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Tyrosine protein kinase activity in renal brush-border membranes
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Tyrosine prolein Miasc (TPKY activity was detected in rat renal brush-horder membrancs (BBM) using poly(Glu®Na,Tyr™} ns
substrate. Maximal TPK activity required prior delergent dispersion of the membranes with 0.05% Triten X-100 and the
presence of vanadate, a patent inhibitor of phosphotyrosine protcin phosphatases, in the phosphorylation mediwm. Optimal
conditions for measurement of TPK activity were 10 mM of MgCl, and MnCl, at 30°C and pH 7.0. TPK activity was inhibited
by gemistein, with a ICq, valuc of 15 M, while no inhibition wus observed in the prescace of 1-(5-isoquinolinesulfonyl)-2-methyl-
piperazine dihydrochloride (H7), an inhibitor of serine-threunine kinases, TPK activity was coriche-t 4-fald in the BBM fraction
relative to cortex homogenate. It was co-enriched with BBM enzyme markers, but not with those of the basolateral membranc
(BLM). The cndogenous substrates of TPK in brush-border and basolateral membranes were determined by Wesiern hint
analysis using an antiphosphotyrosine monoclonal antibody (PY20). Various phosphotyrasine-containing protcins were Tound in
the BBM (3L, 34, 46, 50, 53, 72, 90, 118 and 170 kDa) and in the BLM (37,48, 50, 53, 72, 90, 130 and 170 kDa). Addition of
exogenous insulin receptor to BBM and BLM increased the phosphorylation of most of the substeates, Solubilization of the TPK
activity from BBM with 0.5% CHAPS and subscquent gel fillration on Superdex 75 viclded two peaks of tyrosine protein kinase
activily with apparent molecular masses of 49 and 66 kDa. These results provide cvidence for a non-receptor TPK activily
associated with the renal tubular luminal membrane.

Introduction genic transformation, growth factor receptors, and in-
creased activity early in embryogenesis has linked the
TPK activity to the regulation of cell growth, differenti-
ation and development. In normal cells, protein tyro.
sine phospharylation is a rare event since less than
0.1% of all phosphoproteins are phosphorylated on
tyrosine residues [S} For this reason, TPK activity was
studied mostly in carcinomas and transformed celi fines,

‘Tyiosine protein kinase (TPK) activity was first dis-
covered in association with transforming gene produrts
of a number of sarcoma-inducing retroviruses and has
been postulated to be responsible for the transforming
ability of these agents [l]. The supposition that this
activity was confined to viral praducts was dispelled by

two findings: (1) the capacity of the cellular receptors
for growth factors, insulin and somatomedin C, to
catalyze phosphorylation of tyrotine residues; and (2)
the existence of a group of proto-oncogenes encading
membrane-rssociated non-receptor tyro:ine kinases in
normal tissucs [2-4]. The relationship beween onco-
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dihydrochloride; poly(GT}, poly(Glu™Na,Tyr™"); PY20, anli-phos-
photyrosine monuoclonal antibody; PTPase, phosphotyrasine -specific
protein phosphutase; TPK. tyrosineg protein kinase: IR, insulin recep-
tor.

in which it is overexpressed [2]. However, TPK activity
has been identified in various normal mammalian tis-
sucs by using different synthetic substrates containing
tyrosine residues [6-8].

The renal proximal tubule represents an interesting
madel for examining tyrosine phosphorylation enzy-
matic systems ir a normal tissue. Proximal tubular cells
are characterized by the differentiation of the plasma
membrane into two distinet components, the luminal
brush-burder membranes (BBM) aid the antiluminal
basolateral membranes (BLM) which differ by their
protein composition and the mechanisms by which
metabolites cnter and exit the cell [9-10). Protein
phosphorylation: has been studied extensively in plasma
membranes of the renal cortex. [t has been demon-
strated that the cyclic AMP-dependent protein kinase
was predominantly localized in BBM [11] while a cal-
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cium-activated, phospholipid-dependent protein kinase
was present i both BLM and BEM [12,13]. Studics an
specific bindz of "Fl-insulin on the cortex plasma
membrancs have established that the insulin receptors
were located predominantly in the BLM [14). A low-af-
finity, high capacity binding of insulin has heen demon-
strated in BBM, distincet from the high-affinity insulin
receptors associated with 4 TPK activity in BLM [15]
Nevertheless, no invesligation on the TPK activity and
the phosphatyrosine-containing proteins in the RBM
have been reported and we must consider the possible
existence of TPK activity in the renal BBM.

Synthctic polymer substrates are useful to evaluate
and to partially characterize the total TPK(s) found in
a subcellular fraction and they are currently being used
as substrates during the purification of different TPKs
from various tissuss [16-19]. In this report, we demon-
strate the presence of a TPK activity iocalized in the
brush-bord:r membrane of normal proximal tubule
cells of the kidney by using a synthetic copolymer of
glutamate and tyrosine, polGlu™Na,Tyr®), and iden-
tify the phosphotyrosine-containing proteins of BBM.

Exgerimental procedures

Chemicals

[y-“PIATP and an anti-phosphotyrosine mono-
clonal antibody (PY20) were purchased from ICN
Biomedicals (Irvine, CA). Poly(Glu*Na Tyr™)
(ol GTI was from Sigma (St. Louis, MO). Other
chemicals weic of the highest purity avaitable commer-
cially. Purified insulin receptor was generously pro-
vided by 27, B, Posncr ami Ms. Céline Brulé [20],

Preparation of brush-border and basolaterdl membranes

The experiments were performed on Spraguc-Daw-
ley male rats weighting 200-300 g. BBM were prepared
according to the method of Booth and Kenny [21].
BLM were isolated with a self-oricating Percoll gradi-
em method {22]. Purified membrancs were resus-
pended in 30 mM mannitol, 20 mM Hepes-Tris (pH
7.5), and stored in liauid nitrogen. Protein concentra-
tion was determined with the nicthod of Bradiord {23

Poly(Ght""Na, Tyr?°} phosphorylation assays

BBM vesicles were dilutzd (to 2 wng protein/ ml) to
obtain 1 solution containing 60 mM mannitol, 25 mM
Hepos- Tris (pH 7.5) and preincubated for 1 h at 4°C
with 0.05% (v/v) Triton X-100 and proteinase in-
hihitors {bacitracin (10 ug/ml), aprotinin 2 xg/ml),
pepstatin A (10 pg/ml), chymostatin (10 zg/mh}
TPK activity was assayed by measuring the incorpora-
tion of “P from [y-PIATP into poliGT), as de-
scribed by Bourassa et al. [16), Assays in which polv(GT)
wis deleted were performed and used as bianks. The
assay was linear with respect to the amount of mem-

Inane proiein and time, up to 15 pg and i5 min,
respectively {data not shown). Resulis were cxpressed
as the mean + 5.D. of three distinet experiments done
m triplicate,

Phosphorvlation of endogenous membrane proteins

Phosphorylation of cndogenous proteins was carricd
out as deswribed for the exogenous phosphorylation
assays excepl that poly(G i) was omitted and unla-
belled ATP was used instead of [y-P]ATP. The reac-
tions were stopped by the addition of SDS sample
buffer [24]). The samples were then heated (or 3 min at
100°C and proteins were separated by SDS-PAGE with
9% polyacrylamide gels and a Mini Protean slab system
{Bio-Rad). Phosphoryluse & (47.4 kDa). bovine serum
albumin (66.2 kDa), ovalbumin {45 kDa), carbonic an-
hydruse {31 kDa}, soybean trypsin inhibitor (21.5 kDa)
were used as molecular weight standards. The gels
were electrophorctically transferred to Immobilon-P
(Millipore, MA) with a Mini Proteun slab system (Bio-
Rad). Blots were blocked with 3% BSA and 1% oval-
bumin in suline buffer overnight at 4°C, washed three
limes with 0.05% Tween-20 in the same buffer, and
incubated overnight at 4°C with ' V-labelled anti-phos-
photyrosine (PY20) at a concentration of 10" cpm/mi
[25]. Duplicate blots were incubated with PY2) in the
presence of 5 mM phosphotyrsine. The blots were
then washed in saline buffer three times and exposed
to Fuji film at —8§0°C for 1-3 days.

FPLC gel filration of wyrositte protein kinase acrivity
Jrom brush-horder meinbranes

The TPK activity associated witl: BBA was solubi-
lized by extracting the BBM proteins (16 mg/ml) with
0.5% CHAPS, 1 mM EDTA, and 20 mM Tris-HCl (pH
5.0} After incubation of the membranes for | h at £°C,
the suspension was centrifuged at 100000 x g for 3
min. Over 96% of the TPK activity, measured by the
poiy(GT)} phosphorylation assay, was solubilized. The
supernatant  vas applicd 0 a Superdex 75 celumn
eluted with 20 mM Tris-HCl (pH 8.0} and 0.05%
CHAPS at -» flow rate of 0.5 miymin, and 0.5 ml
fractions were collected. Bovine serum albumin (67
kDa), ovalbumin (43 kDa), chymotrypsinogen A (25
kDa), and ribonuclease A (13.7 kDa) were used as
molecular weight standards.

Results

Tyrosine-specific protein kinase gciivicy

The TPK activity associated with BBM was mea-
sured by following the rhosphoryiation of an enoge-
nous substrate, poly(GT:. Enzymatic aclivity was as-
sayed after 1 h of preincubation at 4°C in the presence
of Triton X-100, Pretreatment of BBM with 0,05 and
1.5% {(v/v} Triton X-100 increased the TPK activity



TABLE ]

Effect of preteearment wf brash-border membranes with Tritow X-100
e the TPK activiey

Brush-border membranes were preincubated for | iy wich o widwiut
Triton X-100 in 25 mM Hepes-Tris {pH 2.5, 60 mM mannitol und
proteinase inhibitars, The reartion mivirp was fnenhatedt for 10 min
at 30°C and contained 10 pg of membrine protein, 50 ug of
poldGTY, 1¢ M [y-2PIATP (3 pCi) 10 mM MgCly, 10 mM
MriCls, 200 oM Na, VO, 0.02% Triton X- 100 and 25 mM Heoes-Tris
(ph 7.00,

Triton X-1( Tvrosine kinase aclivity

{9 v/ {pmol /min per mg prolein)
[ 44+ 6

(4] 8311

050 S0t 7

1.9- and 1.2-fold, respectively (Table ). Pre-treatment
of the membranes with 0.05% Triton X-100 was thus
used in all following assays.

The effects of ZnCl,, EDTA, vanadate and molyb-
date, which are inhibitors of various PTPases, were
then studied. Phosphorylation of ¢xogenous substrate
was allowed to proceed for 5 min and the incubation
medium was then diluted in the presence or absence of
PTPase inhibitors. In the abscii.w uf PTPase inhibitors
phosphorylation of the poly(GT) was decreased by
approx. 50% after 30 min of incubation (Fig. 1). Vana-
date or molybdate, by inhibiting FTPases, stimulated
the phosphorylation 2.25- and 1.25-fold, respectively
(Fig. 1. The PTPase system associated with BBM was
not affected by ZnCl, or EDTA. To prevent the de-
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Fig. 1. Effecty of PTPase inhibitors on the rzte of inenrporation of
2P i saltG1). The reaction misture contained 16 xg of membran:
protein, 30 ug of polf(GT), 10 pM [p-2PJATP (3 uCi) 10 mM
M3Cly, 16 mM MnCly, 0402% Triton X100 and 25 mM Hepes-Tris
{pH 7.0) After 5 min of mcubation al 30°C, inhibitors were added
(}) and the incubation was allowed to proceed for the indicated
times. The final concentraticas were 200 pM for vanudate (0), § oM
for molyhdate (7). 100 M for ZaCly (W) and | mM for EDTA
(). Control contained no inhibitor ().
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Fig. 2. Bffects of vanadale acd okudaic acid va the phospharylation

of paly(GiT) catalyzed by BBM. TPK uctivily was assayed in the

presence of vanadate (O} or okadaic ucid () under the conditions
deseribed in Table [

phosphorylation of the exogenous substrate, the assays
were thus performed in the presence of vanadate., As
shown in Fig. 2, a 2-fold increase in basal TPK activity
was ohtained in the presence of vanadate, while okadaic
acid, 2 specific inhibitor of phosphoserine / threanine
phosphatases [26], was without effect.

Since kinase activity is strongly dependent upow
Mg** and/or Mn®* as cofactors 12,3], TPK activity
was also assayed in the presence of these two cations.
Both cations caused the stimulation of TPK activity
(Fig. 3A), MnC!, was much more effective than MgCl,
as a cofactor. TPE activity was optimal when both
MgCl, and MaCl, were present at a concentration of
10 1»M. The temporature dependence of phosphoryla.
tion shtowed a maximum at 36°C (Fig. 3B). TPK activity
showed a wantngl activity at pH 7.0 whereas it was
much less active at acidic and basic pH values iFig.
3C). Phosphorylation of polWGT) by the TPK associ-
ated with BBM was not stimulated by cyclic AMP (101
uM), cyclic GMP (100 zM) ar Ca* (100 uM) (data
not shown).

Recently, genistein, an isoflavone compound iso-
lated from the fermentation broth of Fseudemonas sp.,
was identified as a highly specific inhibitor of tyrosine
kinases {27} As shown in Fig. 3, addition of genistein
to the phosphorylation medium caused a dose-depen-
dent inkibition of the TPK activity with a half-maximal
effect at about 15 pM. This concentration of genistein
is similar to that required 1o inhibit the EGEF receptor,
pp60*™* and ppll0¥e™ (271 In contrast, 14(5-is0-
quinolinesulfonyl)-2-methylpiperazine  dibydrachloride
(H7), an inhibitor of serine-threonine kinase [28], had
no effect on TPK activity (Fig. 4).

Since receptors with TPK activity are present in the
BLM [14)], we have determined whether the measured
TPX activity was truly a component of the BBM by
comparing the earichment factors of BBM and BLM
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for enzymatic markers and TPK. y-Giutamyl transpep-
tidase was highly enriched in the BBM used in this
study while Na*/K*-ATPase (BLM marker) was not
enriched (Table II). TPK activity assaciatzd with BBM
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Fig. .. Biochemical nropertics of the TPK activity of th= brush-border
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mM (0) of MaCt,. (B) TPK aclivity was assayed at 4 to 50°C. (C)
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9.0-10.00. Onher conditions weré as deseribed in Table I
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Fig. 4. Effects of genistein and 1-(5-iscguinotinesulfony!)-2-methyl-

priazine ditydrochloride (E7) on the phosphowyrosylation of

polyGT) catalyzed by BBM. TPK activity was assaved in *he pres-

ence of genistein (@) or H? {Q) under conditions descriked in
Table 1.

was enriched 4-fold over the activity found in the
cortex homogenate whereas that found in purified BIL.M
was only enriched 2-fold.

Dertection of the endogencus substrares of the tyrosine
proiein kinase

Phosphotyrosine-containing proteins of BBM and
BLM were detectec by Western blot analysis asing an
iodinated anti-phosphotyresine monacional antibody,
PY20. Fig. 5 shows representative profiles of phospho-
rylation obtained for the BBM and tie BLM. A variety
of phosphotyrosine-containing proteins was observed
in both plasma membranes (Table 111), Duplicate blots
incubated with phosphotyrosine showed a complete
abolition of the labelling (not shown), in agreement
with the reported spocificity of PY20 for phospho-
tyrosine [25],

To determine whether the cadogenous substrates of
these plasma membranes covld be phospherylated by
receptar-TPKs, we added a purified insulin receptor
(IR) preparation to the phosphorviation mixture con-
taining BBM or BLM (Fig. 5). Phosphorylation per-

TABLE I
Comparative enrichment of TPK activity end plasma membrane marker
enzyme actitities for the BBM and BLM

Memt wete preincobated for t h with 0.05% Triton X-100 in
25 mM Hepes-Tris (pH 7.5), 60 mM mannite} and proteinase in-
hibitots. TPK activity was assayed a5 described in Table 1.

Fractions Enrichaent
y-glutamyl Na*/K*- TPK
transpeplidase ATPase
BEM 14 125 15403 40110
BLM 05402 160424 201035
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Fig. 5. Tyrasine-phosphorylated proteins from BBM and BILM.
Autoradi of the i performed with the phospho-

tyrosine-speeific antibody PY2). TPK activity wae assayed in the

presence (+) or in the absence () of purified insulin receptor ({R),

Numbass refer 1o the molecular weights of the standard proteips.

TPK activity and Western blot were assayed as described in Experi-
mental Procedures.

formed with the preparation of IR alone revealed a
phosphotyrosine-containing protein of 90 kDa which
corresponds to the autophosphorvlated 1R 8-subunit.
Addition of IR increases the phosphorylation of most
of the substrates (Table 111). The range of stimulation
of the phosphorylation by IR varies from 1.5-fold for
the 46- and 72-kDa substrates of the BBM to 3.6-fold
for the 37-kDa substrate of the BLM.

31 e 30
b6kDa 49kDa r

Absorbance at 280 m i {0
TPK activity (cpm x [0-3) (»—o)

Elution volume (ml)

Fig. 6. Gel filtration of solubilized BBM on Superdex 73. The extract
of BEM (; ml, 9 mg of protein) was et saphed on a Sup

75 column and eloted as described in Experimentat Procedures. The

TPK activity was assayed by the phosphorylation of poly(GT), as
described in Table 1. The position of the peaks of TPK activity was
evaluated from the elution prafile of standard proteins,
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TABLE i

Fhosphorylution of the protvins uf BBM and BLM by endogenous TPKs
and by exogenous insulin recepror

Phosphorylation of BBM and BLM subsirates was evuluated by
densilometric scanning of the phosphotyrosine-containing proteins
detected by immunoblot. Purified insulin recentor was added 1o
phosphorylation mixture containing BBM or kLA, The increase in
phosphorylation was calculated from the area wnder ezch peak of the
densitomettic scanning of the immunobint. The results ate given as
means 3 5.0, of five experiments. n.d., not detectable,

Substrates 75 of total phosphorylation x-fold stimulation by IR
(kba) BBM o] BBM  BIM
170150 T3+24 150450 30405 32406
135133 nd, 166440 nd, 30109
118422 195448  nd L6+05  nd
Si+15 75418 216430 28412 27114
T2+30 22+50 206£60 15403 20£05
53+15 50+1.2 42110 20405 20406
Ntz 6.l+15 40110 2.2+05 30418
4E8+14 nd. 6.2+23 nd. 27+1.3
40120 19236 nd 16202 A
371t15 nd. BO£3S nd 36%23
34405 32110 nd 20£05  nd
3110 43+18 nd 18464 nd

Determination of the apparent molecular masses of tyro-
sine protein kinase(s) of brush-border membrane -

Fallowing solubilization of BBM with 0.5% CHAPS,
a profile of TPK activity was obtained by FPLC on
Superdex 75 (Fig. 5). Two distinct peaks of activity with
molecular masses of approximately 49 and 66 kDa
were detected. Most of the TPK activity (B0%) eluted
as proteins of appeox. 49 kDa and was enriched at this
stage about 20-fold compared to the activity found in
the membranes.

Discussion

TPK activity associated with the brush-border mem-
brane of rat proximai tubules was characterized by
measuring the phosphorylation of an exogenous sub-
strate, poly(GT), previously shown to be an excellent
substrate for this class of kinases [16-19). Intact BBM
did not phosphorylate poly(GT) as cliiciently as mem-
branes solubilized with 0,05% Triton X-100; this may
suggest that the catalytic site of the TPK is present on
the inside of the BBM vesicles, since intact BBM are
oriented predominantly right-side-out {29). This is in
agreement with the localization of the catalytic domain
of most TPKs on the cytoplasmic side of plasma mem-
branes [1]. The TPKs detected in BBM appear to be
very similar in some of its biochemical characteristics
to several other TPKs, It is most active near physio-
logical pH, requires bath Mg?* and Mn?* for maximal
activity and is sensitive to genistein, a specific inhibitor
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of the TPKs. We found thal addition of vanadale, an
inhibilor of PTPase [3(], was necessary 1o measure an
optimal membrane-dependent  phosphorylation  of
polf{GT). The cocxistence of TPK and PTPase in
BBM is consistent with the wnoded of protein phospho-
1ylation-dephasphorylation which seems one of the es-
sential regulatory systems for ‘naintaining the intra-
cellular phosphotyrosine content at low levels [5], Inhi-
bitior by vanatlate and insensitivity to EDTA were also
reporied fer the PTPases found in crede picparations
of rabbit kidney plasma membranes [31]. However, in
this latter case PTPase was found to be sensitive to
ZnCl,, in contrast with the PTPase activity reported in
this paper.

More than 99% of ihe amino acids phosphorylaied
in a normal cell are serine and threonine residucs [5),
and it is well established that the renal BBM has
serinc / threaning  phosphorylation-dephosphoryltion
sysiems (32). In order to study a possible contribution
of these non-TPK activities to the phosphoryiation of
poly(GT), membranes were incubated in the presence
of akadaic acid, a specific inhibitor of serine-threonine
nhosphatass, or in the presence of H-7, an inhibitor of
serine-threonine kinases. Thesc inhibitors had no cf-
fect on the incorporation of 2P into pol/GT? (Figs, 2
and 4). Conscquently, these results exclude the possi-
bie participation of the endogenous phosphorylation of
serine / threonine substrates in the evaluation or in the
regulation of TPK activity.

The BBM preparations were almost free of BLM,
suggesting that the BBM-associated TPK activity is not
due 1o a contaminating BLM enzyme. This is alsa
supported by the strong phosphorylation of poly(GT)
obiained with BBM (82 + 10 pmol/min per mg of
BBM proteins) compared with that obtained with BLM
{35+ 7 pmol/min per mg of BLM proteins). Thesc
values correspond to enrichment factors of 4 and 2
over the homogenalc, respectively. On the basis of
these results, TPK activity appears to be an intrinsic
component of the BBM of the rat proximal tubufe.

Although some subsirates with similar molecular
weights were found i the BBM and BLM, the major
substrates recognized by the BBM-associated TPK (46
and 118 kDa) were clistinet from those recognized by
the Bi.M-assuciated 'TPK (99, 135 and 170 kDa). This
suggesis that the TPKs associated with these plasma
membranas could work through distine celiuiar cath-
ways.

Addition of an exogenous insulin receptor (IR) to
the BBM and BLM increases the phosphorylation of
most substrates. Although proteins of both the BBM
and the BLM could he phosphorylated by this receptor
tyrosine kinase, the substrates of the BBM had a lower
reactivity. Moreover, the <timulatdion by IR obtained
for the major substrates in the BBM (46, 72 and 118
kDa) was only 1.5-fold, while it was much stronger for

the major BBM-associated substrates: 2.7-, 3.0- and
3.2-fold for the 90, 135 and 170 kDa proteins. These
differences suggest that the tyrosine-containing pro-
teins asseciated with the BBM could be substrates of
another class of TPKs.

Receptors with tyrosine kinase activity are known to
be high-niolccutar weight proteins; molecular masses of
170, 185, > 300 and > 350 kDa were estimated for
EGF. PDGF, IGF-1 and insulin receptors, respectively
[4] En the present study, ge* filtration of solubilized
BBM revealed two peaks of TPK activity with apparent
molecular masses of 49 and 66 kDa. The smaller sizes
of the molecular masses reported here indicate that
these kinase activities are distinct from the receptor
tyrosine kinases. This is in agrecment with the known
segregation of receptors to the basolateral side of these
cells [14). The similarity of the apparent mclecular
mas.es (49 and 66 kDa), evaluated for tie TPK by gel
chromatography and two major phosphotyrosine-
containing proteins of the BBM (46 and 72 kDa) may
fepresent an autophosphorylation of the TPKs. How-
evey, further investigations will be necessary 10 contirm
this interpretation.

In spite of severai reports on the TPK of normal and
soiee transformed cells, their role is still unclear. In-
volvement in ceil ransformation and in regulation of
cell growth has been supgested but the physiolegical
function of the non-receptor TPK activity in normal
cells remains largely unknown [1). Because the genera-
tion and maintenance of the polarized cell phenotype
is a multistage process [33), alterations by genetic mu-
tations or environmental factors at any stage in devel-
opment could have direct conseqguences on tissue func-
tion. Interestingly. approx. 85% of human tumors are
carcinomas that are derived from epithelia, and many
carcinomas are characterized by morphelogical changes
in cell polarity [33).

The mechanisms implicated in the regulation of the
transmembrane iransport processes invalved in the re-
absorption of important solutzs from the glomerular
ultratiltrate remain largely unknown, but protein phos.
phorylation has been suggested in the regulation of the
activity of the Na*/ phosphate co-transporter [34-36].
Further characterization of the BBM proteins, which
undergo tyrosine phosphorylation, should provide in-
frrmation regarding the physiological functions of the
I'PK activity associated with BBM.
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