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Abstract

Sodium-coupled monocarboxylate transporter SMCT1 (SLC5A8) mediates monocarboxylate transport in the proximal tubule
of the kidney. We have identified PDZK1 and PDZ domain-containing RING finger 3 (PDZRN3) as potent binding partners
of SMCT1, which has a PDZ motif (Thr—Arg—Leu), by yeast two-hybrid screening and revealed that PDZK1 enhances the
transport activity of SMCT1. In this study, we aimed to characterize the interaction between SMCT1 and PDZRN3 as well
as to examine how PDZRN3 regulates SMCT1 function. An interaction between SMCT1 and PDZRN3 through the PDZ
motif was observed in a co-immunoprecipitation assay and yeast two-hybrid assay. A transport assay showed that PDZRN3
abolished the enhancing effect of PDZK1 on nicotinate uptake via SMCT1. Our results suggest that SMCT1 interacts with
PDZRN3 and that PDZRN3 may regulate SMCT1 function by interfering with the interaction between SMCT1 and PDZK1.
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Introduction

Monocarboxylates (MCs), such as lactate and ketone bod-
ies, play an essential role in energy metabolism. They are
not only waste metabolites of glucose or fatty acid but also
substrates for energy supply in the kidney [1-3]. To prevent
loss of such important substrates, most of the MCs are reab-
sorbed in the renal proximal tubule after being freely filtered
through glomeruli. However, MCs that are hydrophilic in an
anionic form in plasma and urine cannot pass through lipid
bilayers. Sodium-coupled monocarboxylate transporters
(SMCTs) have been identified as transporters that mediate
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the first step in the reabsorption of MCs on the apical side
[4]. There are two isoforms of SMCTs, SMCT1 (SLC5AS),
a high-affinity and low-capacity transporter in the S3 region
of the proximal tubule [5, 6], and SMCT2 (SLC5A12), a
low-affinity and high-capacity transporter in the S1 and S2
regions of the proximal tubule [7]. Despite the physiologi-
cal importance of SMCTs, there is little information on the
regulatory mechanism of SMCTs except for several reports
about gene silencing of SMCT1 in various tumors [8—10]
and inhibitory effects of insulin and SGK1 on SMCT1 [11].

In recent years, many PDZ (PSD-95, DglA, and ZO-1)
proteins have been identified. A PDZ protein that has more
than one PDZ domain is known to bind to a specific three-
amino-acid sequence on a carboxylate terminus of its bind-
ing partner, a PDZ motif [11]. Three types of PDZ motifs
have so far been identified: Class I domain Ser/Thr—X-®,
Class II domain ®-X-®, and Class III domain Asp/
Glu—X-® (X =any residue and ® =hydrophobic residue)
[12, 13]. PDZ proteins are known to regulate localization
of binding partners or molecular signaling by an interac-
tion with their binding partners through their PDZ motifs.
PDZK1, which was identified in sequence analysis of renal
hypouricemia patients [14], interacts with the PDZ motif
of the urate/anion exchanger URAT1 (Thr—Gln—Phe) and
increases urate uptake via URAT1 [15]. In addition to
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PDZKI1, the sodium/hydrogen exchange regulatory factor
(NHERF) family is known as a family of PDZ proteins in
the kidney [16].

SMCTI1 has seven transmembrane domains (with an
extracellular amino terminus and an intracellular carboxyl
terminus), and the C-terminus last tripeptide (Thr—Arg—Leu)
corresponds to the Class I PDZ motif. Based on these struc-
tural features, it can be presumed that a certain PDZ protein
binds to the C-terminus of SMCT1 in the kidney. Previously,
utilizing the yeast two-hybrid screening, we have identi-
fied PDZKI1 as a putative binding partner of SMCT1 in the
human kidney, and found that interaction of PDZK1 with
SMCT1 significantly facilitates its [3H]nicotinate uptake
[17]. On the other hand, in this yeast two-hybrid screen-
ing, we have also identified PDZ domain-containing RING
finger 3 (PDZRN3) as another candidate of SMCT1 associ-
ated proteins. However, an interaction between SMCT1 and
PDZRN3 has yet to be characterized.

PDZRN3 is a member of the PDZRN family. Members
of this family except for PDZRN4L have a RING domain
and multiple PDZ domains. PDZRN3, which has one RING
domain and two PDZ domains, is a cytosolic protein that is
distributed in the kidney, lung, heart, and other tissues [18].
PDZ proteins of the PDZRN family are known to work as
ubiquitin E3 ligases and to regulate the expression of mem-
brane proteins on the cell surface by promoting their endocy-
tosis [19, 20]. From these facts, we predicted that PDZRN3
interacts through its PDZ domain with the C-terminal PDZ
motif of SMCT1. There is little information about the inter-
action between SMCT1 and PDZRN3 and it remains unclear
how SMCT1 interacts with PDZRN3.

In the present study, we investigated whether SMCT1
interacted with PDZRN3 through the PDZ motif and how
PDZRN3 regulates SMCT].

Materials and methods
Materials

[*H] nicotinic acid (50 Ci/mmol) was purchased from Amer-
ican Radiolabeled Chemicals (St. Louis, MO, USA). Human
SMCT1 cDNAs were gifts from Dr. Vadivel Ganapathy
(Texas Tech University Health Sciences Center, Lubbock,
TX, USA). A human PDZRN3 cDNA clone (NM_015009)
subcloned into the pPCMV6-entry vector, which contains the

FLAG tag sequence at the C-terminal, was purchased from
OriGene Technologies (Rockville, MD, USA). Fetal bovine
serum was purchased from Biowest (Strasbourg, France).
Fugene 6 Transfection Reagent was obtained from Promega
(Madison, WI, USA). Other substances were obtained from
Nacalai Tesque (Kyoto, Japan).

Plasmid construction

The C-terminal 68 amino acids of wild-type human SMCT1
was generated by PCR using specific primers (Table 1) and
cloned into the EcoRI and Xhol sites of pEG202 (bait vec-
tor), which was termed SMCT1-CTwt. Single PDZ domains
of PDZRN3 were generated separately by PCR using spe-
cific primers (Table 1) and cloned into the EcoRI and Xhol
sites of pJG4-5 (prey vector), which were termed PDZRN3
PDZ1 domain and PDZRN3 PDZ2 domain, respectively.
The full-length coding sequence of human SMCT1 wild
type, SMCT1wt, along with its mutant lacking the last three
amino acids of SMCT1 (SMCT1-CTd3) were inserted into
the pcDNA3.1 vector (Thermo Fisher Scientific) and the
pEGFP-C2 vector for functional analysis and for immuno-
cytochemical analysis, respectively.

Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin
(100 units/ml), and streptomycin (100 mg/ml) at 37 °C and
in 5% CO,. The cells were subcultured in a medium with
0.05% trypsin—EDTA solution (containing 137 mM NacCl,
5.4 mM KCl, 5.5 mM glucose, 4 mM NaHCO;, 0.5 mM
EDTA and 5 mM HEPES; pH 7.2) and were used after
15-25 passages. Transient transfections were performed
with Fugene 6 according to the manufacturer’s instructions.

Preparation of cell lysates and immunoprecipitation

Twenty-four hours after transfection as described above,
HEK?293 cells were lysed with a buffer containing 250 mM
NaCl, 50 mM Tris (pH 7.4), 1 mM EDTA, 1% Nonidet P40
and protease inhibitor cocktail (Pierce Biotechnology, Rock-
ford, IL, USA). The lysate was centrifuged at 13,000 rpm
for 5 min at 4 °C and then the supernatant was collected.
The supernatant was immunoprecipitated with a rabbit

Table 1 Primers used in the
vector construction for the yeast

Forward

Reverse

two-hybrid assay SMCT1-CTwt

PDZRN3-PDZ1
PDZRN3-PDZ2

5'-cggaattcacaggaggaagaaaacag-3'
5'-tagaattcgggaagcgcgagaagtc-3'
5'-tagaattcgccctcactaagatgte-3’

5'-catctcgagtcacaaacgagtcccattg-3'
5'-cggctcgagttacatgatatgttcaaagg-3’
5'-cttctcgagttaagcetgtgaattgeatgg-3’
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anti-SMCT1 antibody (ab99064, Abcam, Cambridge, UK),
a mouse anti-FLAG antibody (M185-3L, MBL, Woborn,
MN, USA), or a rabbit anti-GFP antibody (G1544, Sigma-
Aldrich, St. Louis, USA) using a Pierce Classic Magnetic IP/
ColP Kit (Thermo Fisher Scientific, Waltham, MA, USA).

SDS-polyacrylamide gel electrophoresis
and immunoblotting

Cell lysates prepared and immunoprecipitants as described
above (2040 pg/lane) were subjected to SDS—polyacryla-
mide gel electrophoresis followed by immunoblotting with
1:100-diluted antibodies, a mouse anti-PDZRN3 antibody
(H00023024-B01P, Abnova, Taipei City, Taiwan) or a rab-
bit anti-SMCT1 antibody. A sheep anti-mouse IgG antibody
and a donkey anti-rabbit IgG antibody (HRP-conjugated,
GE Healthcare, Buckinghamshire, England, UK) were used
for secondary antibodies. Immunoblotting was developed
with an enhanced chemiluminescence reagent, Clarity Max
Western ECL Substrate (BIO-RAD, Hercules, CA, USA),
and visualized by ImageQuant LAS 4000 (GE Healthcare).

Immunocytochemical analysis

GFP-SMCT1wt and PDZRN3-FLAG were transfected into
HEK?293 cells transiently as described above. At 48 h after
transfection, the cells were fixed with 4% paraformalde-
hyde in PBS for 10 min, permeabilized with PBS contain-
ing 0.1% Tween 20 for 10 min, and blocked with 3% BSA
(Wako Pure Chemical Industry, Osaka, Japan) for 1 h at
room temperature. Samples were incubated overnight at
4 °C with 1:1000-diluted primary antibodies, rabbit anti-
GFP antibody and mouse anti-FLAG antibody (MBL), and
then with 1:500-diluted secondary antibodies, donkey anti-
rabbit IgG (Alexa Flour 488, Thermo Fisher Scientific) and
donkey anti-mouse IgG (CF 555, Nacalai Tesque), for 1 h
at room temperature. After they had been mounted in Pro-
long Gold antifade reagent containing DAPI (Thermo Fisher
Scientific), immunofluorescence microscopy was performed
using LSM 780 confocal laser scanning microscope (Carl
Zeiss Microscopy, Oberkochen, Germany).

Yeast two-hybrid assay

A yeast two-hybrid assay was performed with the LexA-
based GFP two-hybrid system (Grow’n’ Glow system,
MoBiTec, Géttingen, Germany) according to the manufac-
turer’s instructions utilizing a bait with the last 68 amino
acids of SMCT1 and prey vectors with individual PDZ
domains of PDZRN3.

Nicotinate transport assay

HEK293 cells were seeded in 24-well culture plates at a
density of 1x 10° cells/well. At 24 h after the cells had been
plated, they were transfected with SMCT1wt, SMCT1d3,
PDZK1, and/or PDZRN3 as described above. A total
of 0.5 pg/well of the plasmid mixture (0.166 pg of each)
was used for transfection. DNA amount was controlled
using an empty plasmid. At 24 h after transfection, the
culture medium was removed, and the cells were washed
three times with serum-free Hanks’ balanced salt solution
(HBSS) containing 125 mM NaCl, 4.8 mM KCl, 1.2 mM
KH,PO,, 1.2 mM MgSO,-7H,0, 1.3 mM CacCl,-2H,0,
5.6 mM glucose and 25 mM HEPES, pH 7.4 and then pre-
incubated in the same solution at 37 °C for 10 min. The
cells were incubated in a solution with 5 nM [°H] nicotinic
acid at 37 °C for 1 min. The uptake was stopped by adding
ice-cold HBSS, and the cells were washed two times with
the same solution. The cells in each well were lysed with
0.5 ml of 0.1 N sodium hydroxide. After adding 2.5 ml of
INSTA-GEL PLUS (PerkinElmer, Waltham, MA, USA),
radioactivity was determined using a (3-scintillation counter
(Tri-Carb 2800TR, PerkinElmer) and normalized by cellular
protein content measured by using the BCA protein assay kit
(Thermo Fisher Scientific).

Statistical analyses

Uptake experiments were conducted three times, and each
uptake experiment was performed in triplicate. Values are
presented as means =+ standard error of the mean (SEM).
Statistical significance was determined by Student’s ¢ test or
one-way analysis of variance (ANOVA) followed by Fisher’s
protected least significant difference (PLSD) test. Differ-
ences were considered significant at p <0.05.

Results

Interaction between SMCT1 and PDZRN3
in an immunoprecipitation assay

We performed an immunoprecipitation assay using HEK293
cells to examine an interaction between SMCT1 and
PDZRN3. HEK293 cells were transfected with pcDNA3.1
(Vector) and PDZRN3 tagged with FLAG (PDZRN3-
FLAG). Proteins of endogenous SMCT1 were immunob-
lotted with an anti-SMCT1 antibody from a lysate of Vector
and PDZRN3-FLAG (Fig. 1a). From a lysate of PDZRN3-
FLAG, proteins of SMCT1 were immunoprecipitated with
an anti-FLAG antibody (Fig. 1a) and proteins of PDZRN3
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Fig. 1 Interaction between SMCT1 and PDZRN3 through the PDZ
binding motif. HEK293 cells were transfected with FLAG-tagged
pCMVe6-entry or FLAG-tagged pCMV6-entry encoding the full
length of PDZRN3. Cell lysates of these cells were co-immunopre-
cipitated with an anti-FLAG antibody (a) or with an anti-SMCT1
antibody (b). After SDS-PAGE, immunoblot analyses were per-
formed with an anti-SMCT1 antibody (a) or with an anti-PDZRN3
antibody (b). HEK293 cells were transfected with PDZRN3 and
pEGFP, GFP-fused SMCT1wt, or GFP-fused SMCT1d3, which is a
mutant lacking the carboxyl terminal 3 amino acids from SMCTI.
Cell lysates were co-immunoprecipitated with the anti-GFP antibody
and immunoblotted with the anti-PDZRN3 antibody (c), n=2

Primary

antibodies DAPI

SMCT1

20 um 20 ym 20 m
| |

were immunoprecipitated with an anti-SMCT1 antibody
(Fig. 1b). These results indicate that there is an interaction
between SMCT1 and PDZRN3.

Another immunoprecipitation assay was performed to
confirm the interaction between SMCT1 and PDZRN3 and
to investigate the role of the PDZ motif of SMCT1, TRL, at
the carboxyl terminus for the interaction. HEK293 cells were
transfected with PDZRN3 and pEGFP-C2 vector (Vector-
PDZRN3), GFP-fused SMCT1 wild-type (GFP-SMCT1wt-
PDZRN3), or GFP-fused SMCT1 mutant that lacked a PDZ
motif (GFP-SMCT1d3-PDZRN3). Proteins of PDZRN3
were immunoprecipitated with the anti-GFP antibody from
a lysate of GFP-SMCT1wt-PDZRN3 but not from a lysate
of Vector-PDZRN?3 or GFP-SMCT1d3-PDZRN3 (Fig. 1c¢).
These results indicate that SMCT1 makes a complex with
PDZRN3 and that the PDZ motif on the carboxyl terminus
of SMCT]1 is necessary for the interaction.

Co-localization of SMCT1 with PDZRN3

We performed immunocytochemical analysis to determine
whether SMCT1 co-localizes with PDZRN3. SMCT1 fused
with GFP at the amino terminus and PDZRN3 tagged with
FLAG at the carboxyl terminus were transfected transiently
into HEK 293 cells. After fixation by 4% PFA, the cells
were immunostained with anti-GFP antibody and anti-FLAG
antibody or without primary antibodies (Fig. 2). Both pro-
teins of SMCT1 (green) and PDZRN3 (red) were detected
on the cell membrane, and a merge image showed that they
co-localized (Fig. 2). This result indicates that SMCT1 and
PDZRN3 co-localize.

PDZRN3 Merge

|

+
20 pm 20 pm 20 pm
| | |

Fig.2 Co-localization of SMCT1 and PDZRN3. Representative
images of HEK293 cells transiently transfected with GFP-fused
SMCT]1 on the amino terminus and PDZRN3 tagged with FLAG on
the carboxyl terminus. HEK293 cells were immunostained with a
rabbit anti-GFP antibody and mouse anti-FLAG antibody followed by
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Table 2 Specificity of PDZRN3 for interaction with SMCT1 in a
yeast two-hybrid assay

C-terminal residues PDZRN3

(last 6 amino acids)

PDZ1 PDZ2

LEU GFP LEU GFP

SMCTI-CTtwt SNGTRL o+ - -

A yeast two-hybrid assay was performed using the following bait and
prey: bait with the last 68 amino acids of SMCT1 wild type (SMCT1-
CTwt) and prey containing the first PDZ domain of PDZRN3 (PDZ1)
or the second domain (PDZ2). In the yeast two-hybrid assay, LEU2
and GFP were used as reporter genes instead of lacZ, which has been
commonly used, because they enable detection of positive clones fast
and easily with long wave UV. The results of a growth assay and GFP
fluorescence are shown

Domain analysis of PDZRN3

We performed a yeast two-hybrid assay using the fol-
lowing vectors to examine the role of each PDZ domain
of PDZRN3 in the binding. We constructed a bait vector
containing the last 68 amino acids of SMCT1 (SMCT1-
CTwt) and also constructed two prey vectors with each
of the PDZ domains (PDZ1 and PDZ2) of PDZRN3. In a
yeast two-hybrid assay using these vectors, an interaction
with SMCTI1-CTwt was observed for PDZ1 domain but
not for PDZ2 domain (Table 2). This result suggests an
essential role of PDZ1 domain of PDZRN3 in the interac-
tion with SMCT1.

Transport activities of SMCT1 in the presence
or absence of PDZRN3

After confirming the interaction between SMCT1 and
PDZRN3, we performed transport assays to examine
the functional change of SMCT]1 by its interaction with
PDZRN3. We transiently transfected pcDNA3.1 contain-
ing full-length SMCT1 (HEK-SMCTI1wt) or SMCT1
lacking the last three amino acids of its carboxyl terminus
(HEK-SMCT1d3) or without an insert (HEK-mock) into
HEK 293 cells in the presence or absence of PDZRN3.
At 24 h after transfection, the cells were incubated with
an uptake solution containing 5 nM of [*H]nicotinate for
1 min. The uptake of [*H]nicotinate in HEK-SMCT 1wt
and HEK-SMCT1d3 was approximately 3.9-fold higher
than that in HEK-mock. There was no significant dif-
ference in [*H]nicotinate uptake in HEK-SMCT 1wt and
HEK-SMCT1d3 regardless of whether PDZRN3 was
transfected or not (Fig. 3). Transport activities of SMCT1
did not change regardless of whether PDZRN3 was trans-
fected or not.

639
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PDZRN3 -+ - 4 4

Fig.3 Effect of PDZRN3 on [*H]nicotinate transport activity via
SMCT1. To examine the functional change of [*H]nicotinate uptake
via SMCT1 by co-expression with PDZRN3, HEK293 cells trans-
fected with SMCT1 wild type (SMCT1wt) or a mutant of SMCT1
that lacks the last three amino acids (SMCT1d3) were incubated with
an uptake solution containing 5 nM of [*H]nicotinate for 1 min with
or without co-transfection of PDZRN3. Then their radioactivity was
measured. Each value represents the mean +SEM, n=3. Statistically
significant [*H]nicotinate uptake was determined by Student’s ¢ test or
one-way ANOVA followed by Fisher’s PLSD (*p <0.05)

Cancellation effect of PDZRN3 on PDZK1-mediated
SMCT1 activity enhancement

For further examination of [*H]nicotinate uptake via
SMCT1, we performed another uptake experiment using
HEK-SMCT 1wt additionally transfected with PDZK1 and
with both PDZK1 and PDZRN3 or not. The uptake of [*H]
nicotinate in HEK-SMCT 1wt was approximately 3.7-fold
higher than that in HEK-mock. The uptake of [*H]nicoti-
nate via HEK-SMCT 1wt increased by 1.2-fold when PDZK1
was co-transfected. This enhanced effect of PDZK1 was
abolished when PDZRN3 was additionally co-transfected
(Fig. 4a). There was no significant difference in the uptake
of [*H]nicotinate among HEK-SMCT1d3 only, with co-
transfection of PDZK1, and with co-transfection of PDZK1
and PDZRN3 (Fig. 4b). The uptake of [*H]nicotinate in
HEK-SMCT1d3 was not significantly difference from that
in HEK-SMCT1wt. This transport assay showed that the
augmentation of SMCT]1 transport activity by PDZK1 was
abolished when PDZRN3 was additionally co-transfected.

Discussion

We revealed the role of the PDZ motif in the interaction
between SMCT1 and PDZRN3. The results of the immu-
noprecipitation assay showing that deletion of the PDZ
motif from the SMCT1 carboxyl terminus abolished the
interaction with PDZRN3 indicate that the PDZ motif of
SMCT1 plays an essential role in the interaction between
SMCT1 and PDZRN3. These results correspond to reports
showing that the muscle-specific receptor tyrosine kinase
(Musk) and Claudin16, which bind to PDZRN3, lose their
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Fig.4 Effect of PDZRN3 on [*H]nicotinate transport activity via
SMCTI1 enhanced by PDZKI1. To examine the effect of PDZRN3
on the augmentation of SMCT1 uptake by PDZKI, [*H]nicotinate
uptake via SMCT1wt (a) and SMCT1d3 (b) was measured when
PDZK1 was co-transfected or PDZK1 and PDZRN3 were co-trans-
fected as described in the legend of Fig. 3, n=3

binding ability when their PDZ motifs are deleted [12, 13].
The necessity of the SMCT1 PDZ motif for interaction with
PDZK1 has also been shown [17]. Based on these facts,
SMCT]1 interacts with PDZRN3 through its PDZ motif.

In addition to a role in binding, there is a PDZ motif
has been reported to contribute to a function of its bind-
ing partner. Transport activities of proton-coupled peptide
transporter 2, PEPT2, [21] and SMCT?2 (unpublished data)
decreased when their PDZ motifs were deleted. The PDZ
motifs of PEPT2 and SMCT2 may contribute not only to
binding to their binding partners but also to transport activ-
ity. However, there was no significant difference in nicotinate
uptake via SMCT1 when PDZRN3 was co-transfected and
not co-transfected (Fig. 3). This indicates that the PDZ motif
of SMCTT1 contributes to the interaction with PDZRN3 but
not to its transport activity.

We also examined which of the two PDZ domains of
PDZRN3 contributed to the interaction with SMCT1. There
is one report about the specificity of the PDZ domains of
PDZRN3. Musk in the neuro-muscular junction, which has
a class I PDZ motif (Thr—Thr—Val) on the carboxyl termi-
nus, interacts with PDZRN3. PDZ1 domain of PDZRN3 is

@ Springer

essential for the interaction, but PDZ2 domain is not [12].
This corresponds to the results of the yeast two-hybrid
assay in the present study showing that only PDZ1 domain
of PDZRN3 bound to SMCT1. On the other hand, PDZ
domains in a certain PDZ protein that contribute to binding
have been reported to be different for each binding partner.
At present, there is not sufficient information to determine
the role of the specificity of PDZRN3 domains that contrib-
utes to a binding partner.

After confirming the interaction between SMCT1 and
PDZRN3 through the PDZ motif, we examined the role
of PDZRN3 in SMCT]1 transport function. The results of
the transport assay showing that uptake via SMCTI1 did
not change in the presence of PDZRN3 (Fig. 3) were unex-
pected. At first, we predicted that PDZRN3 negatively regu-
lates nicotinate uptake via SMCT1 because PDZRN?3, which
is known to be a ubiquitin E3 ligase, regulates the endocyto-
sis of Musk and CLDN16, which are membrane proteins that
interact with PDZRN3 through their PDZ motifs [12, 13].
However, it is not surprising that PDZRN3, which interacts
with SMCT1, does not contribute to the functional change
in consideration of an indirect effect of PDZRN?3 abolishing
the augmented effect of PDZK1 on SMCT]1 function.

Uptake assays showed that PDZRN3 did not directly
change the nicotinate uptake via SMCT1 (Fig. 3) and that
it abolished the augmentation of SMCT1 transport activ-
ity by PDZK1 in the transport assay (Fig. 4). A putative
mechanism may involve competition between PDZK1 and
PDZRN3 in the interaction with SMCT1. There is a report
showing that the cystic fibrosis transmembrane conduct-
ance regulator (CFTR) interacted with the CFTR-associ-
ated ligand (CAL), Nat/H* exchanger-3 regulatory factor
1 (NHERF1), and NHERF2 and that the relative affinity of
these three PDZ proteins to CFTR may regulate CFTR endo-
cytic recycling [22]. Although the affinity of PDZK1 and
PDZRN3 to SMCTI1 remains unclear, PDZRN3 probably
competes with PDZK1 in binding to SMCT1 and interferes
with the interaction between SMCT1 and PDZK1.

Regarding the role of SMCTs in absorption of MCs, there
is a report showing that these two transporters play an essen-
tial role in renal excretion of lactate because lactate excretion
into urine increased and serum lactate decreased in a mouse
model (c/ebpd null mice) that was deficient in expression of
SMCTs only in the kidney [23]. Thus, SMCTs, which medi-
ate the first step of the reabsorption of MCs in the renal prox-
imal tubule, play an essential role in renal lactate excretion.
However, the regulatory mechanism of SMCT1 is not fully
understood. Our results showing that PDZRIN3 abolished the
enhancing effect of PDZK1 on SMCT1 function provide a
clue for the mechanism of MC reabsorption via SMCT1. In
addition, SMCT]1 likely contributes to urate regulation by
transporting anions that are exchange substrates for URAT.
It has been reported that uptake of uric acid via URATI is
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increased in the presence of SMCT1 [24]. This is probably
because MCs in an anionic form that are transported into
cells by SMCT1 make an outwardly-directed MC gradient
and enhance urate transport via URAT1 [25]. Considering
this linkage in urate transport between SMCT1 and URAT,
PDZRN3 may contribute to the regulation of uric acid.

In conclusion, the results of our study show that PDZRN3
interacts with SMCT1 through the PDZ motif on the car-
boxyl terminus and abolishes the enhancing effect of PDZK1
function. The results indicate that the interaction between
SMCTI1 and PDZRN3 is important because it may nega-
tively regulate MC transport via SMCT1 by interrupting the
interaction between SMCT1 and PDZK1.
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