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TABLE T - MULTIVARIATE COX REGRESSION ANALYSIS OF THE FACTORS ASSOCIATED WITH SURVIVAL

Step Varighle Relative risk (95% CI) p (log-rank)
The first Age (y1) 0.0499
0-19 1.040 (0.226-4.790) 0.9600

20-39
40-59" 1.049 (0.404-2.719) 0.9220
60+ 3.073 (1.173-8.048) 0.0223

Tumor histology <0.0001
Low-grade astrocytoma’

AA 3.673 {0.636-21.207) 0.0208
GBM 13.894 (4.287-45.028) <0.0001

LATI 0.0059
(+) 0.179 (0.062-0.516) 0.0014
(++) 0.405 (0.167-0.982) 0.0455
(+++)!

4F2he 0.4627
(+) 1455 (0.614-3.451) 0.3945
(++) 0.925 (0.358-2.391) 0.8714
(+++)!

Gender
Male 1.578 (0.764-3.260) 0.2180
Female'

PCNA (%) 0.7026
<5 0.376 (0.248-2.186) 0.5813
5-30 0.755 (0.384-1.433) 0.4139
>30'

The final Age (yn) 0.0244
0-19 0.824 (0.192-3.338) 0.7948
2039
40-59 0.951 (0.377-2.402) 0.9159
60+ 2.990 (1.162-7.697) 0.0231

Tumor histology <{3.0001
Low-grade astrocytoma'

AA 4.153 (1.305-13.218) 0.0159
GBM 11.310(3.819-33.495) <0.0001

LATI 0.0004
(+) 0.167 (0.065-0.430) 0.0002
(++) 0.303 (0.139-0.660) 0.0026
(+++)'

CI, confidence interval.

Reference category. ~*Potential prognostic factors selected from Table I were used.

increased in number and the ODsgs_qs5 value at day 5 showed
more than 1.0. In conirast, almost complete suppression of the
cell growth was observed when 25 mM BCH was added to the
culture mwedium. When BCH was added at a concentration of
more than 25 mM, cell survival was disturbed and a decrease
in the ODsgs_455 value was observed. BCH at a concentration of
1-10 mM revealed a limited effect. We confirmed that this growth
inhibitory effect of the BCH on C6 glioma cells was not due to
high osmolarity of the BCH-added culture medium since addition
of the equivalent molarity of p-mannitol showed no remarkable
effect on the growth of C6 glioma cells (data not shown).

Effects of BCH on tumor sizes in vivo and on swrvival of rats
after tumor inoculation

The volume of tumor averaged 779 & 16 7 mm® in Group 1
(n = 9) (BCH230/1 day). 146. 8 + 214 mm’ in Group 2(n=19
(salinefl day), 95.3 = 13 6 mm’ in (Jroup 3 (n = 7) (BCH230/8
days), 109.9 = 12.1 mm°® in Group 4 (n = 12) (BCH50/8 days),
1447 =+ 19.1 mm3 in Group 5 (n = 7) (saline/8 days), and
130.1 = 21.8 mm® in Group 6 (» = 7) (mamnitol50/3 days),
respectively (mean * SE) (Fig. 5). The volume of tumor in Group
1 was significantly smaller than that in Group 2 (p = 0.022). The
volume of tumor in Group 3 was also smaller than that in Group 5,
but the difference was not significant (p = 0.057). All animals lost
weight within 617 days after tumor inoculation and continuously
lost it thereafter. The time point of maximal body weight was sig-
nificantly prolonged in the animals treated with 230 mM of BCH
(Group 1) when compared with that of Group 2 (p = 0.026).
Kaplan-Meier survival data of rats in Group 1 were significant
(Fig. 6), compared to that of rats in Group 2 (p = 0.016 log-rank).

BCH, saline or p-mamnitol administration to a concentration of
50-230 mM was not associated with occurrence of seizures, or
changes in behavior (such as sluggishness or nability to eat) in rats
without tumer cells. The percentage of PCNA-positive cells in Group
1 was significantly smaller than that in Group 2 (p = 0.0182).

Discussion

We have demonstrated for the first time that high LAT] immu-
nostaining predicts a poor prognosis in patients with astrocytic
brain tumors in general and in patients with GBM or low grade
astrocytoma in particular. However, LAT1 was the second strong-
est predictor of outcome in general. It is speculated that LATI
expression is upregulated so as o provide cells with essential
amino acids for high levels of protein synthesis associated with
cell activation and also to support rapid growth or continuous pro-
liferation. Indeed, we found that high 1. AT1 expression correlated
with high proliferating potential of the tumor estimated by PCNA
immunohistochemistry. LATI also corresponds to TA, an onco-
fetal d.rmocn that is expressed primarily in fetal tissues and cancer
cells.’? A high level of LATI expression was also detected in
human tumor cell lines such as stomach signet ring cell carcinoma
(RATOIH) malignant melanoma (G-361), and lung small-cell
carcinoma (RERF-LC-MA) by Northern blot analysis.® The data-
base search indicated that pdrtld] or incomplete sequences of
LAT1 (E16, TA1 and ASUR4b) were already reported.”*!! E16
and ASUR4b were identified to be up- reguldted upon the mito-
genic stimulation of lymphocytes and the stzmuhmon of A6 epi-
thclldl cell line by aldosterone, respectively, S suggesting highly
regulated nature of LAT! gene expression. TA1 was identified as
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ficure 4 — Effect of the various concentration of BCH (from 1 to
100 mMj) on the survival of C6 glioma cells was serially observed by
MTT assay.

4 mmor~dssocmted sequence with the oncofetal pattern of expres-
sion in rat liver.® TA1 nnmunoreduwlty was abundant in human
colon cancer in vivo but barely detected in suuoundmg normal co-
lon tissue,' confirming the high level of expression of LAT1 pro-
tein in tumor cells. The 4F2he is thought to be involved in the traf-
ficking and regulation of system L neutral amino acid transport in
mamumnalian cells as mentioned previously. Because 4F2hc is
essential for LATI to be functional, the level of 4F2he expression
would greatly affect the formation of functional system 1 trans-
porters in the plasma membrane. We found that high 4F2he immu-
noreactivity also correlated with high LATI expression; however,
1AT1 staining had a major impact on survival rate. Involvement
of LAT! in tumor progression is also strongly suggested by a
recent study that showed that up-regulation of the CD98 complex,
but not the CD98 heavy chain (41"2}1«.) alone, in Balb3T3 cells
resulted in tumorigenicity in nude mice.'”” LAT1 has been shown
to be a transiently cxprcsscd membrane protein with the rapid de-
gradation signal AUUUA.® Nakamura ef af. demonstrated that
LATI is cxpressed minimally at the plasma membrane in cancer
cells, remaining mostly i in the Golgi area. and requires 4F2hc to be
sorted to the cell surface.'® The immunoreactivity of LAT] in the
plasrna membrane may vepresent its function. We did not differen-
tiate the immunoreactivity of both cytosol and plasma membrane
when estimating the grade of inununoreactivity of LAT1. How-
ever, the overall immunoreactivity for LATI1 did correlate well
with the prognosis of patients with astrocytic tumors. Cytoplasmic
LAT1 immunoreactivity may represent an intracellular pool of
LATI, and may correlate with the biological activity of cells.

To clanify the role of LATI in glioma cells, we tested a relatively
specific inhibitor to LATI, BCH, and found that BCH suppressed
strongly C6 glioma cell growth in vitro. In addition, BCH also inhib-
ited mortality of rats treated with C6 ghioma cells. BCH at a concen-
tration of 25 mM showed no significant effect on normal human
astrocytes in vitro (data not shown). BCH is 4 nonmetabolizable arti-
ficial amino acid and a transportable inhibitor for LAT1. Yanagida
et al. showed that a high-affimty substrate, leucine, and a low-affinity
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Figure 5 - Average tumor volumes * SE in each group are shown.
Fifty-one rats were divided into 6 experimental groups. Group |1
(BCH230/1 day) (n = 9) were given 230 M of BCH 1 day after tu-
mor inoculation. Group 2 (salme/l day) {(n = 9) were given the saline
I day after tumor incculation. Tn group 3 (BCH230/8 days) (n = 7),
animals were given 230 mM of BCH 8§ days after tumor inoculation.
Group 4 (BCH50/8 days) (n = 12) received 50 mM of BCH 8 days af-
ter tumor incculation. Group 5 (saline/8 days) (n = 7) were given the
saline & days after tumor inoculation. (rruup 6 (manmLoISO/S days)
(n = 7y were given 50 mM p-roannitol 8 days after turnor inoculation.
Statistical significance was determined by ANOVA followed by Bon-
ferroni/Dunn test.

substrate, glutamine, but not a nonsubstrate, alanine, were effluxed
via LAT] by the application of lcuune in the medium, confuming

that LAT1 is an amino acid exchanger.'® This, furthernore. suggextx
that the substrate selectivity of the intracellular substrate binding site
of LATL is similar to that of the extracellular substrate binding site.
Amino acids are released vie LAT] in exchange for the influx of
amino acids: thus, no net ainino acid influx should be observed. Glu-
tamine. which is abundantly present in cells and generated intraceflu-
larly, is transported by LATI albeit with low dlhmw consistent with
a previous report for Xenopus LATL” Yanagida et al. further demon-

strated that intracellularly loaded g,lutdmme is effluxed in exchange
for extracelhlarly applied leucine.'® Therefore, they propose that
extracellular high-affinity LATI substrates, most of which are essen-
tial amino acids, are taken up by cells via LAT! driven by the
exchange for mtmcclluldr-glutanunc which results in the net influx
of essential amino acids.'® An interesting finding of the Northern blot
analysis of the tumor cell line is that the expression level of 4F2hc is
quzle wmed among tumor cell Tines, parcularly in leukemia cell
lines.”® Yanagida ez of. found 3 leukernia cell lines in which 4F2he
messages were not detected.” In those cell lines that lack 4F2he
expression, LAT] was still expressed, suggesting different mecha-
nisms of regulation in LAT] and 4F2he gene expression. Consistent
with this, it was shown that LAT1 and 4F’hc respond differently to
amino acid availability in rat hepatic cells.

Several clinical investigations demonstrated the significant rela-
tion of the uptake of radiolabeled amino acid in gliomas and pro-
liferation, biological aggressiveness or histological grading of
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Ficure 6 — Kaplan-Meier survival curves of C6 glioma-bearing rats after implantation of tumor cells.

these tumors.!”*® A significant correlation of iodine-123-methyl-
tyrosine (IMT) uptake in gliomas and the e);prcssion of the prolif-
eration mparker Ki-67 has been reporled.' Recent studies also
demonstrated significant longer survival times in patients with cer-
ebral gliomas with low amino acid uptake than in gliomas with
high amino acid uptake.'® The results of this study support the hy-
pothesis that the uptake of radiolabeled amino acids such as IMT
is dependent on the proliferative activity of human gliomas. It is
noteworthy that in cultured human glioma cells, membrane trans-
port of IMT is dominated by BCH-sensitive transport system,

LAT1.2%2! L ATi-mediated IMT transport and 4F2 antigen
expression are dependent on proliferation rate of human glioma
cells in vitro and arve significantly correlated to each other.” These
data give further support to the involvement of the LAT1 in celt
profiferation.””"* Thompson and coworkers recently reported the
role of LAT] as a potential therapeutic target in hepatic tumor
cells in vitro.?

The present study suggests that LAT] may play an important
role in hurnan high-grade gliomas. In addition, inhibitors to LAT!
may be an effective therapeutic option for high-grade gliomas.
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Abstract

Pharmacokinetic studies of the drugs administered 1o subjects with mechanical cholestasis are scarce. The purpose of the present study was to
examine the effects of bile duct ligation of 3 days (peak of elevation of serum bile acids and bilirubin) on the systemic and renal PAH clearance
and on the expression of cortical renal OAT1 and OAT3 in a rat model. PAH is the prototypical substrate of the renal organic anion transport
system. Male Wistar rats underwent a bile duct ligation (BDL rats). Pair-fed sham-operated rats served as controls. BDL 1ats displayed a
significantly lower systemic PAH clearance. Renal studies revealed a reduction in the renal clearance and in the excreted and secreted load of PAH
in BDL rats. The OAT1 protein expression in kidney homogenates was not modified, but it decreased in the basolateral membranes from BDL
rats. In contrast, OAT3 abundance in both kidney cortex homogenates and in basolateral membranes increased by 3 days after the ligation.
Immunocytochemical studies (light microscopic and confocal immunofluorescence microscopic analyses) confirmed the changes in the renal
expression of these transport proteins. The present study demonstrates the key role of OAT1 expression in the impaired elimination of PAH after 3

days of obstructive cholestasis.
© 2006 Elsevier B.V. All rights reserved.

Keywords: p-aminohippurate; Cholestasis; Renal depuration: OAT!: OAT3

1. Iantroduction

Extrahepatic, mechanical cholestasis occurs in about 10% of all
patients suffering from cholelithiasis and in the majority of
neoplasms affecting the pancreas and the common bile duct {1].
Prolonged cholestasis may alter the liver function due to an impair-
ed uptake, changed biotransformation and secretion of compounds
as well as secondary abnormalities induced within the kidney {2.31.

Pharmacokinetic studies of drugs adminisiered to subjects
with mechanical cholestasis are scarce {4]. Moreover, the
obtained results are often conflicting, possibly due to the use of
different species and interindividual differences.

The kidney and the liver play the major role in the elimination
of numerous potentially toxic xenobiotics, including drugs, to-

* Corresponding author. Suipacha 531, Rosario 2000, Argentina. Tel.: +54
341 4373787, fax: +54 341 4371992.
E-mail address: adtorres@fbioyf.onredu.ar (A M. Torres).

0925-4439/% - see front maiter © 2006 Elsevier B.V. All rights reserved.
doi: 0. 10164 bbadis.2006.65.011

xins, and endogenous metabolites. In some cases, the loss of one
route of elimination can be compensated by the other |5}, It must
also be mentioned that the impairment of liver or kidney functions
can cause syndromes characterized by an injury of the alternative
elimination organ [6,7).

In human beings and rats, extrahepatic cholestasis has been
shown to render the kidney susceptible to a variety of nephrotoxic
agents [6]. The pathophysiological cause of renal damage in the
course of bile flow impairment is still not well understood, even
though several phenomena, such as increased access of various
constituents into the kidney (bilirubin and bile salts) have been
suggested |6,7].

An impairment of the kidney function produces modifica-
tions in the renal elimination of drugs mediated by alterations in
the blood flow to the kidney, glomerular filtration, active tubular
secretion and passive tubular reabsorption [8].

The renal organic anion transport plays a critical role in pro-
tecting against the toxic effects of anionic substances, whether of

— 564 —



674 A. Brandoni et al. / Biochimica et Biophysica Acia 1762 (2006) 673-682

endogenous or environmental origin, by removing such sub-
stances from the blood principally via the organic amion trans-
porter mechanisms found in the apical and basolateral membrane
ofrenal epithelial cells. Several carrier proteins have been cloned
and are functionally characterized from both membrane domains
ofrat kidneys [9—~111. The organic anion transporter 1 (OAT 1) and
the organic anion transporter 3 (OAT3) support the exchange
organic anion/dicarboxylate transport in the basolateral mem-
branes from the proximal tubule cells [12-15]. Two members of
the multidrug resistance protein (MRP) family are located at the
apical membranes from the proximal tubule cells, MRP2 and
MRP4{10,11,16,17]. The above mentioned four proteins mediate
the renal transport of several anionic substances, such as p-ami-
nohippurate (PAH), the prototypic organic anion commonly used
in experimental studies. An up-regulation ofrenal MRP2 has been
described at 1 and 3 days after bile duct ligation {18,19]. One day
of bile duct ligation is referred as an early stage of obstructive
cholestasis and 3 days of bile duct ligation is the period in which
serum bile acids and bilirubin levels reach the peak of elevation
{18-20]. MRP4 decreases at 3 days after bile duet ligation [21].
An increase in the urinary excretion of PAH has been con-
comitantly demonstrated with an increase in the abundance
of OAT! in the kidney homogenates in the early phase of an
obstructive cholestasis {22].

The purpose of the present study was thus to examine the
systemic and renal PAH clearance and the role of cortical renal
OAT! and OAT3 inresponse to 3 days of biliary obstruction in rats.

2. Materials and methods
2.1. Experimental animals

Male Wistar rats aged from 11010 130 days old were used throughout the study
(380410 g body weight). In order {o perform surgical procedures the animals were
anaesthetized with sulfuric ether. After an upper abdominal incision was performed
under sterile condition, the common bile duct was isolated and double-ligated close
to the liver hilus immediately below the bifurcation and cut between the ligatures
(BDL. group). The controls then underwent a sham operation that consisted of
exposure, but not a ligation, of the common bile duct (Sham group). The abdominal
incision was then closed by single sutures. All studies were performed 3 days afler
surgery. All animals were allowed free access o a standard laboratory ¢how and tap
water, and housed in a constant temperature and humidity environment with regular
light eyeles (12 h) during the experiment. All animals were cared for in accordance
with the principles and guidelines for the care and use of laboratory animals {231

2.2. Biochemical determinations

On the day of the experiment, blood was withdrawn from femoral artery of
Sham and BDL animals. The serum was sepanated by centrifugation (3000 rpm,
3 min). These samples were used to measure total and direct bilirubin as parameters
indicative of hepatic function and urea serum levels as a parameter indicative of
global renal function. The above mentioned biochemical analyses were performed
using optimized spectrophotometric techniques, while employing commercial kits
(Wiener Laboratory).

2.3. Pharmacokinetic studies

These studies were done in a manner similar to those previously described
{22.24]. At 3 days afier surgery, the animals were anaesthetized with sodium
thiopental (70 mg/kg b.w., ip.). The femoral artery and the vein were both
catheterized to obtain samples and to administer test compound, respectively. A
single bolus of PAH (30 mg/kg b.w., agueous solution, i.v.) was administered.

Blaod samples were obtained at 0—15 min range time after the administration of the
PAH solution. The volume of blood samples was 50 uL. Eight blood samples were
removed from each rat at different times beiween 0 and 15 min. An equivalent
volume of isotonic saline solution was infused to restore the amount extracted inthe
blood samples. Samples were centrifuged at 3000 rpm for 3 min, and the extracted
plasmas were frozen at —20 °C until analyzes.

At 15 min after PAH administration, a suprapubic incision was perfornied in
ordet to isolate the bladder. Both ureters and the urethra were ligated with extreme
care in order not fo lose any urine. Thereafler, the bladder was removed and the
whole contents of urine were then obtained to measure the quantity of PAH.

The plasma concentration vs. time curves for PAH, for each individual animal,
were fitted with the PKCALC computer program [25%. The data were fitted to a
biexponential curve. The choice of the best it was based on the determination of
coefficient values (R?) and F test [25,261. All fits had R? values >0.9. The following
equation was used to describe the biexponential concentration~time curves:

Cp=Ae™ + Be M

where Cp is PAH plasma concentration (mg/mL) at time ¢ (min) afler
administration; constant « represents the distribution from the central compartment
and fis an equilibrium constant reflecting the dynamics between ko, and &5 and
the slopes of each of the adjusted curves give their values. 4 and B represent the
inifial values of the distribution and eliminaiion components, respectively, extra-
polated from the y-axis intercept. The estimate parameters (o, §, 4, B) were used to
solve the first-order rate constants of wransfer from the central to peripheral
compartments (ky2, k) and the elimination rate constant from the central
compartment (K;o) with classical equations. Derived parameters: area under curve
(AUC), total volume of distribution {VdT), volume of the central comparment
(VAC), volume of the peripheral compartment {VdP), steady-state volame of
distribution (Vdss), systemic clearance (Cls), elimination halflife (1, ) were
caleulated according to standard procedures for the compartmental analysis. Cls
was calculated as the Dose/AUC. The formulas for calculating the different volume
of distribution were: VdT=Dose/[#x AUC], VdC=Dose/4+B, VdP=VdT
= VdC, Vdss=Clsx MDRT, MDRT (mean disposition residence time)=AUMC/
AUC, AUMC is the area under curve for the plot of the product of concenteation
and time vs. the time from iime zero o infinity. Concentration of PAH in plasma
and in urine was measured using the method described by Waugh and Beall [271.

2.4. Binding of PAH to plasma proteins

‘The binding of PAH 1o plasma proteins in Sham and BDL rats was
determined using an ultrafiliration apparatus (Centrifree, Amicon, Millipore
Corporation, Bedford, Mass) as previously described {241

2.5. Renal excretion studies

These studies were performed as previously described [24,28-311, Sham (1=4)
and BDL (n=5) rats were anaesthetized as described. Femoral vein and artery were
cannulated and a bladder catheter (3 mm i.d) was inserted through a suprapubic
incision. A priming dose of inulin (30 mg/ke b.w) and PAH (30 mag/kg b.w.) in
1.5 mL of saline solution was administered through the venous catheter. Then, a
solution containing inulin (12 g/1), PAH (12 g/L) and saline solution (9 g/L) was
infused through the venous catheter employing a constant infusion pump (Pump 22;
Harvard Apparatus, USA) at a rate of 1 ml/W/100 g b.w. After equilibrating for
45 min, urine was collected during two 20-min periods. Blood from the femoral artery
was oblained at the midpoint of each clearance period. The arferial blood pressure was
estimated throughout the experiments with amanometer imserted in the femoral artery.
"The glomerular filtration rate (GFR) was calculated from the clearance of inulin, in
order to determine filtered load of PAH. The excreted, secreted and filtered loads of
PAH were caleulated by conventional formulae for each animal. The PAH concen-
trations in the serum and urine were determined by the method of Waugh and Beall
[27] and the inulin concentrations were assayed by the procedure of Roe [32]. The
volume of urine was determined by gravimetry.

2.6. Preparation of basolateral membrane (BLM) from kidney coriex

The preparations of BLM from Sham and BDL. rats were done by a modifi-
cation of the method described by Jensen and Berndt {337 as previously reported by
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us {24,24]. Kidney cortical tissues were placed in a Dounce homogenizer
containing 250 mM sucrose, S mM Tris-HEPES pH 7.40 at a ratio of 12.5 mL/g
coriex wet weight. After four gentle strokes with the loose fitting pestle, the
suspension was homogenized further with a motor-driven teflon pestle (600 pm/5
strokes) and spun down for 15 min at 1200%g. The supematant was aspirated and
spun for 15 min at 22,000%g. The fluffy beige upper layer of the resulting pellet
(crude plasma membranes) was resuspended in about 1 ml. of supematant and
added to 19 mL of buffered sucrose. The membrane suspension was homogenized
genfly through a 16-gauge gavage needle followed by the addition of 3.7:nL of
100% Percoll. The Percoll-membranes mixture was spun for 30 min at 39,250%g.
The top clear layer was discarded and the top-most dark band was removed. This
layer was composed primarily of basolateral membranes. BLM were brought up in
KClbuffer (85 mM KCl, 83 mM sucrose, 2 mM HEPES-Tris pH 7.40) ata ratio of
8 mL/g original cortex wet weight. Next, BLM were pelleted at 30,000xg for
30 min and washed three times with the KCI buffer. Finally, BLM were
resuspended in 300 uL of 250 mM manitol, 10 mM HEPES-Tris, pH 740.
Aliquots of the membranes were stored immediately at —70 °C until use (no nore
than 2 weeks after membrane preparations). Fach preparation represents cortical
tissue from four animals. Four preparations were obtained for each experimental
group. Profein quaniification of samples was performed using the method of
Sedmak and Grossberg [34].

2.7. Electrophovesis and immunoblotting

Homogenates and basolateral membranes were boiled for 3 min in the
presence of 1% 2-mercaptoethanol2% SDS (Sodium Dodecyl Sulphate).
Samples were applied to a 8.5% polyacrilamide gel, separated by SD3-PAGE,
and then electroblotted to nitrocellulose membranes. Membranes were stained
with Ponceau Red to confirm equal proiein loading and transfer between lanes as
previously described {21,22,28-301 The nitrocellulose membranes were

[PAH] (mg/mL)

i
g 2 4 6 8 1 12 14 16
Time {min)

Systemic CI PAH (mL/min/100g b.w.) T
™
T

Sham

Fig. 1. Mean plasma concentration-time profile of PAH (A) and Systemic clearance
of PAH (B) in Sham (1= 7y and BDL (= 8) rats following a single 3¢ mg/kg b.w,, Lv.
dose of PAH. Results are expressed as the means+SEM. *P<0.05.

Table 1
Pharmacokinetic parameters of PAH in Sham (n=7) and BDL (n=§) rats aftera
single dose (30 mg/kg b.w., LV}

Sham BDL
AUC (mg/min/mL) 0.88:+0.04 1.34+0.15%
Cls (imL/min/100 g b.w.) 3.46+0.21 2.443:0.25%
A (mg/mL) 0.207+0.016 0.2050.021
B (mg/mL) 0.095:0.016 0.087:0.013
o (min 1y 1354011 0.82::0.07%
£ (min™") 0.128::0.012 0.083::0.008%
K;o (min™ ") 0.345+0.017 0.2340.022%
ky> (moin™ " 0.612:£0.062 0.378=20.064*
Kay (min ") 0.523+0.086 0.28940.024%
1,2 (B) (min) 5.67+0.48 8.88:£0.85%
VdT (nL/100 g b.w.)
VdC (mL/100 g b.w.) ]
VdP (inL/100 g b.w.) 18.3242.52

2329x1.92 25.16+3.47

Vdss (mL/100 g bow.)

The results are expressed as the means=SEM. (*) P<0.05.

AUC=area under curve; Cls=systemic clearance; constant o represent the
distribution from fhe central compartiment and £ is an equdlibrium constant reflecting
the dynamics between ko, and Kio; 4 and B represent the initial values of the
distribution and elimination components, respectively; Kjp=climination constant
from the central compartment; £; o(f)=elimination half-life (f, ,); VdT =total volume
of distribution; VAC=volume of the central comspartment; VdP=volume of the
peripheral compartment; Vdss=steady-state volume of distribution.

incubated with 5% nonfat dry milk in phosphate-buifer saline containing 0.1%
Tween 20 (PBST) for 2 h. Afier being rinsed with PBST, the membranes were
then incubated overnight at 4 °C with a commercial rabbit polyclonal antibody
againsi rat OAT! (L.25 pgAnl) and with commercial mouse monoclonal
antibody against human f-Actin (1.25 pg/mL) or with non-commercial rabbit
polyclonal antibody against rat OAT3 (at a dilution of 1:1000) and with
commercial mouse monoclonal antibody against human S-Actin (1.25 ug/mL).
The specificity of OAT3 antibody has been described elsewhere {15} The
membranes were incubated for | h with a peroxidase coupled goat anii-rabbit
1gG (Bio-Rad) or with a peroxidase coupled sheep anti mouse IgG (Amersham)
after further washing with PBST. Blots were processed for detection using
commercial kit (Opti-4CN, Bio-Rad for OAT} and ECL enhanced chemilumi-
nescence system, Amersham for OAT3). To investigate the specificity of the
bands, an absorption test was performed. The OATI peptide (1.25 pug/ml.) or
QAT3 peptide (0.50 mg /mL) were added to the OAT1-antibody specific solution
or OAT3-antibody specific solution respectively and incubated for 2 h. Using
these preabsorbed antibedies, Western blot analyses were performed as deseribed
above. A densitometrie quantification of the Western blot signal intensity of
membranes was performed.

- T

E-Y
E
#

PAH in urine (ng)

Sham
Fig. 2. Amouni of PAH in urine exereted during 1§ min following a single dose
of PAH (30 mg/kg b.w.,, i.v.) in Sham (n=7) and BDL (1=8) animals. Results
are expressed as the means=SEM. *P<0.05.
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Renal CI PAH {ml/min/100 g baw.}
[
i

Sham

Fig. 3. Renal clearance of PAH in Sham (n=4) and BDL (#=5) rats. Results are
expressed as the means=SEM. "P<0.05.

2.8, Imnunocylochemistry microscopy

Kidneys from Sham and BDL rats werz briefly perfused with saline, followed
by perfusion with periodate-lysine—paraformaldehyde solution (0.01 M NalOy,
0.075 M lysine, 0.0375 M phosphate buffer, with 2% paraformaldehyde, pH:
6.20, through an abdominal cannula. The kidueys slices were immersed in
periodate—-lysine—paraformaldehyde solution at 4 °C ovemight. The tissue was
embedded in paraffin. Paraffin seciions were cut. After deparafiining, the
sections were incubated with 3% H.0, for 15 min {fo eliminate endogenous
peroxidase activity) and then with blocking serum for 30 min. The sections were
then incubated with non-commercial polyclonal mntibodies against OAT]
{diluted 1:1000) or OAT3 (diluted 1:1000) ovemight at 4 °C. The specificity
of both antibodies bas been described elsewhere {157, The sections were rinsed
with PBST.

2.9. Light microscopic analysis

The sections were incubated with biotinylated secondary antibody against
rabbit Inmuneglobulin for 1 h (biotinylated Ig Multi-Link Biogenex). After
being rinsed with PBST, the sections were incubated for 30 min with horseradish
peroxidase (HRP)-conjugated streptavidin solution (Streptavidin/HRP complex
Multi-Link Biogenex). In order to detect HRP labeling a peroxidase substrate
solution with diaminobenzidine (0.05% diaminobenzidine in PBST with 0.05%
Hy02) was used. The sections were counterstained with hematoxylin before
being examined under a light microscope.

2.10. Confocal microscopic analvsis

The sections were incubated with Alexa 488 fluorochrome-conjugated goat
anti-rabbit 1gG, 1:1000 (Molecular Probes, Eugene, OR) overnight at 4 °C.

Table 2

Body weight, kidneys weight, kidney/body weight ratio, plasma PAH
concentrations (Ppapy). glomervlar filtration rate (GFR), filtered, secreted and
excreted Joads of PAH (FLpay, SLpags, ELpay) in Sham(n=4) and BDIL (n=5) rats

Sham BDL
Body weight () 342418 36747
Kidneys weight {(g) 2.34+0.16 2.57:0.09
Kidney/Body weight ratio (107 %) 6.84::026 6.99+0.16
GER (ml/min/160 g b.w.) 0.858+0.074 0.515:0.058%
Flpay (ng/min/ 100 g bowe) 404 35£5
SLean (ng/min/ 100 g bow) 169410 140:06%
ELpay {ng/min/100 g bow) 20913 175£10%

The results are expressed as the means® SEM.
F po
P<0.05.

Sections were washed with PBST and then mounted. Afterwards, they were
viewed on a Zeiss Axiophot microscope equipped with an epifluoreseence
detector and a Bio-Rad MRC 1260 confocal imaging sysiem.

Controls using preimmme serum, antiserum absorbed with excess synthetic
peptide {as described above), or omission of primary or secondary amtibody
revealed no labeling.

A. Homogenatss
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Fig. 4. Renal homogenates (50 ng proteins) (A) and basolaeral menbranes (40 pug
proteing) (C) from kidneys of Sham and BDL rats were separated by sodium
docecyl sulphafe-polyactylamide gel electrophoresis (8.5%) and blotied onto
nitroceliulose membranes. OAT1 was idemtified using commercial polyclonal
antibodies as described in Materials and methods. Densitometric quantification of
GATL Westemn immunoblotting from renal homogenates (B) and basolatersl
membranes (). The results are expressed as percentage, nonmalized for the Sactin
density. The Sham levels were set at 100%. Each colunmn represents the mean st
SEM fiom experiments carried out in four different preparations for each
experimental group. *P<0.05.
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Fig. 5. lmmunocytochemistry for OATL. (A and B) Immunoperoxidase in the renal cortex of Sham (A) and BDL rats (B). Serial sections from each rat kidney were
stained using a non-comunercial anti-rOAT] antibody (crude immune serum}. OATT labeling was seen at the basolateral domains of proximal tubule cells, In BDL rus,
it can be seen that OATI labeling in BLM is greatly reduced. These figures are representative of typical samples from four rats. Magnification x400. {C and D}
Immunofiucrescence localization of QAT in the renal cortex of Sham (C) and BDL rats (D). Serial sections from each rat kidney were stained using a non-commercial
anti-rOAT] antibedy (crude ingrowne serum). In BDL xats, i can be seen CATI labeling throughout the oytoplasm in the proximal tubules, whereas the labeling of
BLM was greatly reduced. These figures are representative of typical samples fror four rats. Magnification %400,

2.11. Histopathological studies

Histopathology of kidneys was performed afler fixing in 10% peutvd
buflered formaldehyde solution for 4 h and embedding in paraffin, then 4 nm
thick sections were processed for routine staining with hematoxylin and eosin,
or stained with hematoxilin and PAS.

2.12. Matericls

Cheroicals were purchased from Sigma (St Louis, MO, USA) and were
analytical grade pure. The polycional antibodies against OATI, monoclonal
ardibodies against fractin and the OAT peptide for Westem blotting were
purchased from Alpha Diagnosiic International (San Anfonio, TX, USA). The
polyclonal antibody against OAT] for immunocytochemical studies and
polyclonal antibody against GAT3 and the OAT3 peptide for both Westemn
and immunecytochemical studies were non-commercial {15},

2.13. Statistical analysis

The statistical analysis was perfoomed using the unpaired rtesl. When
variances were nol homogeneous a Weleh’s correction was employed. P values
of less than 0.03 were considered significant. The values are expressed as the
means+standard error (SEM). For these analyses, a GraphPad software was
used. For densitometry of immunoblots, samples from kidneys of BDL rats were
run on each gel with corresponding Sham kidneys. The abundance of QAT and
GAT3 in the samples from the experimental animals was caleulated as percentage
of the mean Sham conirol value for that gel.

3. Results

Total bilirubin concentration in BDL rats increased to 71.34+
43} mg/ fom 2.51x036 mgl observed in Sham group,
whereas direct bilirubin level increased from 1.30+0.24 mg/L in
Sham animals to 66.8544.16 mg/L in BDL ones. Light microscopy
only showed significant renal morphological alterations in PAS
steined kidneys. In BDL rats, the kidney appears congestive,
predominantly in the medulla. The tubular epithelium is Jess tall and
shows apical extrusions and its foldings are less conspicuous. The
cytoplasm presents 8 PAS (+) granularity. The tubules are mode-
rately dilated, containing intraluminal proteinaceous, eosinophilic
and acidophylic, material. These resulis are similar to those
described by Wojeicki et al. [4].

On the other hand, no significant difference in the urea serum
levels (g/L) was observed between the Sham-operated and BDL
animals (0.40+0.02 vs. 0.41 =0.02 respectively).

The mean plasma concentration-time profiles for PAH in Sham
and BDL rats are shown in Fig. 1A, The higher plasma con-
centrations of PAH in BDL group were displayed during the
distribution and elimination phases. BDL rats displayed a
significant higher area under the curve and therefore a significant
lower systemic clearance for PAH (Fig, 1B). The constant o
{which represents the distribution from the ceniral compartment),
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the constant § (which is an equilibrium constant reflecting the
dynamics between kyy and Kip), the rate constants of transfer
from central to peripheral compartments {(kyp, hyy) and the
elimination rate constant from the central compartiment (&) were
all decreased in BDL rats, thus indicating the impairment in the
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Fig. 6. Renal homogenates (50 ug proteins) (A) and basolateral membranes
(40 pg proteins) (C) from kidneys of Sham and BDL ats were separated by
sodiwn docecyl sulphate-polyacrylamide gel electrophoresis (8.5%) and blotied
onto nitroceliujose membranes. OAT3 was identified using non-commmercial
polyclonal antibodies as described in Materials and methods. The densitometric
quantitication of the OAT3 Western immunoblotting from renal homogenates
(B) and basolateral membranes (D). Results are expressed as percentage,
noranlized for the § actin density. The Sham levels were set ai 100%. Each
column represents the mean=SEM from experiments carried out in four
different membrane preparations for each experimental group. ¥P<0.05.

rates of distribution and elimination of PAH (see Table 1). The
distribution volumes were not significantly different between the
Sham-operated and BDL animals as it is shown in Table 1.

A statistically significant decrease was observed in the
quantity of PAH excreted in urine during 15 min (Fig. 2).

The percentage of unbound PAH to plasma proteins was
higher in BDL rats than in the Sham ones (100=0.1 (n=4) vs.
933%x1.4 (n=4), P<0.05, respectively). The values obtained
for the Sham rats are similar to those previously reported [24].

Renal studies showed a decrease in the renal clearance of PAH in
BDL rats as it is shown in Fig. 3. The excreted, secreted and filtered
loads of PAH were lower in BDL rats compared with Sham rats,
even though for the filtered load of PAH the difference did not reach
the level of significance (Table 2). The glomerular filtration rate
from jaundiced group was significantly lower in comparison with
Shamn group as itis also shown in Table 2. As a result, excreted load
of PAH was lower in the BDL rats as consequence of the decrease
in the secreted load of this organic anion.

Kidney cortex homogenates and basolateral membranes from
Sham and BDL animals were subjected to immunoblot analyses
for OAT1 protein. Fig. 4 shows no difference between the groups
i the homogenates OAT! expression. On the other hand, a
lower abundance of OAT! was observed in the basolateral
membranes from BDL rats in comparison to the Sham rats. The
OAT1 protein disappeared when the antibody was preabsorbed
to the synthetic antigen peptide {data not shown).

Immunocytochemistry using horseradish peroxidase-conju-
gated secondary antibodies for light microscopy confirmed the
reduced OAT1 expression in basolateral plasma membranes
from BDL rats (Fig. 5B). The Sham rats showed an abundant
OAT1 labeling in basolateral domains (Fig. 5A). To further
characterize the distribution of GATI labeling in the proximal
tubule cells, immunofluorescence was used (Fig. 3C and D).
Confocal immunofluorescence studies also revealed a decrease
in QAT labeling in basolateral plasma membranes and allowed
a better appreciation of a punctuate labeling for OAT1, which
was distributed widely throughout the cytoplasm in the kidneys
from the BDL rats demonstrating the cellular internalization of
this carrier protein.

The Western blotting findings of the kidney cortex homo-
genates and BLM from Sham and BDL rats showed signals for
OAT3. In Fig. 6 it is possible to observe that the OAT3 abun-
dance significantly increased in the kidney cortex homogenates
and in the BLM from BDL rats in comparison to Sham ones.
These signals were not observed when the antibody was
preabsorbed with the OAT3 peptide (data not shown).

Immunoecytochemistry studies showed staining for QAT3 in
many parts of the nephron such as the proximal tubule (81, 82
and 83), the distal and the collecting duct as it bhas been
previously described [15]. Sham rats showed OAT3 labeling in
basolateral membrane domain and inside the cytoplasm of renal
tubular cells (Fig. 7A). Increased labeling was seen in the
basolateral membranes of the tubules from kidneys of BDL rats
(Fig. 7B). Immunofluorescence microscopy showed the baso-
lateral membrane localization of QAT3 and a better detection of
the mtracellular localization (Fig. 7C). An important increase of
OAT3 in basolateral membranes was observed in the cortex from
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Fig. 7. immunocytochemisiry for OAT3. (A and B) Immunoperoxidase in the renal cortex of Sham {A) and BDL rats (B). Serial sections from each rat kidney were
stained using a non-commercial anti-rOAT3 antibody. OATS labeling was seen at the basolateral domains of tubule cells and inside the cells. In BDL rats, it can be seen
an increased OAT3 labeling in BLM. These figures are representative of typical samples from four rats. Magnification =400, {C and D) mmunofluorescence
localization of OAT3 in the renal cortex of the Sham (C) and BDL rats (D). Serial sections from each rat kidney were stained using a non-commercial anti-rOATI
aniibody. QAT labeling was seen at the basolaterl domains of tubule cells and inside the cells. In the BDL rats, it could be seen as an increased OAT3 labeling in the
BLM of tubular cells. These figures are representative of typical samples from fowr rats. Magnification 400,

kidneys of BDL rats (Fig. 7). This pattern parallels the data
frons an fmanunoblotting study.

4. Discussion

A large and diverse number of organic anions, or weak organic
acids that exist as anions at physiological pH, are secreted by
mamiralian renal tubules. Substrates for the renal organic anion
transport system include weak acids that have a net negative
charge on carboxyl or sulfonyl residues at physiological pH [~
111 Although this system secrefes a number of endogenocus
compounds, it is generally accepted that is particularly mportant
in secreting numerous exogenous compounds, including phar-
macologically active substances, industrial and environmental
toxins, and plant and animal toxins {9-11], The transport of these
substances across the basolateral membrane of renal epithelial
cells is energetically uphill {9117, Molecular candidates for each
ofthe organic anion transport process have been cloned, including
OATL and OAT3 that serve as organic anion/dicarboxylate
exchangers at the basolateral membrane of renal proximal tubule

cells [9- 15} An unexplored aspect of OATs regulation concerns
the body’s response 1o disease states. We have recently demons-
trated alterations in renal QAT and OAT3 expression in different
experimental models in rats such as bilateral ureteral obstruction
[28,29), arterial calcinosis {31}, and chronic renal failure [301
However, little is known about the regulation of these transporters
after the early phase of extrahepatic cholestasis.

Acute jaundice due to bile duct obstruction is defined as the
retention ofbile and bile components. Biliary excretion oforganic
anions is a critical physiologic function of the liver, However, in
obstructive jaundice, in which the biliary tansport is impaired,
adaptive mechanisms involving protein expression may permit
arinary excretion of those potentially toxic compounds [1,4].
There are limited data on the pharmacokinetics of drugs in sub-

jects with biliary obstruction,

Performing bile duct ligation as a well-established model of
cholestasis, we have determined an increase in the systemic
clearance of PAH associated to an increase in the abundance of
OAT! in renal cortex homogenates in vats at 21 h after bile duct
ligation {early phase of acute extrahepatic cholestasis) [22]. The

— 570 —



680 A Brandoni et al. / Biochimica et Biophysica Acta 1762 (2006) 673-682

aim of the present study was to examine the systemic and the
renal clearance of FAH and the expression of both OATI and
OAT3 in homogenates and basolateral membranes from rat renal
cortex after a period of 3 days of bile duct obstruction (it has been
well documented that serum bile salts and bilirubin levels reach
the peak of clevation after 3 days of ligation [18-20]).

The clearance of a drug may be defined in a general way as “a
proportionality constant describing the relationship between a
substance’s rate of transfer, in amount per unit time, and its
concentration, in an appropriate reference fluid” [35]. The current
study shows that rats at 3 days after bile duct ligation exhibit an
increase in the area under the PAH plasma concentration—time
curve and therefore, a statistically different decrease in the total
body clearance. Furthermore, the total body clearance can be
expressed as the product of the elimination rate microconstant
(Ky.9) from the central compartment and the volume of such
compartment. This last parameter was not modified in rats with
extrahepatic cholestasis. On the other hand, a decrease was
observed in K in bile duct ligated rats as compared with Sham
ones. K1 is influenced by variables that participate in the
elimination of the drug from the central compartment, such as
metabolization, renal and biliary excretion. As PAH metaboliza-
tion and biliary excretion is negligible, the decrease of K,
observed in treated animals indicates a lower renal elimination of
this organic anion. In this connection, rats subjected to bile duct
ligation for 3 days showed a diminished renal PAH clearance. The
decrease in renal PAH elimination is accounted for the diminished
secreted load of the drug, since the filtered load of PAH was not
modified in the BDL group.

In this cholestatic model, the OAT1 expression significantly
decreased in the basolateral membranes from kidneys after 3 days
of bile duct ligation. In addition to immuncblotting, immunocy-
tochemical techniques corroborates the decrease in the basolateral
membranes expression of OAT! together with a significantly
enhanced immunocytochemical staining for OAT1 in the
cytoplasm of proximal tubule cells of BDL kidneys, which
might suggest an intemalization of membrane transporters or an
inhibition in the recruitment of preformed transporters into the
membranes.

It has been demonstrated that OAT1, when heterologously
expressed in oocytes or mammalian cells, is inhibited by more or
less selective PKC activators {36,37]. In this connection, it was
demonstrated by Wolff et al. [38] that PKC induces human OAT1
down-regulation through carrier retrieval from the cell membrane
and it does not involve phosphorylation. It is well known that
angiotensin II {39} modulates the renal proximal tubule function
via activation of PK.C. Although the role of the renin—angiotensin
system in the BDL model remains controversial [7], some
humoral factors including angiotensin 11 induced by the 3 days
BDL may induce the activation of PKC. Moreover, bile acids and
high bilirubin levels can activate PKC [40,41]. It has been de-
monstrated that 3 days of bile duct ligation is the period in which
serum bile acids and bilirubin levels reach the peak of elevation.
We therefore postulate that the peak of elevation of bile acids and
bilirubin can also trigger PKC activation. This PKC activation
may cause the phosphorylation of caveolin-2, which may induce
internalization of caveolae with OAT1 protein anchored with

caveolin as has been recently suggested by Kwak et. al. [42]. This
OAT1 downregulation (30%) was associated with a concomitant
decrease of renal and systemic PAH clearance (40% and 30%
respectively). The medium PAH plasma concentrations reached
during the renal clearance infusion studies were 295 pM and
376 uM for the Sham and BDL rats respectively. The OATI
mediated uptake of PAH is saturable with apparent Michaelis
constants ranging 15 to 70 pM for rat OAT1 [13]. Therefore, PAH
concentrations that we obtained in our “in vivo” experiments were
sufficiently higher than the reported Km of rat OAT1. The dimi-
nished secreted load of PAH measured under saturating con-
ditions was in part account for the lower number of QAT protein
units observed, by immunoblot technique, in basolateral plasma
membranes from BDL kidneys. The opposite was observed in the
early phase of extrahepatic cholestasis where an increase o 30%
of OAT1 abundance was associated with a similar increase in
PAH clearance [22]. The differences observed in QAT! abun-
dance between 21 and 72 h of bile duct ligation remain to be
explained. The increased OAT1 abundance observed in the early
phase of extrahepatic cholestasis suggests a transient up-regula-
tion sirnilar to those deseribed for renal OCT] in cholestatic rats
[43]. Maybe, different levels of various cylokines and growth
factors which may affect gene transcription might be involved
[44].

In contrast with OAT1, OAT3 expression increased both in
homogenates and BLM from BDL kidneys. OAT3 is found in
various cells and in all parts of the nephron, whereas OAT1 is
confined to proximal tubules. The human and rat OAT3 transport
PAH with relatively high affinity (87 and 65 uM respectively)
[14.45], similarly to OATI. On the contrary, estrone sulfate,
cholate, and taurocholate are substrates for OAT3 and not for
OAT1 as it has been demonstrated using Xenopus leevis oocytes
[12,14,45,46], MDCK cells {47] and OAT3 knockout mice [48]. It
is therefore possible that the over-expression of QAT3 does not
compensate for the down-regulation of OAT1 regarding PAH
transport because in this pathology the high plasma levels of bile
acids might compete with PAH for OAT3 transport. Moreover,
bile acids have been shown to regulate the expression of several
genes involved in bile salt transport [49-51]. It is possible that
high bile acids levels up-regulate OAT3 expression without
affecting the OAT1 expression, being this another example of
substrate specific regulation. The up-regulation of QOAT3 protein
in rat kidney in the present study is thus consistent with the
adaptation to increased plasma bile acid levels that result from
obstructive cholestasis, thus providing an additional alternative
pathway for bile salt elimination.

MRP?2 up-regulation has been described in the kidneys from rats
with bile duct obstruction of 1 and 3 days [18,19]. On the other
hand, renal MRP4 was down-regulated at 3 days after biliary
obstruction [21]. Therefore, the protein expression of the luminal
(MRP2 and MRP4) and basolateral organic anions renal trans-
porters (OAT1 and OAT3), which all transport PAH, are differently
regulated in extrahepatic biliary obstruction, thus indicating that
different roles are played by these transporters in the pathogenesis
of cholestasis. Tubular secretion is a vectorial transceltular transport
system consisting of basolateral entry into the epithelial cells and
secretion across the brush border membranes. Defects in either of

— 571 —



A. Brandoni et al. / Biochimica et Biophvsica dcta 1762 (2006) 673-682 681

these two processes should therefore influence the tubular secretion
of ionic drugs. In the present study, the tubular secretion of PAH
was markedly reduced, thus suggesting a predominant role of
OAT1 in this process.

Tt is important to mention that to predict the efficacy ofa drug
in vivo, it is critical to account for plasma protein binding
because it determines the availability of the free drug, its half-
life, and its subsequent renal elimination. Bow et al. [52] recently
demonstrated that the degree of binding affinity for albumin to
substrate determines whether or not a compound is actively
secreted or reabsorbed by organic anion transporters. The
common high unbound fraction of PAH increased from 95% in
Sham rats to 100% in BDL rats. Since the bile acids and bilirubin
plasma levels significantly increased in this experimental model,
hence the binding sites on albumin for such hydrophobic anions
might thus be occupied in the jaundiced rat, thereby increasing
even more the unbound fraction of PAH.

The increase in the unbound fraction of PAH in BDL rats did
not modify the distribution volumes of this anion. Nevertheless,
in BDL rats there is a higher free concentration of PAH available
for organic anion transporters, the OAT1 downregulation leads
to a decrease in renal and systemic PAH clearance, thereby again
stressing the main role of OAT1 in PAH excretion.

The present study stresses, once more, the important role of
OAT1 expression in the renal elimination of PAH, indepen-
dently of renal OAT3 expression. In this connection, it has been
reported that a decrease of OAT1 abundance in BLM is
associated with a decrease in PAH renal elimination in chronic
renal failure [30], in obstructive nephropathy [28,29} and in
response to 3 days of bile duct ligation, as it is shown in the
present study. Meanwhile, OAT3 abundance in renal BLM has
not changed, decrcased or increased, respectively, in these three
experimental models of pathologies [28-301. Moreover, the
increased renal excretion of PAH and furosemide is concom-
itantly observed with an increase in OAT1 and no changes in
OAT3 abundance in BLM from rats with an carly stage of
extrahepatic cholestasis {22,537, Accordingly, Eraly et al. {54]
recently reported, using the OAT1 knock out mouse model, that
regardless of the potential contribution of OAT3, the bulk of
organic anion transport during the basolateral uptake step of the
classical pathway is mediated by OATI.

As highly accumulated anionic drugs observed during
cholestasis may cause general body deterioration, the molecular
mechanism(s) involved in the differential renal regulation of
MRP2Z, MRP4, OAT3 and OAT1 expression should therefore be
elucidated to prevent the occurrence of drug-induced toxicity
due to this pathology.
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The PDZ domain protein PDZK1 interacts with human
peptide transporter PEPT2 and enhances its transport

activity
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The proton-coupled peptide transporter PEPT2 (SLCT5A2)
mediates the high-affinity low-capacity transport of smal
peptides as well as various oral peptide-like drugs in the
kidney. In contrast to its well-characterized transport
properties, there is less information available on its
regulatory mechanism, although the interaction of PEPT2 to
the PDZ (PSD-95, DglA, and ZO-1)-domain protein PDZK1 has
been preliminarily reported. To examine whether PDZK1 is a
physiological partner of PEPT2 in kidneys, we started from a
yeast two-hybrid screen of a human kidney ¢cDNA library with
the C-terminus of PEPT2 (PEPT2 C-terminus (PEPT2-CT)) as
bait. We could identify PDZK1 as one of the positive clones.
This interaction requires the PDZ motif of PEPT2-CT detected
by a yeast two-hybrid assay, in vitro binding assay and
co-immunoprecipitation. The binding affinities of second and
third PDZ domains of PDZK1 to PEPT2-CT were measured by
surface plasmon resonance. Co-immunoprecipitation using
human kidney membrane fraction and localization of PEPT2
in renal apical proximal tubules revealed the physiological
meaning of this interaction in kidneys. Furthermore, we
clarified the mechanism of enhanced glycylsarcosine (Gly-Sar)
transport activity in PEPT2-expressing HEK293 cells after the
PDZK1 coexpression. This augmentation was accompanied
by a significant increase in the Vi, of Gly-Sar transport via
PEPT2 and it was also associated with the increased surface
expression level of PEPT2. These results indicate that the
PEPT2-PDZK1 interaction thus plays a physiologically
important role in both oligopeptide handling as well as
peptide-like drug transport in the human kidney.
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Proton-coupled peptide transporters play an important
role in the maintenance of nutrition by mediating the
transport of di- and tripeptides across the brush border
(apical) membranes of the small intestine and kidney. In
addition, peptide transporters function as drug transporters
for peptide-like drugs, including p-lactam antibiotics
and angiotensin converting enzyme inhibitors.'® Two
proton-coupled oligopeptide transporters, PEPT1 and
PEPT2, have previously been cloned in rabbits,*® rats™”
and humans.'®*? PEPT1 was thus shown to be a high-
capacity, low-affinity transporter that is expressed mainly
in small intestine and, to smaller extent, in kidneys. It has
been shown to play an essential role in the absorption of
small peptides arising from the digestion of dietary proteins.
In contrast, PEPT2 was found to be a low-capacity, high-
affinity transporter that is expressed in the kidneys. In rats,
Peptl and Pept2 are sequentially expressed: Peptl is located
in the early segment and Pept2 is in the late segment of the
proximal tubules.”’ In addition, both Peptl and Pept2 are
localized in the apical membranes of renal proximal tubule in
rats."*"> Although both transporters are expressed in the
kidney, PEPT2 is thought to play a dominant role in the
conservation of peptide-bound amino acids. Recently, Rubio-
Aliaga et al'® have reported on the impaired renal
reabsorption of peptide-bound amino acids in animals
lacking Pept2.

Although the transport properties and characteristics of
substrate recognition for PEPT2 have been well documented,
there is less information available on PEPT2 regulation.
Takahashi et al.'” reported a pronounced upregulation of
Pept2 mRNA and protein expression in 5/6 nephrectomized
rats 2 weeks after surgery and the downregulation of its
mRNA 16 weeks after surgery.'® Wenzel et al.'” demonstrated
that the activation of signaling pathways involving protein
kinase C changes the kinetic property of pig Pept2 in a renal
cell line. Recently, Bravo et al?® demonstrated a strong
inhibitory effect of EGF on the rat Pept2 transport capacity.
However, the modulation of the PEPT2 function by its
associated protein(s) still remains unclear.
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In recent years, several PDZ domain proteins, such as
NHERF1/EBP50, NHERF2/E3KARP, and PDZK1, have been
identified in kidneys and thus have been suggested to be
involved in the stabilization, targeting, and regulation of their
binding partner?'?* The PDZ (PSD-95, DglA, and ZO-1)-
binding domains have been identified in various proteins and
they are considered to be modular protein-protein recogni-
tion domains that play a role in protein targeting and protein
complex assembly.”>?” This domain binds to proteins
containing the tripeptide motif (§/T)—X—@ (X = any residue
and ( =a hydrophobic residue) at their C-termini.”’ As
Russel et al*® mentioned, PEPT2 is localized to the apical
membrane and has C-terminal amino-acid sequences that
match the PDZ-binding motif (T-K-L), in a manner similar
to that of other apical organic anion transporters, such as
MRP2/4, NPT1, Oatpl, Oat-kl/k2; thus, indicating that
PEPT2 most likely binds to certain PDZ domain proteins. We
have recently identified that the urate/anion exchanger
URAT1, which has a PDZ motif at its C-terminus (T-Q-F),
interacts with PDZK1.* Interestingly, both URAT1 and
PEPT2 are expressed at the apical membrane of renal
proximal tubules and they are considered to function in a
reabsorptive pathway for endogenous organic anions (urate®
and oligopeptides,'™ respectively). It is likely that these
transporters bind to either the same or other PDZ domain
protein(s) via its PDZ-motif.

Very recently, Kato et al” examined the interaction
between xenobiotic transporters including PEPT2, and PDZ
proteins including PDZKI1. PDZK], originally identified as a
protein that interacts with MAP17, a membrane-associated
protein,” has been reported to interact with several
membrane proteins through its PDZ domain.>® Using
coexpression of PEPT2 C-terminus (PEPT2-CT) and PDZK1
in yeast, a possible interaction was demonstrated in the
artificial condition. Because they solely rely on data from in
vitro binding assays and did not provide any evidence that
this interaction truly occurs in proteins expressed from the
endogenous tissue, we performed yeast two-hybrid screening
against a human kidney c¢DNA library using PEPT2-CT
as bait and thus characterized this interaction in order
to identify PDZK1 as a physiological binding partner of
PEPT2.

1.31

RESULTS

Identification of PDZK1 by yeast two-hybrid library screening
In an attempt to isolate PEPT2-interacting protein(s) from
the endogenous genes, we performed yeast two-hybrid
screening against a c¢cDNA library constructed from the
human adult kidney using the PEPT2-CT as bait. From the
8.7 x 10° transformants screened, we obtained 64 positive
clones. One of these clones had a sequence identical to a
portion of the human PDZK! gene.’” We could not detect
any interactions between PEPT2-CT and any other PDZ
proteins that are expressed at and/or beneath the apical
membrane of proximal tubules including NHERF1/EBP50,
NHERF2/E3KARP, and IKEPP**?" (data not shown).

276

C-terminal PDZ motif of PEPT2 is necessary for PDZK1
interaction

To identify the region of PEPT2 that interacts with PDZK],
we constructed three mutant baits. A bait (PEPT2-CTd3)
which lacks the last three residues of PEPT2, which play a
crucial role in PDZ domain recognition. Two other baits
(L729A and T727A), the extreme C-terminal leucine (0
position) or threonine (—2 position) of PEPT2 was replaced
by alanine, which was expected to abolish the PDZ
interactions.”® These three baits did not interact with PDZK1
(Figure la). Therefore, the binding through PEPT2-CT
suggests that the PDZ motif of PEPT2 is the site of
interaction with PDZKI.

The interaction specificity between PDZK! and PEPT2-
CT was confirmed by a yeast two-hybrid assay using a bait
that had the C-terminus of another human peptide
transporter, PEPT1. PDZK1 did not interact with PEPTI-
CT which lacks a PDZ motif (K-Q-M) (Figure 1b).

Interaction of PDZK1 individual PDZ domains with PEPT2-CT
PDZK1 possesses four PDZ domains which facilitate the
assembly of protein complexes when target proteins bind via
their C-terminal PDZ motifs. To determine the possible
interactions of PEPT2-CT with the PDZ domains of PDZK1,
we produced prey vectors, with each containing one of the
individual PDZ domains (PDZ domain 1 (PDZ1), PDZ2,
PDZ3, and PDZ4) from PDZK1. The interaction with the

a C terminal LEU GFP
PEPT2-CTWt — | K L ETK KTKL* + +

PEPT2-CTd3 ———1 K L ETK K* - -

PEPT2-L729A — | K L ETK K TK A* - -

PEPT2-T727A ——1 K L ETK K AK L* - -

b Cterminal LEU GFP
PEPT1-CTwt EAVTNS QKQM - -

PEPT2-CTwt I K LETKKTKL +

[+ N C

PDZK1 DO—CO—CO—LD— gy R
PDZ domain1 —C— - -

PDZ domain 2 - v+

PDZ domain 3 @ + +

PDZ domain 4 o - -

Figure 1| Specificity of PDZK1 interaction with C-termini of
PEPT2 in yeast two-hybrid system. (a) PDZK1 specifically interacted
with the wt PEPT2 C-terminus but not with the C-terminal mutants
L729A, T727A, and d727-729 (d3) of PEPT2. (b) Full-length PDZK1
interacting with the intracellular C-terminus of PEPT2 but not with
that of PEPT1. {(¢) The wt PEPT2 C-terminus bait interacts with prey’
containing either the second or third PDZ domains of PDZK1 (PDZ2,
PDZ3). The specificity of the prey containing a single PDZ domain of
PDZK1 for the PEPT2 bait was confirmed by the absence of growth
assaciated with the PEPT2 d3 mutant baits. The bars represent the
approximate length of the baits, and the sequence of the last 10
amino acids is shown. pJG4-5 with PDZK1 cDNA expression cassette
is under the control of the GAL1 promoter, such that library proteins
are expressed in the presence of galactose (Gal) but not glucose
(Glu). The system used for the yeast two-hybrid screen includes the
reporter genes LEU2 and GFP, which replace the commonly used
classical lacZ gene and allow a fast and easy detection of positive
clones with long-wave UV. The results from the growth assay and
GFP fluorescence are indicated on the right.
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PEPT2-CT was observed for PDZ2 and PDZ3, but not for
PDZ1 and PDZ4 of PDZK1 (Figure 1c).

In vitre binding of PEPTZ and PDZK1

We used a glutathione-S-transferase (GST) pull-down assay
to confirm the ability of PEPT2-CT to bind to PDZXl
in vitro and validate the protein-protein interaction (Figure
2a). GST fusion proteins bearing the wild-type C-terminus
(PEPT2-CT-wt) or C-terminal mutants (PEPT2-CTd3,
L279A, and T727A) of PEPT2 were used to pull down
in vitro translated full-length PDZX1. The data showed the
samne interaction specificity for PDZK1 and PEPT2 as
exhibited in yeast two-hybrid assay (Figure 1a). As expected,
the binding of PDZKI to PEPT2 was completely abolished
when the C-terminal PDZ motif was removed (PEPT2-
CTd3) or mutated (PEPT2-CT-1729A or PEPT2-CT-T7274)
(Figure 2a).

To confirm and quantify the interaction of PEPT2 with
PDZK1, we performed surface plasmon resonance experi-
ments using immobilized GST-PEPT2-CT and PDZ2 and
PDZ3 of PDZK] proteins independently fused to maltose-
binding protein. As summarized in Table 1, the binding
affinities of PDZ2 and PDZ3 of PDZXK1 are low (Kp = 10 and

o—
70 (kDa)

iP: GFP
1B: PDZK1

1P PEPT2
18: PDZKY

Figure 2 |Interaction of PDZK1 with PEPT2. () Full-length PDZK1
polymerase chain reaction product was in vitro translated in the
presence of Transcend Biotinylated Lysine tRNA (Promega). The in
vitro translation products were incubated with GST alone (lane 1),
GST-PEPT2-CTwt (lane 2), or GST-PEPT2-CTd3 {lane 3) using a
ProFound Pull-Down GST Protein:Protein Interaction kit (Pierce). The
pull-down products were analyzed by sodium dodecy! sulfate-
polyacrylamide gel electrophoresis, The input corresponds to the
crude in vitro translation reaction. Positions of molecular mass
standards are indicated on the right. GST fused to PEPT2 C-terminal
wt can co-precipitate PDZK1, confirming the specificity found in the
yeast two-hybrid system. The rnutant form of PEPT2 in which the
C-terminal PDZ recognition motif is removed is not able to
precipitate PDZK1. (b) Co-immunoprecipitation of PEPT2 and PDZK1
in HEK293 cells. HEK293 cells were transfected with pEGFP-C2
vectors encading PEPT2-wt (lane 1) or PEPT2-d3 (lane 2) with
pcDNA3.1-PDZK1 and then immunoprecipitated with the anti-GFP
antibody. Then, the immunoprecipitates were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and probed with
anti-PDZK1 antibodies. {¢) Human kidney membrane fractions were
immunoprecipitated with the anti-PEPT2 antibody (lane 1) and
control immunoglobulin G (lane 2). The presence of PDZK1 in the
immunoprecipitates was determined by Western blotting with the
anti-PDZK1 antibody used in a previous study.®®
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15 um). These values are low in comparison to most PDZ
domain interactions (Kp = 1 nmM—10 ). >

Co-tmmunoprecipitation from heterclogous cells and tissue
To demonstrate that PEPT2 and PDZKI can also interact in
mammalian cells, we used a previously prepared rabbit
polyclonal antibody against PDZK1.*® We coexpressed full-
length human PEPT2 fused with green fluorescent protein
(GFP) (GFP-PEPT2) and PDZK1 in human embryonic
kidney (HEK)293 cells. Wild-type GFP-PEPT2 was co-
immuneprecipitated with a GFP-specific antibody but GFP-
PEPT2 which lacked the last three residues was not
precipitated with PDZK1 (Figure 2b).

Furthermore, we demonstrated an association between
endogenous PDZKI and PEPT2 in human tissue by co-
immunoprecipitating PEPT2 from human kidney membrane
fractions using the anti-PDZK1 antibody, but not control
immunoglobulin G (Figure 2c). This result is the evidence
that observed interaction occurs between protein partners
expressed from endogenous genes in kidneys.

Expression of PEPT2 in human kidney sections

In rats, Pept2 is present at the apical membrane of renal
proximal tubules'*'® and in humans, PDZK1 is reported to
be expressed at the apical side of proximal tubular cells %40
To determine whether PEPT2 and PDZK1 colocalize at the
apical membrane of renal proximal tubules in humans, we
carried out immunostaining of human serial kidney sections
using anti-PEPT2 antibody.** Consistent with the previous
reports, in the renal cortex, PEPT2 immunoreactivities were
detected at the apical side of proximal tubular cells (Figure 3).

Table 1] Charactesistics of interaction between PEPTZ
C-terminus and PDZKT PDZ domains 2 and 3 (PDZ2 and PDZ3)

Construct Kk (1/mms) kg {1/min) Ko (b}
PDZK1-PDZ2 7.2 % 10 75x 1073 10
PDZK1-PDZ3 3.6 x 10° 55x1073 15

The kinetic characteristics of the interaction with immobilized GST-fused PEPT2
C-terminus with the second and third PDZ domains of PDZK1 (PDZ2 and PDZ3)
fused with MBP measured by SPR methods are summarized. Association rate
constants (k,), dissociation rate constants (k). and equilibrium dissociation
constants (Kp=k,/k.) are given.

e

Figure 3 | Immunohistachemical analysis of PEPTZ in human
lddney sections. (a and b) Immunohistochemical labeling of PEPT2
by diaminobenzidine reaction of human kidney. (a) PEPT2 was
detected in proximal tubules in the cortex. (b) The apical membrane
of proximal tubule was immunostained with the anti-hPET2 antibady
and no immunostaining was observed in the basolateral membrane
and glomeruli. These figures are representative of typical section
samples, Original magnifications, (a) x 100 and (b) X 400.
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Figure 4|Effect of PDZKT on PEPT2-mediated ["CIGly-Sar
transport activity, (@) The time profile of the uptake of ["*CIGly-Sar
via PEPT2. Intracellular accumulation of Gly-Sar was linear within
5min and was significantly greater in PEPT2-wi-transfected HEK293
cells {HEK-PEPT2-wt; filled circles) than that in the mock-transfected
cells (HEK-mock; open squares). (b) Coexpression of PEPT2 and
PDZK1 increased ['*CIGly-Sar uptake (30 ym) significantly over cells
transfected with PEPT2 alone {closed column, middle). This effect was
abolished when the C-terminal deletion rautant of PEPT2 was
cotransfected with PDZK1 (HEK-PEPT2-d3; dosed column, right),
confirming that the interaction of PDZK1 with PEPT2 C-terminal
domain is responsible for this effect. ***P <0.001 (¢) Kinetic data
using PEPT2-expressing MHEK293 cells shawed that PDZK1 {open
squares} increased the Vi, from 2.92 to 4.95fmoal/mg protein/min
and increased the K, slightly from 167 to 189 um, as compared with
PEPT2 alone (filled triangles). Viaax of [1*CIGly-Sar transport via
HEK-PEPT2-d3 decreased {0.86 prol/mg protein/min), whereas its Ky,
showed no change (187 nw) (filled circles). The kinetic parameters for
the uptake via PEPT2 were estimated using v = V. [SI/K, + [S]),
where v is the uptake rate of substrates, [S] is the substrate
concentration {um) in the medium. K, is the Michaelis-Menten
constant (um) and V. is the maximum uptake rate (pmol/mg of
protein/2 min). These parameters were determined using the
Fadie-Hofstee equation.

PEPT2 transport activity Increases in presence of PDZK1

To determine whether PEPT2 and PDZK1 interaction is
required to mediate the increase in PEPT2 transport activity,
we transfected HEK293 cells with the pcDNA3.1(+) plasmid
containing full-length PEPT2 (HEK-PEPT2-wt), PEPT2
lacking the last three amino acids (HEK-PEPT2-d3), or
without an insert (HEK-mock). The time profile of the
uptake of [**Clglycylsarcosine (Gly-Sar) via PEPT2 is shown
in Figure 4a. Intracellular accumulation of Gly-Sar was linear
within 5min and it was also significantly greater in HEK-
PEPT2-wt than that in HEK-mock. After 2 min incubation,
we demonstrated that ['*C]Gly-Sar uptake via HEK-PEPT2-
wt was approximately 20-fold higher than that in HEK-mock
and that in HEK-PEPT2-d3 was approximately 12-fold
higher than that in HEK mock (Figure 4b). Gly-Sar transport
activities significantly increased after PDZK1 coexpression
(1.5-fold) (Figure 4b). This effect was not observed when
PEPT2-d3 was coexpressed with PDZK1 (Figure 4b).
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Figure 5| Surface expression level of PEPTZ. (8) cell surface
biotinylation analysis of PEPT2 transiently expressing HEK293 cells
transfected with vector alone (lane 1), and those transfected with
PDZK1 (lane 2). Single bands of approximately 85 kDa, which are
consistent with PEPT2, were observed in both lanes. (b) Quantification
of imrunosignal for PEPT2 (n=3, error bars are s.d.). Densitometric
analysis was performed using Model DIANA i Imaging System (M&S
Instruments Trading Inc,, Tokyo, Japan). *P<0.05.

Next, we examined the effect of PDZKI coexpression on
the kinetics of ["*C]Gly-Sar transport via HEK-PEPT2-wt
that had been transfected with pcDNA3.1-PDZK1 or
pcDNA3.1 zlone. Kinetic data showed that PDZK1 signifi-
cantly increased Vi,,. from 2.92 to 4.95 pmol/mg protein/
min and slightly increased K, from 167 to 189nm, in
comparison to PEPT2 alone (Figure 4c). Interestingly, the
Vinax 0f ["*Cl]Gly-Sar transport via HEK-PEPT2-d3, de-
creased (0.86 pmol/mg protein/min), whereas its K, showed
no change (187 nm).

Surface expression level of PEPTZ

To determine changes in the cell surface expression level of
PEPT2, we used a cell-membrane-impermeant biotinylation
reagent to selectively label the cell-surface proteins. After the
treatment, the cell lysates from HEK293 cells transfected with
PEPT2 and PDZK1 or PEPT2 and mock was collected. The
amount of surface-biotinylated PEPT2 expression on plasma
membranes increased 1.8-fold (PEPT2 and mock-transfected:
88.3 + 6.9 vs PEPT2 and PDZK1-transfected: 155.5+11.3 AU,
n==3) when PDZK1 was coexpressed (Figure 5). This change
seems close to the one in V,,,, of PEPT2-mediated transport
observed in Figure 4c.

DISCUSSION

The proton-coupled peptide transporter PEPT2 {SLCI5A2)
mediates the high-affinity low-capacity transport of small
peptides in the kidney. Therefore, PEPT2 is presumed to
contribute to the conservation of peptide-bound amino
acids. Although the transport properties and characteristics
of substrate recognition for PEPTZ have been well docu-
mented, there is less information on PEPT2 regulation. A
recent report by Kato et al> has provided the novel idea
concerning the modulation of PEPT2 function by its
associated protein. They demonstrated an interaction be-
tween the recomnbinant PEPT2 C-terminus fused to GST and
purified His-tagged PDZK1, but they solely rely on data from
in vitro binding assays and did not indicate the physiological
importance of this interaction. In addition, the yeast two-
hybrid screens performed by Gisler ef al,** using baits
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containing single PDZ domains derived from mouse PDZK1,
failed to detect Pept2 as a candidate for PDZK] binding
although several membrane proteins including Uratl were
found. To identify PDZK1 as a physiological binding partner
of PEPT2, we evaluated this interaction from several
viewpoints in this study.

Starting from a yeast two-hybrid screening of a human
kidney cDNA library, we have demonstrated PDZKI to be a
physiological interactor of PEPT2. First, we could detect
PDZK1 from 64 positive clones by library screening. Second,
we could observe the co-immunoprecipitation of PEPT2 and
PDZK1 from kidney membrane fractions (Figure 2c). Third,
we could demonstrate the localization of PEPT2 protein at
the apical side of the renal proximal tubules where PDZKI1 is
also expressed (Figure 3). These results indicate the
physiological meaning of this interaction.

We have further examined this interaction by a yeast two-
hybrid assay (Figure 1), an in vitro pull-down assay (Figure
2a), co-immunoprecipitation (Figure 2b) and surface plas-
mon resonance assay (Table 1) of recombinant proteins, as
well as by the transport studies (Figure 4) and a cell surface
biotinylation assay (Figure 5). These results support the
preliminary data presented by Kato et al*! Moreover, the
augmentation of the transport activity by PDZK1 was
accompanied by a significant increase in the V., of Gly-
Sar transport via PEPT2 (Figure 4c) and was associated with
the increased surface expression level of PEPT2 in HEK293
cells (Figure 5). These characteristics are closely similar to
those of the URATI-PDZKI1 interaction,” and suggest
PDZK1 to thus play a similar role in PEPT2-PDZKI
interaction; namely, that PEPT2 is stabilized and/or anchored
at the cell membrane, making it less likely to be internalized
and subsequently degraded.

Although their functional consequences are the same,
there are several differences between the PEPT2-PDZK1
interaction and the URAT1-PDZK1 interaction. First, the
frequency of PDZK1 appearing as a positive clones was
smaller in the case of PEPT2 (one out of 64) than in the case
of URAT1 (35 out of 98). Second, the interaction profiles of
PDZKI ligand against individual PDZ domains of PDZK1
were different, although they have similar C-terminal PDZ
motifs: T-K-L for PEPT2 and T-Q-F for URAT1. PEPT2
binds to PDZ2 and PDZ3 (Figure 1), while URAT1 binds to
PDZ1, PDZ2, and PDZ4.* Third, the binding affinities for
each PDZ domain of PDZK1 were more than 10-fold lower
for PEPT2 than for URAT1: 10 and 15pum for PEPT2
(Table 1) and 1.97-514 nm for URAT1.* Fourth, when a C-
terminal deletion mutant of URAT1 (URAT1-d3) was
coexpressed with PDZKI1, urate transport activity was not
enhanced, but URAT1-d3 still demonstrated a similar urate
transport activity to wt URAT1 when expressed without
PDZK1. In contrast, the C-terminal deletion mutant of
PEPT2 (PEPT2-d3) not only lacked the ability to enhance
transport activity when coexpressed with PDZK1, but its
transport activity was reduced to half that of the wt PEPT2
(PEPT2-wt) when expressed without PDZKI.

Kidney International (2006) 70, 275-282

The low frequency of PDZKI in PEPT2 screening seems
consistent with the report of Gisler et al.*? as we mentioned
earlier in this paper. In addition to the expression levels of
these proteins, the binding affinity is likely to affect the
frequency of a particular protein appearing as a positive clone
in yeast two-hybrid screening. Therefore, a low frequency of
positive clone does not mean that the observed interaction is
physiologically less important. Moreover, a low binding
affinity may be advantageous for the regulatory dynamics of
protein-protein interactions,”” because a low binding affinity
is related to an easier association and dissociation of proteins
than a high binding affinity. In particular, PEPT2 has a
putative protein kinase C (PKC) recognition site at its C-
terminal close to the PDZ motif, whose phosphorylation may
interfere with binding to the PDZ domain.*® It will be
interesting to investigate whether the phosphorylation of
both PEPT2 and PDZK1 or either protein independently
alters the binding affinity of this interaction, in order to
clarify the regulatory mechanism for PDZ-ligand interaction.

The decreased transport activity of the PEPT2 C-terminal
deletion mutant compared to wt PEPT2, together with the
significant reduction in V., (Figure 4) may indicate PDZ
motif to thus play another role in the PEPT2-CT: the
targeting of the transporter to the plasma membrane. This
was originally predicted by Russel et al®® However, as
mentioned above, this phenomenon was not observed in the
C-terminal deletion mutant of URAT1 expressed in the same
HEK293 cells that have endogenous PDZK1 at low level.”
Although we frequently detected PDZK1 in the URAT1
screen, we did not find any other binding candidates for
URAT1. In the PEPT2 screen, we detected several potential
binding partners for PEPT2 besides PDZK1 (manuscript in
preparation). It will therefore be important to identify other
binding proteins surrounding PEPT2 to understand the
potential significance of this interaction.

Recently, PDZ proteins have been recognized as orches-
trating scaffolds to achieve concerted functions.”” PEPT2
mediates an electrogenic proton-coupled cotransport that
uses an inward proton gradient to transport small peptides
from urine to the cell. Following the concept proposed by
Moe, the ability of PDZK1 to couple PEPT2 to the Na™/H ™"
exchanger NHE3 may provide the necessary lumen-to-cell
proton gradient, and the multimolecular protein complex
will be functionally equivalent to a Na™/oligopeptide
cotransporter. A functional coupling between PEPT2 and
NHEL and/or NHE2 has recently been shown by Wada
et al.** In this paper, we described, for the first time, the exact
localization of PEPT2 in the human kidney in addition to its
novel regulatory mechanism. PEPT2 proteins are expressed at
the apical membrane of renal proximal tubules similarly to
rat Peptl and rat Pept2, which are expressed in the same
site.'” Based on the above findings, human PEPT2 may
therefore be involved in the reabsorption of peptides on the
apical side of the renal tubules, similar to that of rodent Pept2
and the protein complex surrounding PEPT2 should thus be
clarified by identifying other interacting proteins to obtain a
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Table 2| PCR primers used in this study

Construct Sense primer Antisense primer

PEPT2-CTwt 5-CGAATTCCTGCCCGAGACCCAGAG-3 5'-CTCTCGAGCTAAAACTGTGTGGATTTTA-3"
PEPT2-CTd3 5'-CGAATTCCTGCCCGAGACCCAGAG-3 5'-CCCTCGAGCTAGGATTTTAGGACAGAGTTC-3'
PEPT2-L727A 5-CGAATTCCTGCCCGAGACCCAGAG-3 5-CCCTCGAGCTAAGCCTGTGTGGATTITAGGA-3'
PEPT2-T729A 5-CGAATTCCTGCCCGAGACCCAGAG-3 5/-CCCTCGAGCTAAAACTGTGCGGATTTTA-3

PCR, polymerase chain reaction; wt, wild type.

comprehensive understanding of the peptide transport
function in the renal proximal tubules.

MATERIALS AND METHODS

Materials

[“C]Glycosylsarcosine (Gly-Sar) (4 Ci/mmol) was obtained from
Moravek (Brea, CA, USA). Other materials used included Ham F12
medium from Nissui Pharmaceutical Co., Ltd. (Tokyo, Japan), and
fetal bovine serum and trypsin from Invitrogen (Carlsbad, CA,
USA).

Cloning of human PEPT2 ¢cDNA

The ¢cDNA library was prepared from human kidney poly(-
A)*RNA*> The 046-kb cDNA fragment (24-481nt of the
nucleotide sequence of human PEPT2 (hPEPT2)) was obtained by
polymerase chain reaction. This fragment was labeled with
[P?P]dCTP (T7QuickPrime, Amersham Biosciences, Tokyo, Japan)
and used as probe. The screening of the ¢DNA library was
performed as described elsewhere.®

Plasmid construction

The C-terminal fragments of wt hPEPT2 cDNA and three mutants
(designated d3, L729A, and T727A) were generated by polymerase
chain reaction using specific primers (Table 2) and cloned into the
BamH]I and Xhol sites of pEG202 (bait) and pGEX-6P-1 (Amersham
Biosciences) to construct PEPT2-CTwt, PEPT2-CTd3, PEPT2-
1729A, and PEPT2-T727A. The full-length coding sequences of
hPEPT2 (wt) as well as its C-terminal 3-amino-acid-deletion
mutant (d3) were inserted into the mammalian expression vector
pcDNA3.1 (Invitrogen) for functional analysis and into pEGFP-C2
(Clontech, Tokyo, Japan) for GFP fusion protein preparation. The
pcDNA3.1 vector containing the full-length human PDZK1
(hPDZK1) and preys (pJG4-5 and pMAL-C2x) containing single
PDZ domains of hPDZK1 were prepared as described previously.””

Yeast two-hybrid assay

A human kidney ¢DNA library was constructed as described
previously.”> A PEPT2 C-terminal bait corresponding to the last 34
amino acids of PEPT2 was used to screen 8.7 x 10° clones of the
human kidney ¢cDNA library with the LexA-based GFP two-hybrid
system (Grown’ Glow system; MoBiTec, Géttingen, Germany).

In vitro binding assay

PEPT2-CT for GST fusion protein production in bacteria as
reported previously.”’ In vitro translation was performed from a
plasmid carrying the full-length PDZK1 with the TNT T7 Quick for
polymerase chain reaction DNA system (Promega, Tokyo, Japan) in
the presence of Transcend Biotinylated tRNA (Promega), as
described elsewhere.?® Of in vitro-translated products, (5p1) was
applied into ProFound™ Pull-Down GST Protein:Protein Interac-
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tion Kit (Pierce, Rockford, 1L, USA) with 50 ul of GST-glutathione-
Sepharose resin and protein complexes were eluted according to the
manufacturer’s instructions.

Surface plasmon resonance

The interactions of PEPT2-CT with the second and third PDZ
domains of PDZK1 were investigated using a BlAcore 3000
analytical system (BIAcore AB, Tokyo, Japan). Using an amine
coupling kit, GST-fused wt PEPT2-CT or GST alone was attached to
a CM5 sensor chip according to the manufacturer’s instructions,
giving an increase of 11214 resonance units (RU) for GST-PEPT2-
CT or 8,566 tesonance units for GST alone. Binding experiments
were performed with the PDZK1 single PDZ domains fused with
maltose-binding protein as described elsewhere.””

Immunohistochemical analysis

We used human single-tissue slides (Biochain, Hayward, CA, USA)
for light microscopic immunohistochemical analysis as reported
previously.** They were treated with 10 ug/ml primary rabbit
polyclonal antibodies against PEPT2*" or PDZK1 (4°C overnight).

Cell culture and transfection

HEK293 cells were maintained in Dulbecco’s-modified Eagle’s
medium supplemented with 10% fetal bovine serum, I mm sodium
pyruvate, penicillin (100 U/ml), and streptomycin (100 mg/ml)
(Invitrogen) at 37°C in 5% CO,. Transient transfection with
Lipofectamine 2000 (Invitrogen, Gaithersburg, MD, USA) was
performed according to the manufacturer’s recommendations.

immunoprecipitation and immuncblotting
Immunoprecipitation analysis was performed as described pre-
viously.”” Lysates from HEK293 cells that expressed GFP-fused
hPEPT2 and hPDZK1 were immunoprecipitated by the anti-GFP
antibody (full-length A.v. polyclonal antibody, Clontech). For the
co-immunoprecipitation of endogenous PEPT2 and PDZKI, we
used human kidney membrane fractions (Biochain) and added the
anti-PEPT?2 antibody or control immunoglobulin G to this solution.
After overnight incubation, PEPT2 and PDZKI were immunopre-
cipitated using the Seize Classic (A) Immunoprecipitation kit
(Pierce). The affinity-purified rabbit PDZKI1 antibody and horse-
radish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(Amersham Biosciences) were used for immunoblotting with
enhanced chemiluminescence reagents (ECL Plus, Amersham
Biosciences).

Gly-Sar transport activity assay

HEK?293 cells were plated on 24-well culture plates at a density of
2x10° cells/well 24h prior to transfection, and they were
transfected as described above. After 36 h, the culture medium was
removed, and the cells were washed three times and incubated in
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