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Abstract

Aims: Human monocarboxylate transporter 9 (hMCT9), encoded by SLCI6A49, is a

transporter that mediates creatine transport across the transmembrane. Previously, we

reported that h(MCTO is an extracellular pH- and Na'-sensitive creatine transporter with

two kinetic components. Recently, some variants of hMCT9 have been found to be

associated with serum uric acid levels, hyperuricemia, and gout. Among these, two single-

nucleotide polymorphisms (SNPs) have also been reported: rs550527563 (L93M) and

1s2242206 (T258K). However, the effect of these SNPs on hMCT9 transport activity

remains unclear. This study aimed to determine the influence of hMCT9 L93M and

T258K on transport characteristics.

Main methods: hMCT9 L93M and T258K were constructed by site-directed mutagenesis

and expressed in Xenopus laevis oocyte. Transport activity of uric acid and creatine via

hMCT9 were measured by using a Xenopus laevis oocyte heterologous expression system.

Key findings: We assessed the transport activity of uric acid and creatine and observed

that h(MCT9-expressing oocytes weakly transported uric acid approximately 3- to 4-fold

more than water-injected oocytes. hMCT9 L93M slightly reduced the transport activity

of creatine, whereas hMCT9 T258K did not affect the transport activity. Interestingly,

hMCT9 T258K abolished Na" sensitivity and altered the substrate affinity from two
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components to one.

Significance: In conclusion, hMCT9 SNPs affect transport activity and characteristics.

hMCT9 L93M and T258K may induce dysfunction and contribute to pathologies such as

hyperuricemia and gout. This is a first study to evaluate molecular characteristics of

hMCT9 SNPs.

Keywords: SLC1649; Monocarboxylate transporter 9; Uric acid; Creatine; Single-

nucleotide polymorphism; Xenopus laevis oocyte

Highlights

® hMCT?9 transported uric acid approximately 3—4 fold more than the negative control.

® hMCT9 LI93M modestly decreases creatine transport activity.

® hMCT9 T258K abolished Na* sensitivity.

® hMCT9 T258K altered transport components and affinity for creatine.
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1. Introduction

Human monocarboxylate transporters (hMCTs) belong to the solute carrier

(SLC) 16 superfamily, consisting of 14 isoforms [1]. The topology model of h(MCTs was

predicted to contain 12 transmembrane domains (TMs) with intracellular C- and N-

terminal domains and a large loop between TM 6 and 7 [2]. Among hMCTs, hMCT1-4

are well-characterized proton-coupled lactate transporters involved in lactate shuttling

between glycolytic and oxidative cells, and astrocytes and neurons [3]. Furthermore,

hMCTS transports thyroid hormones, and its dysfunction induces the Allan—-Herdon—

Dudley syndrome [4]. Although most hMCTs are orphan transporters and these typical

substrates are not known, they are associated with various diseases and are considered

necessary in clinical practice [4].

The association between genetic variants of hMCTs and its impact on pathology

and function has been reported. The most common single-nucleotide polymorphisms

(SNPs) of h(MCT1 (rs1049434, D490E) were found in Chinese and Japanese population

[5, 6], and decreased affinity for substrates of h(MCTT1 [7]. In addition, it associated with

overall survival and recurrence-free survivals of non-small cell lung cancer patients [8]

and overall survival of colorectal cancer patients [9]. Another genetic variant of h(MCT11

were associated with diabetes in Hispanic [10] and Japanese [11]. Considering these
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reports, the approach from genetic variants to elucidate the function of hMCTs and

diseases involved in hMCTs was valid.

Recently, genome-wide association studies (GWAS) and replication studies have

revealed that h(MCT9, encoded by the SLC16A49 gene, is related to serum uric acid levels

[12-20], and its SNPs are factors for hyperuricemia or gout. Huang et al. reported that a

rare missense mutation in hMCT9 (rs550527563, L93M) was associated with early-onset

gout [20]. Nakayama et al. investigated another common variant (rs2242206, T258K) and

its SNP association with renal overload (ROL) gout [17]. In addition, Otani et al. reported

that hMCT9-expressing HEK293 cells transport uric acid [21]. Previously, we

constructed an hMCT9 expression system using Xenopus laevis oocytes and investigated

its functional characteristics [22]. However, the effects of these SNPs on hMCT9

substrate transport remain unknown. We reported that hMCT9-mediated creatine

transport is dependent on extracellular pH and Na" sensitivity and that the transport of

creatine via hMCT9 consists of two components [22]. In this study, we constructed the

hMCT9 SNP described above (hMCT9 LI93M, hMCT9 T258K) and confirmed their

functional characteristics compared to the hMCT9 wild-type (WT). This study aimed to

elucidate the effects of hMCT9 SNPs on transport properties.
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2. Material and methods
2.1. Materials and animals

['*C]-Uric acid was obtained from Moravek (California, USA). ['*C]-Creatine
was obtained from American Radiolabeled Chemicals (St. Louis, MO, USA). Uric acid
and creatine monohydrate were obtained from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). Xenopus laevis frogs were obtained from Hokudo (Sapporo,
Japan). The Animal Experimentation Committee of the National University Corporation,
Hokkaido University (Sapporo, Japan) approved this study. All the compounds used were

of the highest purity available.

2.2. Site-directed mutagenesis
Site-directed mutagenesis was performed as described previously [23]. Primers
containing the desired mutations are listed in Table S1. The plasmid construct was

confirmed using DNA sequencing (Hokkaido System Science, Sapporo, Japan).

2.3. Complementary RNA (cRNA) expression in X. laevis oocytes
hMCT9 WT, L93M, and T258K were expressed in oocytes, as described

previously [22]. The AmpliCap-Max T7 High-Yield Message Maker Kit (CELLSCRIPT,
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Madison, WI, USA) was used for in vitro cRNA synthesis. X. laevis oocytes were injected

with 50 ng of cRNA encoding hMCT9 WT, L93M, and T258K; water was used as a

negative control.

2.4. Immunohistochemistry

Immunohistochemical analysis was performed as described previously [22].

Oocytes were stained with rabbit anti-hMCT9 antibody (ab184870; Abcam, Cambridge,

UK), which recognizes intracellular loop 3. The prepared oocytes were monitored under

an FV10i confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).

2.5. Transmembrane domain prediction

The putative transmembrane domains of hMCT9 were predicted using the

Constrained  Consensus  TOPology @ (CCTOP)  prediction  web  server

(http://cctop.enzim.ttk.mta.hu/) [24], and the predicted 2D topology model was visualized

using the PROTTER web application (http://wlab.ethz.ch/protter/start/) [25].

2.6. Uric acid and creatine transport assay

The transport activity of hMCT9 was assessed according to our previously
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described method [22], with some modifications. Briefly, after equilibration for 10 min
at 25 °C in a standard buffer, three to five oocytes were incubated for 60 min at 25 °C in
a standard buffer containing 5 pM ['*C]-uric acid or 10 pM ['*C]-creatine. We conducted
an uptake assay under specific conditions to elucidate the molecular characteristics. For
pH sensitivity, we used a standard buffer at various pH values. For Na" sensitivity, we
used a standard buffer containing 100 mM NaCl or choline chloride. MES was used as a
buffer at pH 5.5-6.5, and HEPES was used as a buffer at pH 7.4—7.5. The specific uptake
was calculated by subtracting the uptake in water-injected oocytes from that in cRNA-

injected oocytes.

2.7. Data analysis
All data were analyzed using SigmaPlot 14.5 (Systat Software, San Jose, CA,
USA). Data were fitted to the Michaelis—Menten equation with single or two saturable
components, and Km values were estimated using the Eadie—Hofstee plot:
V = Vmax*S/(Km+ S) or V= Vmaxi * S/(Km, high+ S) + Vmax2* S/(Km, ow + S)
where V is the uptake rate, S is the creatine concentration, and Km is the Michaelis

constant.
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2.8. Statistical analysis

Statistical analyses were performed using the Tukey-Kramer tests. Data were

analyzed using SigmaPlot 14.5, and differences were considered statistically significant

atp <0.05.

3. Results

3.1. Evaluation of hMCT9-mediated uric acid and creatine

First, we predicted the transmembrane domains of hMCT9, which contain 12

TMs (Fig. S1). Based on this prediction, we confirmed the positions of L93 and T258.

hMCT9 L93 was embedded in TM3, and hMCT9 T258 was situated in a large

intracellular loop. Next, we induced mutagenesis in hMCT9 L93M and T258K, and

expressed them in Xenopus laevis oocytes. Immunohistochemical staining revealed that

hMCT9 WT, L93M, and T258K were expressed in oocytes and were adequately localized

to the oocyte membrane (Fig. 1). We investigated the uric acid transport activity of

hMCT9 because hMCT9 and its SNPs are involved in serum uric acid levels. Oocytes-

expressed hMCT9 WT weakly transport uric acid, approximately 3- to 4-fold more than

water-injected oocytes, with statistical significance (Fig. 2A). Furthermore, high
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concentrations of uric acid (1 mM) did not inhibit the transport activity of h(MCT9 WT

(Fig. 2B). We then evaluated the effects of SNPs, hMCT9 L93M and T258K, on the

creatine transport of hMCT9 because of the high transport activity of creatine [26].

hMCT9 L93M slightly attenuated transport activity while there is no significant

difference. hMCT9 T258K transported creatine, similar to hMCT9 WT (Fig. 2B).

3.2. Influence of extracellular pH and Na™ composition on hMCT9 SNPs

To evaluate the molecular effects of hMCT9 L93M and T258K on creatine

transport in more detail, we next conducted an uptake study with a pH gradient because

hMCT9 was sensitive to H" gradient changes and the transport activity of hMCT9

increases as the extracellular pH increases [22]. Similar to h(MCT9 WT, hMCT9 L93M

and T258K transported creatine with an increase in extracellular pH (Fig. 3A), indicating

that L93 and T258 were not involved in pH sensitivity with statistical significance in

hMCT9 WT and T258K at pH 7.5 compared at pH 5.5, respectively, and even though

without statistical significance in hMCT9 L93M at pH 7.5 compared at pH 5.5. Regarding

Na" sensitivity, the transport activity of hMCT9 WT decreased approximately by half in

the absence of Na', with statistical significance, as reported in a previous study [22].

hMCT9 L93M decreased to the same degree as hMCT9 WT while there was no statistical
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significance (Fig. 3B). hMCT9 T258K transported creatine almost equally (no statistical

significance), regardless of the presence of Na* ions (Fig. 3B).

3.3. Kinetic analysis of hMCT9 SNPs mediated creatine transport

Finally, we evaluated the affinity of hMCT9 WT, L93M, and T258K for creatine.

hMCT9 WT transported creatine at high substrate concentration with saturation (Fig. 4A)

[22], and Eadie—Hofstee plot indicated the presence of two components with Km and

Vmax values of 16.49 + 1.35 mM and 83.3 + 5.32 fmol/min/oocyte for high affinity and

of 130.08 £+ 25.45 mM and 414.0 = 60.17 fmol/min/oocyte for low affinity, respectively

(Fig. 4B). hMCT9 L93M also had two components according to Eadie—Hofstee plot with

the Km and Vmax values of 15.26 = 2.01 mM and 68.3 £ 6.91 fmol/min/oocyte for high

affinity and of 146.73 £+ 33.51 and 391.6 + 68.14 fmol/min/oocyte for low affinity,

respectively (Fig. 4C and 4D). Compared to hMCT9 WT and L93M, hMCT9 T258K also

showed a saturation (Fig. 4E) but a linear in Eadie—Hofstee plots (Fig. 4F). The Km and

Vmax values of hMCT9 T258K were estimated to be 55.66 £ 6.58 mM and 210.77 +

19.12 tfmol/min/oocyte, respectively (Fig. 4F), which were intermediate between high and

low-affinity Km and Vmax values of hMCT9 WT. The regression values of the

Michaelis—Menten equation and Eadie—Hofstee plot are described in Table S2. hMCT9

WT, L93M, and T258K fitted well the Michaelis—Menten equation in one- and two-
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1  component models. However, the regression values of h(MCT9 WT and hMCT9 L93M in

2 the Eadie—Hofstee plot improved in the two- compared to the one-component model,

3 while h(MCT9 T258K had similar values in both one and two components.
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4. Discussion

In this study, we performed a functional analysis of two SNPs of hMCT9 that

are associated with gout and are involved in hMCT9 transport characteristics. First, we

examined the ability of hMCT9 to transport uric acid because certain genetic variants of

hMCT9 have been reported to affect the plasma concentrations of uric acid,

hyperuricemia, and gout [12-20]. Although oocytes expressing hMCT9 transport uric

acid as well as previously reported hMCT9 expressing HEK293 cell line [21], the

transport activity of uric acid via hMCT9 was approximately 3- to 4-fold more than water-

injected oocytes (Fig. 2A). In addition, a high concentration of uric acid (1 mM) did not

affect h(MCT9 WT. Previously, we described that excessive creatine (10 mM) inhibited

creatine transport by approximately 40%. This competitive substrate concentration was

lower than that of high- and low-affinity Km values of hMCT9 WT (16.49 + 1.35 mM

and 130.08 £ 25.45 mM, respectively). Consequently, uric acid (1 mM) did not inhibit

hMCT?9 creatine transport due to the high capacity of h(MCT9 WT for substrate transport.

Further experimental data are needed to evaluate molecular characteristics of hMCT9 for

uric acid transport.

As for uric acid transporters, a large GWAS study with 28,141 individuals of

European descent revealed that SLC249, ABCG2, SLCI17A41, and SLC22412 were
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strongly associated with serum uric acid levels compared with SLC1649/MCT9 [14]. In

another study, the knockout of aldehyde dehydrogenase (aldh) 1641 in mice upregulated

abcc4 and slcl16a9 and downregulated slcl7a3, associated with serum uric acid levels

[27]. These reports suggest that transporters may cooperatively regulate serum uric acid

levels. For example, sodium-coupled monocarboxylate transporter (SMCT) 1 (SLC548)

and SMCT2 (SLC5A412) transport lactate and nicotinate, and form complexes with

PDZK1 and URAT1 (SLC22A412) [28]. Because URATT is an exchanger of uric acid and

anions, SMCTs are important for its function [29].

Furthermore, a meta-analysis of GWAS reported that rs12356193 within

SLC16A49 was associated with DL-carnitine and propionyl-L-carnitine concentrations as

well as serum uric acid levels [14]. In addition, Suhre et al. reported that h(MCT?9 is a

carnitine efflux transporter [30]. Consequently, we hypothesized that hMCT9 may

indirectly affect uric acid levels via creatine transport, and we evaluated the effect of

hMCT9 SNPs on functional creatine transport, as the relationship between creatine or

transport and serum uric acid levels is not well known. Further studies are required to

elucidate the molecular mechanisms of these physiological conditions.

hMCT9 L93M was adequately expressed in the oocyte membrane (Fig. 1B).

However, its creatine transport activity was slightly attenuated (Fig. 2B) compared with
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hMCT9 WT, without alteration of other characteristics, such as pH, Na" sensitivity (Fig.
3), and substrate affinity (Fig. 4). Since hMCT9 L93 was embedded in TM3 (Fig. S1),
hMCT9 L93 might be positioned towards the extracellular side in an outward open
conformation and be involved in the creatine transport pathway, but not in a substrate-
binding site. hMCT9 is expressed ubiquitously, especially in the kidney [2], and its
expression in the apical membrane of the proximal convoluted tubule of the kidney
influences uric acid homeostasis [31]. Although the clinical implications of hMCT9
L93M are not clear, its functional reduction may influence serum uric acid levels,
inducing early onset gout [20].

hMCT9 T258K was expressed in oocytes (Fig. 1C), and transport activity and
creatine pH sensitivity were similar to those of hMCT9 WT (Fig. 2B and 3A). The
creatine transport activity of hMCT9 T258K was retained regardless of the presence of
Na" ions (Fig. 3B), indicating that hMCT9 T258 was associated with Na" sensitivity.
Threonine is a hydrophilic amino acid with a hydroxyl group interacting with Na* ions.
The T453 residue of SLC3849, which belongs to the SLC family as hMCT9, recognizes
Na' [32]. The sodium-dependent betaine symporter BetP has two Na*-binding sites: T467
for the Nal site and T246 and T250 for the Na2 site [33]. Therefore, it is appropriate for

hMCT9 T258 to exhibit Na* sensitivity. According to the kinetic analysis of hMCT9
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T258K, hMCT9 T258K showed saturation (Fig. 4E) but a linear in Eadie—Hofstee plots

(Fig. 4F) compared to hMCT9 WT, and its Km and Vmax values were intermediate

between the high- and low-affinity Km and Vmax values of hMCT9 WT. These results

indicated that h(MCT9 T258 intracellular large loop affects substrate affinity, which agrees

with hMCT1 and hMCT4. The large intracellular loops of hMCT1 and hMCT4 are

involved in the affinity for lactate, a typical substrate of hMCT1 and hMCT4 [34]. Similar

to hMCT9 WT, certain transporters have two components, such as OATPs [22, 23].

Accordingly, two hypotheses have been proposed: (1) hMCT9 has two substrate-binding

sites with different affinities; (2) hMCT9 has two kinetically discernible conformations

at low and high concentrations. When hMCT9 has two transport pathways with different

substrate-binding sites, hMCT9 T258 could be involved in the Na'-sensitive pathway,

and hMCT9 T258K abolishes Na* sensitivity and reduces the number of affinity sites. It

may be reasonable that hMCT9 WT transports creatine even without Na* (Fig. 3B).

However, the Km value of hMCT9 T258K was not similar to that of hMCT9 WT. In one

case, we considered that hMCT9 T258K might lose high or low affinity, whereas the other

site alters the affinity. In other possibility, we propose that Na* ions allow hMCT9 to

adopt two conformations with different affinities. In other words, abolishing Na*

sensitivity in hMCT9 T258K contributed to conformational changes, enabling hMCT9
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T258K to affect the affinity of the two components to one. Although the molecular
mechanism underlying the affinity conversion from the two components to one in hMCT9
T258K 1is controversial, hMCT9 T258K may be involved in pathologies such as
hyperuricemia and gout caused by physiological dysfunction. In a clinical study, h(MCT9
T258K increased the risk of ROL gout and not renal under-excretion gout [17], indicating
that hMCT9 is involved in intestinal uric acid excretion. The uric acid transporter ABCG2
contributes to the excretion of uric acid in the gut and decreases serum uric acid decrease
[33, 34]. In this study, hMCT9 T258K maintained its transport activity; however, the
molecular functions of Na® sensitivity and substrate affinity were altered. These
alterations could induce dysfunction in the intestine and not in the kidneys because the
concentrations of Na" and substrate could vary between these tissues, which may explain

why hMCT9 T258K induced ROL gout.

Conclusion

In conclusion, we functionally evaluated the hMCT9 SNPs, hMCT9 L93M and T258K,
for the first time, revealing that hMCT9 L93M weakly decreased transport activity and
that hMCT9 T258K lost Na* sensitivity and altered substrate affinity. These results

contribute to the elucidation of the transport mechanism of hMCT9 and the pathology
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associated with hMCT9 SNPs.
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Figure legends

Fig. 1. Immunofluorescence staining of hMCT9 SNPs.

Expression of h(MCT9 WT (A), L93M (B), and T258K (C), and water-injected oocytes
(D) used as negative controls. The oocyte membranes were examined by fluorescence

microscopy using an anti-hMCT9 antibody.

Fig. 2. Transport activity of uric acid and creatin via hMCT9 SNPs.

Uptake of ['*C]-uric acid (5 pM) was measured in oocytes expressing indicated hMCT9
WT, L93M, and T258K, and in water-injected oocytes for 60 min at 25 °C with pH 7.4
(A). Transport activity of ['4C]-creatine was monitored for 60 min incubation with 10 uM
creatine with or without 1 mM uric acid at 25 °C with pH 7.4 (B), and specific uptake
was calculated by subtracting the uptake in water-injected oocytes from that in cRNA-
injected oocytes. All data are the mean values with S.E. from three independent
experiments, each performed with three to five technical replicates. *, p <0.05, compared

water using the Tukey-Kramer test.

Fig. 3. Effects of extracellular pH and Na" ion on hMCT9 SNPs.

pH sensitivity assessed after incubation with 10 uM ['4C]-creatine with various pH values



10

11

12

13

14

15

16

17

18

31

for 60 min at 25 °C (A). To evaluate the effects of Na™ ion, ['*C]-creatine uptake was
measured for 60 min at 25 °C with pH 7.4 using a standard buffer containing 100 mM
NaCl or choline chloride (B). The specific uptake was calculated by subtracting the
uptake in water-injected oocytes from that in cRNA-injected oocytes. All data are the
mean values with S.E. from three independent experiments, each performed with three to
five technical replicates. ¢, p < 0.05, compared with WT at pH 5.5, °, p < 0.05, compared
with T258K at pH 5.5, and ¢, p < 0.05, compared with WT Na" (-) using the Tukey-Kramer

test.

Fig. 4. The kinetic analysis of hMCT9 SNPs.

The concentration dependence of ['*C]-creatine uptake via hMCT9 was assayed at
various substrate concentrations in hMCT9 WT (A), hMCT9 L93M (C), and hMCT9
T258K (E) for 60 min at 25 °C with pH 7.4. The data were fitted to the Michaelis-Menten
equation for two saturable components (A and C) and a single saturable component (E).
Eadie—Hofstee plot of the data, in which the creatine uptake rate (V) is plotted against
V/[creatine] (V/S) (B, D, F). The specific uptake was calculated by subtracting the uptake
in water-injected oocytes from that in cRNA-injected oocytes. All data are the mean

values with S.E. from four independent experiments, each performed with three to five
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technical replicates.

Fig. S1. hMCT9 2D topology model.

Transmembrane domains were predicted using the CCTOP web server and described

using the PROTTER web application. The residues positioned at .93 and T258 are

highlighted in green and blue, respectively.
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