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The Protein Kinase Domain of the ANP Receptor Is 
Required for Signaling 

A plasma membrane form of guanylate cyclase is a cell surface receptor for atrial 
natriuretic peptide (ANP). In response to ANP binding, the receptor-enzyme produces 
increased amounts of the second messenger, guanosine 3',5'-monophosphate. Maxi- 
mal activation of the cyclase requires the presence of adenosine 5'-triphosphate (Am) 
or nonhydrolyzable ATP analogs. The intracellular region of the receptor contains at 
least two domains with homology to other proteins, one possessing sequence similarity 
to protein kinase catalytic domains, the other to regions of unknown function in a 
cytoplasmic form of guanylate cyclase and in adenylate cyclase. It is now shown that 
the protein kinase-like domain functions as a regulatory element and that the second 
domain possesses catalytic activity. When the kinase-like domain was removed by 
deletion mutagenesis, the resulting ANP receptor retained guanylate cyclase activity, 
but this activity was independent of ANP and its stimulation by ATP was markedly 
reduced. A model for signal transduction is suggested in which binding of ANP to the 
extracellular domain of its receptor initiates a conformational change in the protein 
kinase-like domain, resulting in derepression of guanylate cyclase activity. 

A TRIAL NATRIURETIC PEPTIDE ( U P ) ,  
synthesized in cardiac atria and re- 
leased into the bloodstream in re- 

sponse to increased central blood volume, 
lowers blood pressure by stimulating vasodi- 
lation, diuresis, and natriuresis (1). Two cell 
surface receptors for ANP have been de- 
scribed: a low molecular weight "clearance" 
receptor having a small cytoplasmic domain 
(2)  and a high molecular weight, guanosine 
3',5'-monophosphate (cGMP)-coupled re- 
ceptor, containing a much larger cytoplas- 
mic domain (3, 4). The latter receptor, 
which is the subject of this report, appears to 
mediate the physiological effects of ANP 
through its intrinsic ANP-activated guanyl- 
ate cyclase activity; cGMP is believed to act 
as a second messenger for ANP in many, but 
not all, circumstances (5 ) .  The intracellular 
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portion of the ANP receptor has been divid- 
ed into two domains on the basis of se- 
quence analysis: one, adjacent to the mem- 
brane, has similarity to protein kinases; the 
other, at the COOH-terminus, is similar to 
regions of both a soluble guanylate cyclase 
and a brain adenylate cyclase (3, 4, 6, 7). 

Mutants of the cDNA for the rat brain 
ANP receptor were prepared in which most 
of either the kinase-like domain or the 
COOH-terminal domain was deleted (8) 
(Fig. 1A). Mutant and wild-type receptor 
clones were inserted into an expression vec- 
tor (pSVL) under the control of the simian 
virus-40 late promoter and transfected into 
COS-7 cells (9), which have low concentra- 
tions of endogenous ANP receptor and gua- 
nylate cyclase. Analysis of the transfected 
cells by cross-linlung to 125~-labeled ANP 
demonstrated the expression of mutant re- 
ceptors of the predicted sizes (Fig. 1B). 
Comparison of 125~-labeled ANP binding by 
cells transfected with mutant and wild-type 
receptor clones and the guanylate cyclase 
activity of particulate fractions of the cells, 
measured in the presence of nonionic deter- 

Table 1. Effect of ANP on cGMP content of 
transfected cells. COS-7 cells in 35-mm wells, 
transfected with the indicated plasrnids, were 
incubated in the absence ( - )  or presence (+) of 
ANP for 5 min at 37°C (15). Medium was 
aspirated and cGMP was extracted with ice-cold 
0.5N perchloric acid and assayed (3). Results are 
expressed as the mean of triplicate samples 2 SE. 

Transfection ANP cGMP 
(pmol per well) 

pSVL - <0.2 
+ <0.2 

pSVL-ANPR - <0.2 
+ 19.0 2 1.8 

pSVL-kin- - 10.5 ? 0.4 
+ 10.7 2 0.9 

pSVL-qc- - <0.2 
+ <0.2 

gent and ~ n * ' ,  suggested that the wild- 
type receptor (pSVL-ANPR) and the kinase 
deletion mutant (pSVL-kin-) had similar 
specific guanylate cyclase activities (Fig. 
1C). That is, we have consistently observed 
five- to sevenfold higher expression of both 
'25~-labeled ANP binding and guanylate cy- 
clase activity in cells transfected with pSVL- 
kin- than in cells transfected with pSVL- 
ANPR. In the absence of an antibody with 
which to quantitate the expressed proteins, 
however, this comparison of "specific activi- 
ties" must be interpreted with caution. In 
contrast, the COOH-terminal deletion mu- 
tant (pSVL-cyc-) lacked enzyme activity 
(Fig. 1C). These experiments demonstrate 
that guanylate cyclase catalytic activity re- 
sides in the COOH-terminal domain and 
that deletion of the protein kinase-like do- 
main does not interf&e with cyclase activity. 

These observations were surprising given 
that the protein kinase-like domain, but not 
the COOH-terminal domain, is well con- 
served in the membrane guanylate cyclase 
from the sea urchin Arbacia punctulata (Fig. 
1A). It is possible that the structure of the 
catalpc domain of the enzyme from this 
primitive sea urchin is quite different from 
that of other known guanylate cyclases. The 
localization of guanylate cyclase activity to 
the COOH-terminal sequences suggests 
that similar sequences found in a bovine 
adenylate cyclase (7) and in a subunit of a 
soluble guanylate cyclase (6) represent the 
catalytic domains of those enzymes. 

We next examined the effects of the recep- 
tor deletions on the regulation of cGMP 
concentration by ANP in intact cells. Cells 
transfected with.wild-type and mutant ANP 
receptor clones were incubated in the ab- 
sence or presence of ANP, and cellular 
cGMP content was determined (Table 1). In 
cells transfected with pSVL or pSVL-cyc-, 
less than 0.2 pmol of cGMP per well was 
detectable in the absence or presence of 
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ANP. In cells a-ansfected with pSVL- 
ANPR, less than 0.2 pmol of cGMP per well 
was present in the absence of ANP, but 
cGMP concentrations were markedly in- 
creased after incubation with the hormone. 
In cells trans6ected with pSVL-kin-, high 
concentrations of cGMP were observed in 
the absence or Dresence of ANP: no effect of 
ANP was o&rved, even tho& this mu- 
tant receptor binds ANP. Thus the guanyl- 
ate cyclase activity of the wild-type ANP 
receptor is tightly regulated in the intact cell, 
whereas the kin- mutant appears to be 
constitutively activated. This suggests that 
the kinase-like domain may normay repress 
the activity of the catalytic domain and that 
this repression may be removed after bind- 
ing of ANP. 

The observation that the kin- mutant 
seems active in intact cells in the absence of 
ANP (Table 1) would at first seem to be 
inconsistent with the observation that this 
mutant appeq to have basal guanylate cy- 
dase-speclfic activity similar to that of the 

A 
Extract 

luble 
I 

IP receptor 

rase delet~on 
P 

wild-type ANP receptor in v im (Fig. 1C). 
However. these in v im assavs contained 
nonionic'detergent and ~n'+, both of 
which are known to activate membrane gua- 
nylate cyclases (10). Therefore, we examined 
the guanylate cydase activity of particulate 
fractions fhm cells transfected with p S W  
ANPR or pSVL-kin- in the presence of 
M$+, rather than as the divalent 
cation, and in the absence of detergent 
(Table 2). Adenosine 5' -miphosphate 
(ATP) and nonhydrolyzable ATP analogs 
potentiate the stimulation by ANP of gua- 
nylate cydase activity in v im (1 1). One 
potential site of action for ATP and ATP 
analogs is the protein base-like domain. 
Therefore, we examined the effect of ATP 
on the activity of the wild-type and kin- 
guanylate cydases. 

In the presence of M ~ Z +  (Table 2), the 
guanylate cydase activity of the wild-type 
receptor was ANP dependent, whereas that 
of the kin- mutant was ANP independent. 
The severalbld higher activity observed in 

B 
pSVL pSVL-ANPR pSM-kin p S M q c -  

Esss+ 
recevtors. 

ce (+) of ur 
bars) and g .. , , -~ 

~ding  incub 
ies (open b: ..,- . 

Fig. 1. (A) Wild-tvxc anu mutant ANP I , , 

related membrane panylatc cyclascs from thc sea 
urchins A .  prrnrtulatn (12) and Strongylocnttrotus - 43 

prrrpurntus (13), and a subunit of a soluble panyl- 
ate cyclase (6) (drawn approximately to scale). 
Kinase-like sequences, delimited by the consen~ed = 

cells a-ansfected with pWL-kin- may be 
due to the apparently higher levels of expres- 
sion of the mutant receptor that we routine- 
ly observed (Fig. 1C). The stimulation of 
the wild-qpe guanylate cyclase by ANP was 
enhanced thrrefold in the presence of 0.5 
m M  ATP. The activity of the kin- mutant 
was enhanced only slightly (-25%) by ATP 
in the absence or presence of ANP (Table 
2)- 

Our results suggest a model for signal 
transduction by the ANP receptor, in which 
binding of ANP to the extracellular domain 
initiates conformational changes that affect 
interactions between the cytoplasmic pro- 
tein kinase-like and catalytic domains. The 
kinase-like domain ordinarily appears to re- 
press guanylate cyclase activity, and this 
repression is removed &r ligand binding, 
perhaps by dismption of an interaction be- 
tween the two intracellular domains. The 
observation that the kinase-like domain is 
required for maximum stimulation by ATP 
is consistent with the possibility that this 
disruption is potentiated by biding of ATP 
to this domain, although other mechanisms 
for the ATP effect are equally plausible. 

Although the simplest interpretation of 
our data is that the kin- mutant is constitu- 
tively active, our inability to rigorously 
quantitate the expressed proteins leaves 
open the possibility that this mutant is con- 
stitutively inactive but highly overexpressed. 
In either case, the kinase-like domain is 
required b r  regulation of guanylate cydase 

residues defined in (16), are shown as stippled 
boxes; sequences consenred between mcmbranc 
and soluble panvlate cyclases (amino acids 809 
to 1020 of the A N P  receptor) are shown as 
hatched boxes. (6) Cross-linking of 1251-labeled 
ANP to transfected COS-7 cells. Transfections, 
binding, cross-linking, electrophoresis, and auto- 
radiography were performed as described (3),  
with the following modifications: the concentra- ;; 
tion of "'I-labeled ANP was increased to 0.9 nM, 
cross-Sinlung was performed for 20 min with 0.1 o 

Tabb 2. Guanylate cyclase activity of wild- - mqtor anct b- mutant measured in% 
presence of e. Particulate frictions were pre- 
pared firom tramfkted cells as in Fig. 1C except 
that dithiothreitol was omimd h m  all Mm. 
The final pellet was suspended in 20 mM Hepes 
(pH 7.4), and samples containing 10 pg of 
protein were diluted into a 100-pl reaction mix- 
ture containing 20 mM Hepes (pH 7.4), 4 mM 
MgCI,, 1 mM guanosine 5'-mphosphate, 0.2 
mM methyl isobutykanthiae, 10 mM creatine 
phosphate, and aeatine phosphokinase (100 UI 
ml). In addition, indicated samples contained 1 
pA4 rat ANP (Sigma) or 0.5 mM ATP. Samples 
wen incubated for 15 min at 30°C, and the 
amount of cGMP formed was determined (3). 
Results are e x p d  as the mean of mplicate 
samples k SE. 

150 f - a 
125 
P 

100% - - 
75 : 

0 

50 
a 

25 
P a Guanylate cydase 

mM disuccinimidyl subcrate; cells were solubi- 2 0 0 9 
lized in 200 )LI of sample buffer containing 2% 2- VL- pSVL-kin DDVL-CVC- 

mercaptoethanol; and the entire sample was sub- 
P R  

jectcd to electrophoresis. The absence (-)  or present IP in the bu ations 
is as shown. (C) "51-labeled ANP binding (hatched clase activit ars) of 
msfccted COS-7 cells were determined as descrlnea (I), \\rltn tne following moalncatlons: for 
binding, 0.4 nM '*'I-labeled ANP and 0.4 pM unlabeled A N P  were used; for measurement of 
panylate cyclasc activity the homogenization buffer contained 40 mbf NaCI; buffers used in sample 
preparation contained 10 mA4 dithiothreitol; centrifugations were for 30 min at 42,000~; solubilization 
was for 1 hour; and reactions containing 0.2 mk4 methyl isobutylxanthine were performed for 10 min. 
Guanylate cyclase activities of solubilizcd particulate fractions from cells transfectcd with pSVL and 
pSVL-cyc- were 0.00023 2 0.00009 and 0.0016 t 0.0003 nmol of cGMP formed per minute per 
milligram of protein, respectively. Results are expressed as the mean of triplicate samples 2 SE. 

Transfdon ANP ATP 
(pm0Vmin qcr 
mi5 of prote14 
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activity by ANP. A role for this domain in 
signal transduction is consistent with its 
high degree of conservation in all membrane 
guanylate cyclases sequenced thus far from 
sea urchins and mammals (3, 4, 12, 13). 

We have noted the similarity in overall 
topology between the guanylate cyclase- 
ANP receptor and protein tyrosine kinase- 
growth factor receptors (3). Like the ANP 
receptor, these receptors contain an extracel- 
lular binding domain, a single transmem- 
brane domain, a protein kinase domain adja- 
cent to the membrane, and a COOH-termi- 
nal domain. A model has been proposed in 
which the protein kinase activity of the 
epidermal growth factor (EGF) receptor is 
sterically inhibited by interaction of the ki- 
nase domain with the COOH-terminal do- 
main; this interaction is disrupted after EGF 
binding and the subsequent autophospho- 
rylation of the COOH-terminal domain 
(14). In the case of the ANP receptor, the 
situation could be reversed: the kinase-like 
domain may be a negative regulator of the 
COOH-terminal, guanylate cyclase domain. 
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Ocular Responses to Linear Motion Are Inversely 
Proportional to Viewing Distance 

Eye movements exist to improve vision, in part by preventing excessive retinal image 
slip. A major threat to the stability of the retinal image comes from the observer's own 
movement, and there are visual and vestibular reflexes that operate to meet this 
challenge by generating compensatory eye movements. The ocular responses to 
translational disturbances of the observer and of the scene were recorded from 
monkeys. The associated vestibular and visual responses were both linearly dependent 
on the inverse of the viewing distance. Such dependence on proximity is appropriate 
for the vestibular reflex, which must transform signals from Cartesian to polar 
coordinates, but not for the visual reflex, which operates entirely in polar coordinates. 
However, such shared proximity effects in the visual reflex could compensate for 
known intrinsic limitations that would otherwise compromise performance at near 
viewing. 

'HEN LOOKING OUT FROM A 

speeding train or bus, nearby ob- 
. . jects are seen to rush by while 

more distant ones seem relatively stable. The 
motion of an image across the retina is 
determined by the angular velocity of the 
object with respect to the observer, and 
when the observer's motion is purely trans- 
lational, as in the case of the passenger, 
simple geometry indicates that this velocity 
must depend on the proximity of the object 
(1). In order to scrutinize any given object 
in this passing scene, the observer must track 
it with his eyes, thereby compensating for 
his own bodily motion and, the nearer the 
object, the more vigorously the observer 
must track. Visual tracking, mediated by the 
ocular following reflex (OFR), is important 
in this (2), but during many natural activi- 
ties such as walking some of the ocular 
compensaton is provided by the translation- 
al vestibule-ocular reflex (TVOR), which 
senses linear accelerations of the head 
through the otolith organs embedded in the 
base of the skull (3). To be optimally effec- 
tive, the output of the TVOR should accord 
with the proximity of the object of interest. 
Earlier reports did not specify proximal 
viewing and suggested that the TVOR was 
rather weak in humans (4). However, better 
responses are obtained if the subject at- 
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tempts to fixate an imagined nearby target 
( 5 ) ,  and TVOR responses have been linked 
to the vergence angle of the two eyes (6 ) .  
We now describe experiments on monkeys 
which indicate that the TVOR responses to 
lateral translation are linearly related to the 
inverse of the viewing distance (1). We also 
report that this dependence on proximity is 
shared by the OFR, which we suggest pro- 
vides a visual back-up to the TVOR. 

The TVOR was investigated in four rhe- 
sus monkeys seated on a sled that moved on 
a linear track and that accelerated the ani- 
mals along the interaural axis ( 7 ) .  The move- 
ments of the sled were gentle and brief, 
consisting of one cycle of sinusoidal jerk in 
either direction (period, 200 ms; amplitude, 
630 cm/s2 per second), after which the sled 
cruised at the acquired speed for 200 ms 
before gradually slowing to a halt. Sled 
acceleration commenced only after the ani- 
mal had satisfactorily fixated one of five 
randomly selected targets (light-emitting di- 
odes at viewing distances of 16,25, 50, 100, 
150 cm) for randomly varied time periods 
ranging from 250 to 500 ms. The target was 
extinguished immediately before the onset 
of acceleration, leaving the room dark 
throughout the period of sled motion. A 
total of 60 responses was obtained for each 
stimulus at each viewing distance. To pre- 
clude learning, animals never experienced 
sled motion in the light. 

Sled motion evoked consistent compensa- 
tory eye movements and, as Fig. 1A shows 
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