactive fluorescent protein (43). For example, the
pulse-chase analysis of the G2A-GFP fusion was per-
formed by limiting the expression timing with both a
tetracycline-regulated expression system and a protein
synthesis inhibitor (34). In this pioneering study, G2A-
GFP was expressed for 5 h just before observation.
However, at the beginning of the observation, G2A-GFP
at different stages in their lifetime may be observed,
because G2A-GFP was continuously being synthesized,
folded, modified, transported, and degraded during
the period of expression. This has been previously
pointed out as a disadvantage of the GFP fusion ap-
proach (43). Therefore, compared to the previous
study, the present SrtA-mediated pulse-labeling method
can potentially achieve a more accurate analysis of G2A
trafficking.

We first visualized the pH change-dependent distri-
bution changes of G2A in living cells by SrtA-mediated
pulse labeling. Nearly a decade ago, the proton-sensi-
tive ability of G2A was confirmed by a reporter gene
assay and by measuring inositol phosphate accumula-
tion (24). Similar to other proton-sensing GPCRs, such
as OGRI and GPR4, which are similar to G2A in
structure, G2A was activated at low (i.e, acidic) pH
values. In this previous report, mutagenesis of His-259
of G2A led to low cell surface expression of G2A and
the elimination of the low-pH-dependent activation of
G2A signaling; as observed for the His-245 mutant of
OGRI (equivalent to His-259 in G2A). From these
results, the relationship between the pH-dependent
activation and the cell surface distribution of G2A was
already a possible hypothesis. However, in the pulse-
chase analysis of the G2A-GFP fusion, the pH-depen-
dent distribution change was not observed (34). There-
fore, it is necessary to reexamine the effect of pH on
G2A  trafficking with a more accurate monitoring
method that clarifies the mechanism of the pH-depen-
dent activation of G2A signaling.

In this study, the observed results are quite different
from the results obtained using the G2A-GFP. The
pH-dependent redistribution of the labeled G2A was
clearly observed by microscopic time course analysis
(Figs. 3, 4, and 6). This difference in the trafficking of
labeled G2A is assumed to be derived from the differ-
ence of the fluorescent probes. In the present SrtA-
mediated labeling, only a short fluorescent peptide
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in the distribution of AF488-labeled G2A in living HEK293T cells were
observed before and after pH neutralization from 6.5 to 8.5, and
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successive re-acidification from 8.5 to 6.5. The green fluorescent images

of AF488-labeled G2A were obtained with a confocal microscope every 5 min at pH 6.5 and every 1 min at pH
8.5, following the 10 min labeling period. At a time between 25 and 26 min after labeling, the pH value of the
medium was rapidly increased on the microscope stage by the addition of a small amount of 10% NaHCO,
aqueous solution, and at a time between 40 and 45 min, the pH was decreased by the addition of a small amount
of an HCI aqueous solution. The scale bars represent 20 um. B) The normalized average fluorescent brightness
of the intercellular region was plotted against the time after labeling. C) That of the cell surface region was also
plotted. The black and grey arrows indicate the timing of pH neutralizing and re-acidification, respectively. The
fitting curves were obtained by stimulating a 2-region distribution model.

consisting of 9 amino acids and a small fluorescent dye
was appended to the N terminus of G2A as a probe
(Fig. 1), whereas a large GFP molecule was fused with
G2A in the previous report (34). As a disadvantage in
labeling with GFP variants as probes, it has been
reported that the steric bulk of these proteins (at least
220 aa) has the potential to perturb significantly the
trafficking of proteins that are fused to this marker
protein (44). Furthermore, GFP is well known to be
negatively charged (isoelectric point: pH 4.7-5.1) from
mild acidic to neutral pH values. This negative charge
of GFP might also perturb the proton-sensing molecu-
lar machinery of the GPCR subfamily, which was previ-
ously reported to consist of basic amino acid pairs such
as His-17:His-84 and His-20:His-269 in OGR1 (5). Thus,
we present the first pH-dependent internalization rate
change of proton-sensing GPCR that has been success-
fully achieved using SrtA-mediated labeling with a small
fluorescent probe.

GPCR is desensitized through endocytotic internaliza-
tion and this process protects cells against overstimula-
tion. Also, the intracellularly stored receptor is recycled in
response to the extracellular conditions through recycling
endocytosis (31, 32). Accordingly, similar to other GP-
CRs, the G2A distribution between the cell surface and
intracellular compartments can be explained by the
balance between internalization and recycling. From
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observation of AF488-G2A in this study, G2A internal-
ization was first found to be blocked under an acidic
pH value and relieved at pH values above 7 (Figs. 3B
and 4). Additionally, as shown in Fig. 6, the internalized
G2A was confirmed to be returned to cell surfaces
through recycling endocytosis. Based on this observa-
tion, we applied a simple 2-region distribution model to
image analysis of our data. As a result, the simulation
curve fitted well to the image analysis data (Fig. 6B, C).
From these results, the pH-dependent G2A distribution
may be explained as follows (Fig. 7). At an acidic pH,
the G2A internalization rate is relatively slow, and most
of the labeled G2A is distributed on the cell surface.
Following a pH jump to pH above 7, the internalization
flux of G2A surpasses the recycling flux owing to the
high concentration of deprotonated G2A on the cell
surface. This results in a high internalization rate of
labeled G2A. Accordingly, the intracellular accumula-
tion of labeled G2A was clearly visualized. After reacidi-
fication, the internalization rate decreased, probably
owing to protonation of a key amino acid on G2A,
whereas a low pH had negligible influence on the
recycling rate. In addition, the concentration of labeled
G2A in the intracellular region was relatively large.
Accordingly, the recycling flux of labeled G2A largely
surpassed the internalization flux. Thus, the low inter-
nalization rate at acidic pH values is assumed to cause
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Figure 7. Schematic illustration showing the
change in G2A localization due to the pH
change-induced mechanism. At the first acidic
pH after the washout of LPC, the fluorescently
labeled G2A slightly internalizes owing to the
small internalization rate of deprotonated G2A.
After the pH jump to neutral pH, the internal-
ization flux of the labeled G2A surpasses the
recycling flux because of an increment of the
internalization rate of deprotonated G2A,
which is proportional to the increase of the
deprotonated G2A concentration on the cell

surface. After re-acidification, the recycling flux reversely overtakes the internalization flux because the internalization rate
decreases again owing to the decrease in the deprotonated G2A concentration on cell surface under acidic pH conditions.

the pH change-induced redistribution of labeled G2A
on the cell surface, which was observed in this study.
It was previously reported that G2A-mediated signal
transduction for zif 268 promoter activation and IP
accumulation was enhanced by lowering the extracel-
lular pH (24). In this study, at acidic pHs, the internal-
ization rate of G2A was drastically reduced, leading to
cell surface distribution of G2A. This correlation be-
tween the signal transduction and the cell surface
amount of G2A strongly suggests that protonation of
G2A changes its conformation to the structure which
interacts with a G protein rather than the adaptor
protein for endocytosis, although the detailed endo-
cytic machinery remains unclear. In the previous re-
port, G2A-GFP was also reported to be constitutively
internalized in the absence of LPC at neutral pHs, and
addition of LPC induced surface distribution of G2A
with activation of G2A signal transduction for cell
migration (33). From these, both proton recognition
and LPC binding may cause conformational changes,
resulting in dissociation of G2A from endocytic ma-
chinery proteins. Furthermore, LPC binding was also
reported to antagonize proton-induced activation of
signal transduction (24). Accordingly, proton recogni-
tion and LPC binding are assumed to induce different
G2A conformations which associate with different G
proteins, respectively. Further experiments are needed
to fully understand the mechanism of pH change-
dependent G2A signal transduction. However, the pres-
ent study has clearly visualized pH change-dependent
G2A distribution changes, and these results should
promote our understanding of the proton-sensing sys-
tem of G2A and provide clues to the common mecha-
nism by which the activities of proton-sensing GPCRs
are regulated by the extracellular pH.
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Abstract

Adult T-cell leukemia/lymphoma (ATL) is a human T-cell leukemia virus type-1-induced neoplasm with four
clinical subtypes: acute, lymphoma, chronic, and smoldering. Although the chronic type is regarded as indolent
ATL, about half of the cases progress to acute-type ATL. The molecular pathogenesis of acute transformation in
chronic-type ATL is only partially understood. In an effort to determine the molecular pathogeneses of ATL, and
especially the molecular mechanism of acute transformation, oligo-array comparative genomic hybridization and
comprehensive gene expression profiling were applied to 27 and 35 cases of chronic and acute type ATL,
respectively. The genomic profile of the chronic type was nearly identical to that of acute-type ATL, although more
genomic alterations characteristic of acute-type ATL were observed. Among the genomic alterations frequently
observed in acute-type ATL, the loss of CDKN2A, which is involved in cell-cycle deregulation, was especially
characteristic of acute-type ATL compared with chronic-type ATL. Furthermore, we found that genomic
alteration of CD58, which is implicated in escape from the immunosurveillance mechanism, is more frequently
observed in acute-type ATL than in the chronic-type. Interestingly, the chronic-type cases with cell-cycle
deregulation and disruption of immunosurveillance mechanism were associated with earlier progression to
acute-type ATL. These findings suggested that cell-cycle deregulation and the immune escape mechanism play
important roles in acute transformation of the chronic type and indicated that these alterations are good

predictive markers for chronic-type ATL. Cancer Res; 74(21); 6129-38. ©2014 AACR.
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Introduction

Adult T-cell leukemia/lymphoma (ATL) is a human T-cell
leukemia virus type-1 (HTLV-1)-induced neoplasm (1, 2). Four
clinical subtypes of ATL have been classified on the basis of
clinical manifestation: acute, lymphoma, chronic, and smol-
dering (3). Among these subtypes, chronic-type ATL shows
characteristic manifestations such as increased abnormal
lymphocytes in peripheral blood, lactate dehydrogenase (LDH)
levels up to twice the normal upper limit, and absence of
hypercalcemia. Chronic-type ATL is relatively rare and its
frequency is estimated to be 8% to 18% of ATL cases (3).
Previous reports regard the chronic type as indolent ATL
compared with acute/lymphoma types, which show an aggres-
sive clinical course (3, 4). However, a recent study of indolent
ATL demonstrated that about half of the patients with chronic-
type ATL progress to acute-type ATL within approximately 18
months from diagnosis and subsequent death (4). This finding
suggests that patients with chronic-type ATL also had a poor
prognosis. High LDH, high blood urea nitrogen, and low
albumin levels have been identified as poor prognostic factors
for chronic-type ATL, and patients with chronic-type ATL with
these poor prognostic factors therefore need to be treated by
intensive chemotherapy as in the case of patients with aggres-
sive ATL (5).

Disruptions of CDKN2A, CDKN2B, and TP53 have been
reported as candidate genes that play important roles in acute
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transformation of chronic-type ATL (6-12). However, these
acute transformation-related genetic alterations have been
identified only by focusing on genes that were previously
shown to be involved in tumor progression of other malig-
nancies. Therefore, these genetic alterations may be indicative
of acute transformation in some cases, although the molecular
mechanism of acute transformation remains to be fully eluci-
dated. Identification of the molecular characteristics of chron-
ic-type ATL using unbiased and genome-wide methods can
provide further insights to elucidate the acute transformation
mechanisms in chronic-type ATL. However, the molecular
pathogenesis of chronic-type ATL has long remained unknown
due to its rarity (13).

In the present study, high-resolution oligo-array compara-
tive genomic hybridization (aCGH) and gene expression pro-
filing (GEP) were applied to 27 cases of chronic-type ATL in an
effort to determine the molecular pathogenesis. The same
approaches were used with 35 cases of acute-type ATL, and
we then compared the molecular characteristics of chronic-
and acute-type ATL to investigate the molecular mechanism of
acute transformation.

Materials and Methods
Patient samples

We collected and analyzed 27 cases of chronic-type ATL
and 35 cases of acute-type ATL (Table 1 and Supplementary
Table S1 in Supplementary Data). These samples were
obtained from patients at Imamura-Bunin Hospital
(Kagoshima, Japan), Nagasaki University School of Medicine
(Nagasaki, Japan), Heart Life Hospital (Nakagusukuson,
Japan), and Kyushu Cancer Center (Fukuoka, Japan). In
accordance with Shimoyama criteria, the diagnoses were
made by expert hematologists (A. Utsunomiya, K. Tsukasaki,
Y. Imaizumi, N. Taira, and N. Uike; ref. 3). Samples and
medical records used in our study were approved by the
Institute Review Board of the Aichi Cancer Center (Nagoya,
Japan). Informed consent was obtained according to the
Declaration of Helsinki from all patients. DNA and RNA used
in this study were extracted from purified CD4-positive cells
as previously reported (14). For the cumulative incidence of
acute transformation, events were defined as acute trans-
formation or any treatment for ATL.

Copy number analysis by aCGH and GEP

We performed aCGH analysis on all samples using 400K
aCGH (Agilent, Cat. # G4448A; Agilent Technologies) and
44K aCGH (Agilent, Cat. # G4413A) slides (Supplementary

Table S1). Thirteen acute-type cases analyzed in a previous
study were included (14). Procedures for DNA digestion,
labeling, hybridization, scanning, and data analyses were
performed according to the manufacturer's protocols (www.
agilent.com). Raw data were transferred to the Genomic
Workbench v5.0 software (Agilent Technologies) for further
analysis as described previously (14-16). Among these iden-
tified alterations, we focused on minimal common regions
(MCR). MCRs are defined as alterations that encompass less
than 3 protein-coding genes among all samples analyzed in
this study (17). Copy number variations/polymorphisms
(CNV) were identified using a database (HS_hgl8_CNV-
20120403, Agilent), which was obtained from Database of
Genomic Variants (http://projects.tcag.ca/variation/) in
April 2012 and then excluded from further analyses as
described previously (16). We also performed aCGH analysis
on matched normal DNA samples that were available and
confirmed that the identified MCRs were not CNVs (Sup-
plementary Fig. S1A).

For analysis of GEP, the Whole Human Genome 44K
Oligo-microarray Kit (Agilent, Cat. # G4112F) was used
for the hybridization of labeled RNA. The total RNA of 13
chronic samples and 21 acute samples was analyzed.
The experimental protocol used reflected the manufac-
turer's protocol (www.agilent.com) as previously reported
(15, 16). Using the results of GEP, gene set enrichment
analysis (GSEA) was performed as previously described
(15, 16, 18).

The detailed description of these analyses can be found in
Supplementary Methods. The microarray data were submitted
to ArrayExpress and assigned accession numbers E-MTAB-
1808 (aCGH) and E-MTAB-1798 (GEP).

Mutation analyses of CD58 and [32-microglobulin

The exons 1-4 of CD58 and 1 and 2 of B2-microglobulin
(B2M), whose mutations were identified in peripheral T-cell
lymphomas (PTCL; ref. 19), were amplified from gDNA using
PCR. PCR primers used are detailed in the previous study
(20). Twenty-six acute-type and 26 chronic-type ATL sam-
ples, for which adequate DNA was available, were analyzed.
Direct sequencing of PCR products was performed through
capillary electrophoresis using the ABI3100 sequencer
(Applied Biosystems).

Flow cytometry
Analysis of cell surface CD58 in ATL cell lines was performed
using anti-CD58 PE antibody (AICD58, Beckman Coulter).

Median LDH
(range), IU/L

Median calcium Median albumin Median BUN
(range), mg/dL (range), g/dL (range), mg/dL

Table 1. N at sampling

No. of Median age Median WBC
Subtype samples (range),y (range), u/L
Chronictype 27 61 (42-81) 1,1400 (6,000-22,100)
Acute type 35 57 (32-85)

233 (155-465)
2,1700 (4,100-224,800) 688 (203-2,223) 9.3 (7.7-17.4)

9.3 (8.4-10.2) 4.2 (3.0-4.8) 15.5 (7.4-26.4)
3.8 (2.6-4.5) NA

Abbreviations: BUN, blood urea nitrogen; NA, not available; WBC, white blood cells.
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