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We have characterized the reaction of arginine-specific with the phosph and glucose carriers of the kidney
brush-border b The inhibition of phosph and glucose transport by phenylglyoxal follows pscudo-first-order kinetics.
The rate of inactivation of phosphate transport by 50 mM phenylglyoxal was about 3-fold higher than that for glucose transport
(k5 was 0.052 s~ ! for the uptake of phosphate and 0.019 s~ for the uptake of glucose). The order of the reaction, n, with
respect to phenylglyoxal was 1.25 and 1.31 for the inactivation of phosphate and glucose transport, respectively. The inactivation
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Introduction

One of the most important functions of the epithe-
lial cells of the proximal tubule is the reabsorption of
solutes from the tubular fluid. Reabsorption is an
active process that depends upon the p of
sodium in che tubular fluid [1-3] and is carried out by
carrier proteins which are located in the luminal mem-
brane of tubalar cells [4-8]. Several studies have ana-
lyzed the kinetics of these transport systems in brush-
border membrane vesicles [9-12], but little is known
about the structure-function relationship of these car-
rier proteins.

The identification of specific residues within the
actlve sites of carrier molecules is of |mpor\ance for
under ding their lecul Amino
acid-specific reagents have been used to identify some
functionally active amino acid residues in carrier
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molecules. HS- and -NH , groups have been implicated
in glucose transport by intestinal brush-border mem-
brane vesicles [13-15). A tyrosinc residue has been
identified at the Na *-binding site of the renal Na*-glu-
cose cotransporter [16]. It has been shown that arcinine
residues are important in the translocation of glucose,
phosphate and alanine in renal brush-bordsr mem-
brane wslclcs {171 An arginine residuc has also been

li d in the conformational ch of the phos-
phate carrier induced by the sodium gradient [18).
More recently, the use of a fluorescent reagent, spe-
cific for arginine residues, has led to the identification
of a putative intestinal phosphate carrier [19]. In this
paper, we characterize the reaction of arginine-specific
reagents with the phosphate and glucose carriers of the
kidney brush-border membrane.

Materials and Methods

h-borde

P ion of b vesicles

Brush border membrane vesicles were isolated from
rat kidney cc:iex with the MgCl, precipitation tech-
nique [20]. The purified vesicle preparations were re-
suspended in 300 or 450 mM mannitol and 20 mM



Hepes-Tris (pH 7.5) to a final protein concentration of
15 to 25 mg/ml and stored i liguid nitrogen for up to
two weeks. The purity of the membrane preparations
was evaluated by measuring the enrichment factors for
alkaline phosphatase and Na*/K*-dependent ATPase
(12.9 + 1.4 and 0.42 + 0.07, respectively).

Preloading of the vesicles

In some experiments, it was necessary to preload the
vesicles with media containing different salts and
buffers. This was accomplished by diluting the vesicle
snspensions (100 b in 10 ml of the desired medium,
followed by an k ion with a glass-teflon ho-
mogenizer. The suspensions were centri{uged at 33 000
Xg for 30 min, resuspended in the same medium,
passed ten times through a fine needle (271 gauge),
and allowed to equilibrate for 1 h at 25°C.

Transport measurements

The uptake of phosphate and p-glucose was meas-
ured at 25°C with a rapid filtration technique [21]. The
reaction was initiated by the addition of 80-100 ug of
protein. Transport was stopped by adding an ice-cold
stop solution containing 200 mM KCl, 50 mM manai-
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tol, and 20 mM Hepes-Tris (pH 7.5). Membrane sus-
pensions were filtered through a 0.45 pm pore-size
Millipore filter under vacuum. Filters were washed
with 8 ml of the cold stop solution and processed for
liquid-scintillation counting. Nonspecific binding, by
vesicles and filters, measured by adding the incubation
dium and the t prep directly to the
stop solunon, was subtracted from the trarsport meas-
dium-ind, dent uptake was measured
by replacing NaNO, by KNO, in the incubation media.
Protein concentration was evaluated with the method
of Bradford [22].

Chemical madification of brush-border membrane vesi-
cles with phenylglyoxal

Membrane vesicles were modified as described pre-
vmmly {17, 18] Membrane vesncles were premcubated
with pl glyoxal or | | in 300 mM
manmml 20 mM Hepes-Tns (pH 7.5) for 2 min at
25°C and washed by centrifugation in 300 mannitol, 20
mM Hepes-Tris (pH 7.5) (33000 Xg, 30 min, 4°C)
before the transport measurements.

Chemucalx

Tal 1 T

and p-hyd Iglyoxal were pur-
chased frum Sigma Chemlcal Company [*2P]Ortho-
phosphate was obtained from Du Pont-New England
Nuclear. All other chemicals were reagent grade.

Results

Preincubation of brush-border membrane vesicles
with phenylglyoxal a‘ pH r.J, resulted in a time- and
ratio ibition of phosph (Fig.
1A) and glucose influx (Fig. 2A). The inhibition of
phosphate and glucose influx followed pseudo-first-
order kinetics. A linear relationship was observed be-
tween the pseudo-flrst-order rate coefficient k,,, (s™")
and the of lyoxal. The order of
the reaction, #, with respect to phenylglyoxal was de-
termined by the application of a simplified form of the
Hill equation described by Levy et al. [23]. The
dependence of k,,, on phenylglyoxal concentration is
described by the following equation:

10 kypy = 0 &+ 1 In[PGO)

where [PGO) is the ration of phenylglyoxal, k',

a and n, the Hill coefficient. It corresponds

20 mM Hepes-Tris (pH 7.5) with the following
phenylglyoxal: 10 mM (#), 20 mM (), 30 1aM (@), 40 mM (33) and
50 mM (a) Vesicles were then diluted (1:10) in a medium contain-
ing 100 mM NaNO;, 100 mM mannitol, 20 mM Hepes-Tris (pH 7.5)
and 0.2 mM [*2Plorthophosphate, and influx was measured at § s.
(A) residual flux (7} is transport value at time ¢ of preincubation; T,
transport at 1h of preincubation and T, transport at time zero). (B)
Double-in plot of k,,, vs. phenylgiyoxal concentration. Data are
means +S.D. of three experiments done in triplicate.

to the slope of the plot of In k,,, versus In[PGO}. The
calculated Hill coefficient, », was 1.25 for the inactiva-
tion of phosphate transport and 1.31 for that of glucose
transport (Figs. 1B and 2B). This suggests that one

lecule of phenylglyoxal per molecule of phospt
or glucose carrier is involved in the rate-limiting step of
the inactivation of these transport processes.
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Fig. 2. Inhibition of glucose influx by phcnylglyoxul Brush-border

vesicles were preil ibed in Fig. 1. Vesicies
were then diluted in a medium con\.m.mg 100 mM NaNO
mannitol, 20 mM Hepes-Tris (pH 7.5) and 0.1 mM p-{ lucos
and influx was measured at 5 s. (A) Residual flux (7, is transport
value at time #; T, transport at infinite time and T, trausport at
time zero). (B) Double-In plot of ,,, vs. phenylglyoxal concentra-

tion,

We have also studied the time course of inactivation
of phosphate influx with another arginine-specific
reagent, p-hydroxyphenylglyoxal. As shown in Fig. 3,
the preincubation of brush-border membrane vesicles
with 50 mM p-hydroxyphenylglyoxal resulted in a
time-dependent inhibition of phosphate transport: as
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Fig. 3. Inhibition of phospt influx by prei with p-hy-
Brush-bord

vesicles were preincu-
bated at 25°C in 300 mM mannitol, 20 mM Hepes-Tris (pH 7.5) with
50 mM p-hydroxyphenylglyoxal. Vesicles were then diluted (1:10) in
a medium containing 100 mM NaNO,, 100 mM mannitol, 20 mM
Hepes-Tris (pH 7.5) and 0.2 mM [ Plorthophosphate and influx was
measured at 5 s. T, is transport at time 1; T,,, transport at infinite
time and T, transport at time zero. Data are means +5.D. ot three
experiments done in triplicate.
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Fig. 4. Effect of PH on the inhibition of
influx by 1. Brush border b vesicles were equili-

brated as described in Materials and Methods with 300 mM mannitol
and 20 mM of either one of the following buifers: Mes-Tris (pH 6.0),
hepes-Tris (pH 7.0), Tris-Hepes (pH 8.0), Ches-Tris (pH 9.0) or
Caps-KOH (pH 10.0, 11.0 and 12.0). Vesicles were then preincu-
bated for 2 min at 25°C in the same media with (#) or without (O)
50 mM phenylglyoxal. They were then diluted 50-fold in 300 mM
maunitol, 20 mM Hepes-Tris (pH 7.5) and centrifuged at 33000% g
for 20 min, at 4°C. The vesicles were resuspended in the same
medium and allowed to equilibrate for 1 h at 25°C. Phosphate influx
was measured in 100 mM NaNO;, 100 mM mannitol, 20 mM
Hepes-Tris (pH 7.5), 0.2 mM [**Plorthophosphate. Data are means
+8.D. of six experiments done in triplicate. Panel B represents the
percentage of inhibition obtained for each pH of preincubation.

observed for the inhibition by phenylglyloxal, the reac-
tion followed pseudo-first-order kinetics. The reaction
of p-hydroxyphenylglyoxal with the phosphate carrier
was about 40-times slower than that of phenylglyoxal,
the k“m, being 0.0012 s~ compared lo 0.052 s ' with
the same ration of ph l. A slower
inactivation with p-hydroxyphenylglyoxal which is more
hydrophilic than phenylglyoxal suggests that the argi-
nine residue that is modified may not be exposed
directly to the extravesicular medium.

Figs. 4A and 5A show the effect of pH on the
inactivation of phosphatc and glucose transport activi-
ties by phenylgl I. The d with the
alkalinity of the preincubati di hosph up-
take was mhlbrted by 25% at pH 6.0 and 81% at pH
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Fig. 5. Effect of preincubation pH on the inhibitior: of glucose influx

Brush-border b vesicles were eauili
and modified as described in the legend of Fig. 4. Glucose flux was
measured in 160 mM NaNO;, 100 mM mannitol, 20 mM Hepes-Tris
(pH 7.5) and 0.1 mM p-{*Hlglucose. Data are means +8.D. of three
experiments dune in icate. Panel B represents the percentage of
inhibition obtained for each pH of preincubation,

9.0 (Fig. 4B), and glucose uptake was inhibited by 38
and 93% at pH 6.0 and 9.0, respectlve'y (Fig. 5B).

The pH d d of p 1 was used
to study the Iocalizatlon of the functional argmme
res:dues within the phosphate and glucose carrier

les. When preil ion was carried out at an
intravesicular pH of 9.0, the inhibition of phosphate
flux was 67% compared to 23% when the intravesicular
medium was at pH 6.0, independently of the
icular pH (Fig. 6). This strongly suggests that the
phosphate carrier has a functional arginine residue
located within the portion of the carrier that is accessi-
ble from the cytosolic side of the membrane. In con-
trast, when glucose flux was measured under the same
conditions (Fig. 7), inhibition was maximal when both
intra and extravesicular compartments were at pH 9.0
and minimal at pH 6.0.
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on the i of ph influx by
Brush-border membrane vesicles were equilibrated as described in
Materials and Methods with 300 mM mannitol and 20 mM Mes-Tris
{pH 6.0), or 20 mM Ches-Tris (pH 9.0). Vesicles were diluted 6-fold
in the appropriate buffers with (hatched bars) and withiout (empty
bars) 50 mM phenylgiyoxa! and were incubated for 2 min at 25°C,
They were then diluted 50-fold in an ice-cold solution containing 300
mM mannito! and Hepes-Tris (pH 7.5) and centrifvged at 33000X g
for 20 min, at 4°C. Vesicles were resuspended in the same medium
and allowed to equilibrate for 1 h at 25°C. Phosphate flux was
measured in 100 mM NaNO;, 100 mM mannitol, 20 mM Hepes-Tris
(pH 7.5) and 0.2 mM [*2PJorthophosphate. Data are means +S.D. of
nine experiments done in triplicate.
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Fig. 7. Effect of different intravesicular and extravesicular pH of
preincubation on the inhibition of glucose uptake by phenylglyoxal.
Brush-border membrane vesicles were equilibrated and modified as
described in the legend of Fig. 6. Glucose flux was measured in 100
mM NaNO,, 100 mM mannitol, 20 mM Hepes-Tris (pH 7.5) and 0.1
mM p{*Hjglucose. Data are means +S.1, of nine experiments done
in triplicate.
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In the presence of an external pH of 7.5, an internal
pH of 6.5 stimulated phosphate uptake by 43%, and an
internal pH of 8.5 inhibited phosphate uptake by 31%
when compared with an internal pH of 7.5 (Fig. 8A).
These results are in agreement with a model where the
phosphate carricr is protonated at the inner face of the
membrane [24). Fig. 8A also shows the stimulation of
phosphate uptake Ly trans phosphate at different in-
ternal pH values with a constant external pH (7.5); the
trans stimulation was G, 74 and 48% at pH 6.5, 7.5 and
8.5, respectively. Phenylglyoxal treatment reduced
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Fig. 8. Effect of trans on the inhibition of h

uptake by phenylglyoxal. Membrane vesicles in 450 mM mannitol
and 20 mM Hepes-Tris (pH 7.5) were treated with S0 mM phenyigly-
ox~' as described in Materials and Methods. Membrane vesicles were
then loaded in a medium containing 200 mM KNO;, 50 mM manni-
tol, 20 mM of either one of the following buffers: MES-Tris (pH 6.5,
empty bars), Hepes-Tris (pH 7.5, hatched bars) and Tris-HCl (pH
8.5, double hatched bars), and either 10 mM phosphate or 10 mM
K,80,. F i were inewbated 2 b te allow ilibrati
before transport 5 ui of brush-bord
vesicles were diluted with 245 ul of the incubation medium (200 mM
NaNO,, 50 mM mannitol and 20 mM Hepes-Tris (pH 7.5) and 0.2
mM [*Plorthophosnhiate} and transport was measured. (A) Control
vesicles: (B) phenylglyoxal-treated vesicles.
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Fig. 9. Effect of trans sodium on the inhibition of phosphate uptake
by phenylglyoxal. Membrane vesicles were modified with 50 mM
pl as ibed in Materials and Methods. Membrane
vesicles were then loaded with 50 mM mannitol, 200 mM NaNO; or
200 mM KNO; and 20 mM of either one of the following buffers:
Mes-Tris (pH 6.5. empiy bars), Hepes-Tris (pH 7.5, hatched bars),
and Tris-HCl (pH 8.5, double hatched bars). Transport measure-
ments were performed as described in the legend of Fig. 8. (A)
Control vesicles; (B) phenylglyoxal-treated vesicles.

phosphate uptake into membrane vesicles with an in-
ternal pH of 6.5, 7.5, and 8.5 by 62, 63 and 58%,
respectively (Fig. 8B). The effect of trans pH remained
present with phenylglyoxal-modified vesicles, indicating
that phenylglyoxal does not affect the proton binding
site of the transporter. Trans stimulation by phosphate,
however, was completely abolished in phenylglyoxal-
modified vesicles.

Under sodium equilibrium conditions, phosphate
uptake into control membrane vesicles was reduced by
65, 57 and 33% at pH 6.5, 7.5 and 8.5, respectively
(Fig. 9A). Phenylglyoxal t: reduced phospt

uptake by 60% at pH 6.5, 7.5 and 8.5, (Figs. 9A and




9B, left). The inhibition by trans sodium was stronger
with control than with phenylglyoxal-treated vesicles
(F|g 9A and 9B). Phosphate uptake was inhibited by

Iglyoxal in a pH-d dent manner: 52, 45 and
37% at pH 6.5, 7.5 and 8.5, respectively.

Discussion

a-Dicarbonyls offer a major advantage over many
other amino acid modifiers, since they cause no changc
in the charge of the protein [25] and no gross a
in the structure of the protein after modification of
their functional arginine residues [26]. Phenylglyoxal,
which has beeir used previously to study transport
activities in kidney brush-border membrane vesicles,
does not alter the physical integrity of these mem-
branes [17,18].

The aim of the study reported in this paper was to
characterize the action of phenylglyoxal on the phos-
phate and glucose carricrs of kidney brush-border
membrane vesicles. Pnenylglyoxal inhibited both phos-
phate and glucose influx, but the raie of inactivaiion of
phosphate transport was about three times greater
than that of glucose. With 50 mM phenylglyoxal, the
kpp for the inhibition of phosphate and glucose fluxes
were 005257 and 0.019 s™*, respectively. This corre-
sponds to a halftime of m.lcuvanon (T, ,5) of 19 s for
phosphate transport and 53 s for glucose transport.
These are among the fastest reactions ever reported
for the modification of an arginine residue. Only the
anion exchanger of red blood celis was reported to
have a shorter half-time of inactivation [27].

The inhibition of both phosphate and glucose fluxes
increased with alkalinisation of the medium (Figs. 4
and 5). This pH-dependency is characteristic of the
modification of arginine resndues [28] and reflects the
level of jonization of the idinium group. Inhibiti
of phosphate flux increased as the preincubation pH
increased from 6.0 to 9.0 and remained at a stable level
of about 82% as the pH was raised to 12.0. The pK, of
the guanidinium group of free arginine is, however.
above 12. Arginine residues located within the catalytic
site of active proteins have been shown to react faster
than free arginine with a-dicarbonyls [29,31]. To ex-
plain the discrepancy between the reactivity of free
arginine and the apparent pK, of funciional arginine
residues it has been suggested that the catalytic site is
surrounded by a special microenvironment which con-
tributes to a lowering cf the pK, of the guanidinium
group of the argirize residue [32].

The order of the inactivation reaction, n, with re-
spect to phenylglyoxal, obtained from the kinetics of
inactivation (Figs. 1B and 2B) was close to 1 for both
phosphate and glucose fluxes. This indicates that the
covalent binding of one molecule of phenylglyoxal to
the glucose and the phosphate carriers is the rate-limit-
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ing step in the inhibition process. This selectivity of
phenylglyoxal for specific arginine residues of a
polypeptide chain has been reported before [32] for
other proteins, where even prolonged incubation peri-
ods yielded a modification of only 1 residuc on a total
of up to 18 arginine residues in the polypeptide chain,
Here again, the involvement of adjacent amino acid
residues in creating an adequate microenvironment for
modification has been proposed to explain this phe-
nomenon.

The pattern of trans stimulation by phosphate at
various internal pH values from 6.5 to 8.5 (Fig. 8A)
suggests that the protonation site of the carrier in-
volves a residue with a pK, within the physiological
range of pH. Internal pH affected phosphate uptake
into control and phenylglyoxal-modified membranes in
a similar fashion (Figs. 8A and 8B, controls, without
trans phosphate) suggesting that the phenylglyoxai-sen-
sitive arginine residue is not located at the protonation
site of the carricr.

Trans sodium was strongly inhibitory, confirming
that the binary complex C-N does not translocate from
one side of the membrane to the other. In the presence
of trans sodium, phosphatc uptake was indcpendent of
internal pH (Fig. 9A), indicating that the complex C-N
is not protonated at the inner face of the membrane.
However, it scems possible that the protonated com-
plex C-N-H translocates much slower than the unpro-
tonated form (C-N) since the inhibition by trans sodium
is higher at pH 6.5 (65%) and 7.5 (57%) than at pH 8.5
(33%). Phosphatc uptake mcasured under sodium
equilibrium conditions was not significantly inhibited
by phenylglyoxal. The effect of trans Na* was some-
what smaller in PGO-treated vesicles. We have previ-
ously shown that PGO causes no collapse of the sodium
gradient, since initial rates of sodium influx remained
unaffected by this reagent [17].

Qur results indicate that the arginine residue that is
functionally active in the translocation process of the
phosphate carrier is located on the cytosolic side of the
membrane. The alkaline dependence of modification
by phenylglyoxal combined with the fact that the inhi-
bition of phosphate was increased from 25% to 81%
when intravesicular pH was raised from 6.0 to 9.0,
clearly indicates that phenylglyoxal modified a compo-
nent located at the cytosolic side of the membrane.
Also, the rate coefficient for the inactivation of phos-
phate transport by p-hydroxyphenylgiyoxal, a less
lipophilic reagent, is about 40-times smaller than that
obtained with phenylglyoxal (0.0012 5™} vs. 0052 s™1),
indicating that the arginine residue functionally impli-
cated in the translocation process is less accessible to a
reagent which is presumably less permeam through the
lipid bllayer The pref Ic ion of positively
charged amino arld residues of proteins on the cyto-
plasmic side of the b has been hasi
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before [33]; lysine and arginine residues of some mem-
brane proteins are 4-times more prevalent in the cyto-
plasmic than in the extracellular loops [34]. These
positive residues are thought to play a major role in the
correct orientation of membrane proteins and would
thus be crucial factors for the transmembrane topol-
ogy. In the case of the glucose transport system, how-
ever, the arginine residue impli d in the transloca-
tion process appears to be accessible from either side
of the membrane since both intra- and extravesicular
pH affect the inhibition.
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