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The relationship between activation of the eAMP-dependent protein kinase (¢AMP-PK) und ligand binding and internalization by the vasopressin
renal (Vyetype) receplor of LLC-PK, renal epithelial cells was exumined, Upon cAMP-PK activation threugh | h tresiment with the eAMP analogue
#-bromo-cAMP (BreA), n risrked reduction in V,-receptor steady state number and internalization in LLC-PK, eells was effected. In eells reated
for 17 hv with BreA and hence downeregulated for cAMP-PK, the V,-reeeptar number wias normal but internalizuiion was markedly reduced, Cells
of the LLC-PK, mutant FIB4, which possesses nhaut 0% parenta} cAMP-PK. catalytic subunit activity, exhibited lower V,-receptor steady state
number and inlemalization in comparison to untreated LLC-PK, cells. A negative correlation was thus evident between cAMP-PK activation and
Vge-receplor number, and internalization. Phosphorylation by cAMP-PK may effect ligand-independent removal of reeeptor from the plasma mem-
brine.

Down-regulation; Renal epithelial celi: Vasopressin V,-receptor internalization; eAMP-dependent protein kinase

1. INTRODUCTION

Phosphorylation is a universal regulatory mechanism
of cellular processes including growth, differentiation
and transformation. In the adenylate cyclase (AC) sys-
tem, the cAMP-dependent protein kinase (¢cAMP-PK)
is activated by a concerted series of events initiated by
the binding of hormone to receptor at the external sur-
face of the plasma membrane [1,2]. cAMP production
by AC leads to the clevation of intracellular cAMP
levels, and dissociation of the cAMP-PK holoenzyme
complex torelease the active catalytic (C-) subunit [3,4].
A variety of cellular proteins serve as substrates for
phosphorylation by the kinase, resulting in the modula-
tion of a number of metabolic pathways and gene regu-
lation [1,2]. Down-regulation or desensitization begins
at the level of the receptor {5-7], but occurs at all stages
of the above [2,5,8], including cAMP-PK iiself [9,10].
The ¢cAMP-PK [5-7,11,12] as well as the G-adrenergic
receptor kinase [13,14] are capable of phosphorylating
the g-adrenergic receptor, thereby regulating its trans-
ducing capacity and/or endocytosis.

This study examines the effect of in vivo activation of
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cAMP-PK on the vasopressin Va-type receptor of LL.C-
PK; renal epithelial cells [15) which possess distinct
receptors for vasopressin and calcitonin, both of which
activate AC [16,17]. In addition to agents elevating in-
tracellular cAMP, phorbol esters stimulate LLC-PK,
cells to produce urokinase-type plasminogen activator
by a cAMP-independent Ca?*/phospholipid-dependent
protein kinase (PK-C) -mediated pathway [18,19]. Here
we examine cells of the LLC-PK, cell line, and those of
the FIB4 mutant, which possesses normal amounts of
cAMP-PK C-subunit, but only about 10% wild-type ac-
tivity [18,20]. Treatments activating cAMP-PK or PK-
Crodiffering extents were examined for their effects on
Va-receptor binding, We demonstrate a negative cor-
relation between cAMP-PK activation and both Va-
receptor number and internalization.

2. MATERIALS AND METHODS

2.1, Materials

S'.[y-*P)ATP and ' [*H]Argb-vasopressin' (AVP) were from
Amersham, and phosphocellulose paper (P-81) from Whatman. All
other materials were from previously described sources [17,21].

2.2, Cell culture
The LLC-PK; pig kidney epithelial cell line [15] and the FIB4 mu-
tant [18,20} were cultured as described previously [17].

2.3, Enzyme assays

Extracts for the assay of cAMP-dependent protein Kinase (cAMP-
PK) catalytic activity were prepared and assayed using Kemptide (L~
R-R-A-8-A-G) as a substrate [17,21]. The cAMP-PK activity ratio ex-
presses the C-subunit activity present in cell extracts (assayed in the
absence of cAMP) relative to the total stimulatable activity (assayed
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in the presence of ¢AMPI [17.21). The ratio evlimates the extent of
CAMP.PK acuivadon induced by different agents levaing ntra-
cellular eAMP levels [21-23]. Agoniwt-induced cAMP-PK activity
could be completely inhibivgd by 100 nM protein Kinase inhitator pep-
tide 5-34 [24], Protein was estimated using the dye binding avsay of
Bradford {28 with BSA (farry-acid-free) as a standard.

2.4, Reeepior binding

Vasoprossin binding by EDTA-suspended cells wax measured using
& filer assay [17). Maximal binding capacity of cells at steady siate
was determined by measuring harmane binding after 60 miln at 4°¢C,
Internalized ligand was measured by incubating cells, subsequent (o
binding, with 200 mM Gly-HClpH 3, 2060 mM NaCl for2 mina 47C
10 remove externally bound ligand [26,27), prior 1o washing and
filteation, Total specific binding ar 307C representy the summation of
binding copacity, internalization and receptor reeyeling (seesection 3).

‘3, RESULTS

We initially modified our binding assay for LLC-PK,
cells in suspension {17} to quantitate the relative con-
tribution of receptor internalization/recyeling ete. to
total maximal V;-receptor binding activity (section 2).
Half-maximal binding at 30°C and 4°C was achieved at
2.2+ 0.1 min (Fig.1, squares) and 18.6 = 1.4 min
(Fig. 1, closed circles) respectively (mean £ SEM for
n > 3). Ligand internalization, estimated using a pH 3
treatment subsequent to binding, was half-maximal at
6.9 £ 1.6 min at 30°C (Fig.1, triangles), No inter-
nalization was observed at 4°C (Fig. 1, empty circles).
Maximal specific binding at 4°C (64 fmol/109 cells)
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Fig. 1. Time course of [*H]AVP specific binding and internalization
in EDTA-suspended LLC-PK, cells, Total specific binding at 30°C
(@—m) or 4°C (&——e), or internalization at 30°C (¥——W¥).or 4°C
(O—0) was determined as described in section 2. Results are the
means from a single typical experiment for which the SEM was less
than 11% the value of the 'mean. Maximal binding was achieved at
40.0 + 3.4 and 10.8 +2.1 min (mean x SEM, »n>3) at 4°C and
30°C, respectively; internalization was maximal at 15.7 + 3.3 min.
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Tuble |
U HJAVE speeific binding and internalizavion v LLC-PK; cclis

IPHJAVP spevitieally bownd
tfmals 10 eells)*

47, 0. min.  JWO'C, 30 min

Trentment”

Before  After

None Nong 619 j304
Noag pH X 0.4 19.9
Nane Trypsin 8.6 818
pH 3 None 7.8 123.2
pH 3 pH 3 0.6 41,60
Trypsin  None o 43.2 24
NaN; Nane o 60.2 92.7.
Nal, pH 3 ' 0.3 19.7

* Values représentthe means from a single typieal experiment frem a
serjes of similar experiments, where the SEM was less than 12% the
vilue of the mean (n = 4,

" Treatments were identical before or after the binding test on sus.
pended eellx, and wereat 37 C for 2and § min Tor pH 3 (200 mM Gily-
HCH pH 3,200 mM NaClyand teypyin (0.25%). NaN3 (10 mM) pres
treatment was for 60 min at 37C,

represents the number of binding sites at steady state
(no contribution of internalization or receptor cy-
cling/recycling); and accounted for about 53% of total
maximal binding at 30°C (120 fmol/10® cells). Inter-
nalization at 30°C (40 fmol/10° cells) accounted for a
further 33%, which is comparable to that observed in
other systems (e.g. [28]).

Short trypsin treatment (0.25%, 5 min, 4°C) subse-
quent to binding was not as effective as pH 3 treatment
in removing non-internalized ligand, since 29% of
ligand bound at 4°C remained cell-associated (Table I).
Cells pretreated at pH 3 prior to binding showed no
reduction of either maximal specific [*HJAVP binding
nor internalization at 4°C or 30°C (Table 1), indicating
that pH 3 treatment did not'irreversibly denature the
Va-receptor, In contrast, short trypsin pretreatment
reduced maximal binding by 33% or 56% at 4°C or
30°C, respectively. NaNj,” which inhibits energy-
dependent processes such as receptor endocytosis, did
not affect the number of AVP-binding sites (4°C bind-
ing), but reduced internalization by 51% comparéd to

~untreated cells (Table I).

3.1. [°H]AVP binding and internalization in LLC-PK,
cells treated with agents elevating intracellular
CAMP levels

LLC-PK; cells were preireated with the cAMP ana-

logue 8-bromo-cAMP (BrcA) for either 1 h or 17 h,

and then cAMP-PK activation (Table 11) and maximal

specific [*HJAVP binding and internalization were
determined (Fig. 2). 1 h treatment (cAMP-PK activity
ratio of 0.42) resulted in a marked reduction of both

AVP internalization (54% reduced compared to: un-

treated cells) and binding at 4°C (35% decreased). 17 h

treatment (conditions of down-regulated cAMP-PK;

activity ratio of 0.24) also induced a reduction in inter-
nalization (51% reduced compared to untreated con-
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Table 1
CAMP-PK activitles in coll-Tree exiraety from the LLOPK; and FIR4 ¢ell lines In respome 1o
varfous agonkiy
Treatment cAMP.PK getivity (Lrmgie CAMP:PK activity
w0 aNE CAMP % 10 0 M cAMP ratio
(6.9 (B} (A/8)
L LEC-PKy el line
Ne additien 0,10 298 (.03
1072 N IBMY 0.3) 254 0.
1677 M AVP , 0.27 21 DAL
IBMXZAVP 2.09 1.7 .76
1075 M BreA () B 1.2 2,88 0.42
107 N BreA 07 1) 0.20 0,85 0.24
IRIWPMPMA GO N 0.10 212 0.04
3% 107 M PMA (38 W) .10 .66 0.04
1, F1i4 cell line
No additon 6.04 0.4 .10
1a°h M IBMX (.07 0,42 0.17
1077 M AVP 0.09 0.43 6.22
IBMNXAAVP 0.34 0.41 0.82
107* M BreA (1 h) 0.16 040 0,40
107 M BreA (17 h) 0.02 0.08 0,28

* Cell monelayers were treated for 30 min ar the times indicawed in serum-free DMEM, prior to

washing and preparation of cel) extracts, Extracts

were then assayed in the presence ar absence

of exogenously added cAMP. Data represent a single typical experiment performed in riplicate,
for which the SEM was less than 11% the value of the mean.

trol). Reduced AVP internalization did not appear to
result from an altered: Va-receptor affinity for ligand
(not shown),

Results were compared to cells pretreated for 1 h or
48 h with 3 x 10~* M phorbol-myristate acetate (PMA),
treatments which induce activation and down-regulation
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Fig. 2. Maximal specific [*H]AVP binding and internalization in cells

of the LL.C-PK,; and cAMP-PK mutant F1B4 cell lines, Total specific

binding (O) and internalization (8) were determined after 30 and

60 min at 30°C and 4°C, respectively, on cells pretreated as indicated.

The results shown are the means with SEM shown for more than 3 ex-
periments performed in duplicate.

respectively of PK-C [18,19,29]. Compared to untreated
cells, PMA-treated cells exhibited slightly increased in-
ternalization at 30°C and binding at 4°C. Total binding
at 30°C was essentially comparable for all of the various-
ly treated and untreated cells, with the possible excep-
tion of PK-C-down-regulated cells, which showed 19%
higher total binding.

The data for LLC-PK; cells under the above various
conditions (from Table i1 and Fig, 2) revealed a negative
correlation (r = ~0.92, x = 65.8, y = ~96.7, n = 5) be-
tween the cAMP-PK activity ratio and the number of
Va-receptors at steady state (binding at 4°C). A negative
correlation (r = —0.89, x = 47.1, y = —=69.6, n = 5) was
also observed for cAMP-PK activity ratio and AVP in-
ternalization.

3.2. PHJAVP binding - and internalization in the
CAMP-PK C-subunit mutant FIB4

The FIB4 mutant {20] was similarly analyzed for
AVP binding and internalization. FIB4 cells, with or
without BreA pretreatment, showed total binding at
30°C essentially comparable to that of LLC-PK; cells
(Fig. 2). The extent of cAMP-PK activation (cAMP-PK
activity ratio) upon BrcA treatment (1 hoor .17 h) was
also comparable for both cell lines (Table II), although
the absolute cAMP-PK activities were largely different
due to the C-subunit mutation of FIB4. However, max-
imal specific [*HJAVP internalization was markedly
lower (more than 40% reduced), as was steady state
binding activity (4°C) (50% reduced) compared to un-
treated LLC-PK, cells, FIB4 cells thus largely resem-
bled BrcA-treated (down-regulated) LLC-PK; cells in
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their [*H)AVP steady state binding and internalization
{Fig. 2).

3.3, Theeffect of other cAMP agonisiz on Vyreceplor
SJunction in LLC-PK; cells

To determine whether other agents elevating intra-
cellular cAMP levels have an effect on AVP-binding,
LLC-PK, cells were pretreated with either forskolin
(AC activator) or salmon calcitonin for 17 h and com-
pared 1o BreA-treated or untreated cells for ["HJAVP
binding (Fig. 3). All agonist pretreatments reduced
{*H]AVP internalization (Fig. 3), indicating that agents
other than BrecA which bring about ¢tAMP-PK down-

regulation [10] also effeet a reduction in Va-receptor in- -

ternalization.

4. DISCUSSION

The results here suggest a role for the cAMP-PK in
regulating ligand binding and internalization by the Va-
receptor of LLC-PK) cells. Treatments resulting in the
stimulation and subsequent down-regulation of cAMP-
PK markedly reduced the steady state Vi-receptor num-
ber and internalization. Interestingly, the cAMP-PK C-
subunit mutant FIB4 also showed a low steady state re-
ceptor number and internalization, Activation of the
¢cAMP-PK by BrcA (and probably also by vasopressin
itself) appears to effect endocytosis of plasma mem-
brane receptors even though they are not occupied by
ligand, and concomitant reduction in ligand-dependent
internalization, presumably mediated by phosphoryla-
tion. That heterologous hormone (calcitonin)- or
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Fig. 3. Influence of agents elevating intracellular cAMP on [*HJAVP

internalization in LLC-PK, cells, The time course of internalization at

30°C was followed in LLC-PK, cells which had been pretreated for

17 h without (@——) or with 1 mM BrcA (v—-7), 10 #M forskolin

(3—3), or 30 pM salmon calcitonin (B—-m), Results are the means

from a single typical experiment for whichi the SEM was less than 12%
the value of the mean;
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forskolin-mediated stimulation of LLC-PK, ¢ells simi-
larly affected Va-receptor binding implies the physio-
logical relevance of this effeet. The Vy-receptar thus
probably resembles the g-advencrgic und muscarinic G-
pratein-coupled receptors [5,11,12,30] In the regulatory
role of specific kinases in receptor desensitization,
Other kinases may also have an influence on Vi-re-
ceptor function. PK-C plays a role in desensitization in
the #-adrenergic system [3,31], but we observed no
marked effect of PMA on Vy-internalization here, and
an elevated rather than reduced sieady state Va-receptor
namber {see Fig. 2). In the case of the receptors for the

- tumour necrosis factor and EGF, PMA induices recep-

tor down-regulation in the absence of ligand, due to a

“reduction in the number of plasma membrane receptors

[32]. Imterestingly, this parallels the effects of cAMP
agonists on the Vy-receptor. Further examination of the
various complex feedback mechanisms using in vivo
systems, together with mutants affected in specific com-

-ponents - of signal transduction, should assist in

clucidating the processes regulating receptor function,
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