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ABSTRACT: Natriuretic peptide receptor A (NPR-A) and natriuretic peptide receptor B (NPR-B) are
transmembrane guanylyl cyclases that catalyze the synthesis of cGMP in response to natriuretic peptides.
Phosphorylation and dephosphorylation regulate these receptors and have been traditionally studied by
32PQy labeling of transfected cells. However, this approach cannot be used to determine the phosphorylation
state of receptors isolated from unlabeled sources. Here, we use Pro-Q Diamond and SYPRO Ruby dyes
to quantify the phosphorylation status and protein levels, respectively, of natriuretic peptide receptors
from tissues and cells. Strong Pro-Q Diamond signals for NPR-A and NPR-B were obtained when receptors
were isolated from lung tissue, liver tissue and overexpressing cells. The level of NPR-A Pro-Q staining
was also high in kidney but was much lower in heart tissue. In contrast, the SYPRO Ruby protein signal
was weaker and more variable. In a direct comparison, Pro-Q Diamond staining was as sensitive as but
more specific than th&?PQ, labeling method. The two approaches were highly correla®d=(0.98).

We exploited these techniques to measure the effect of cGMP-dependent proteinkioaskd phosphate
content and guanylyl cyclase activity of NPR-A. Neither value was significantly affected in cells
overexpressing cGKel or in tissues from mice lacking cGK-1. We conclude that cGK-I does not regulate

the cyclase activity or phosphorylation state of NPR-A. Furthermore, we find that Pro-Q Diamond staining
is a sensitive method for measuring the phosphate levels of natriuretic peptide receptors, but protein levels
are best detected by Western blot analysis, not SYPRO Ruby staining.

The mammalian natriuretic peptide family consists of three ossification B). This process is essential for normal long
members: atrial natriuretic peptide (ANPB-type natriuretic bone growth in humans because homozygous loss-of-function
peptide, and C-type natriuretic peptidg.(ANP and B-type mutations in NPR-B result in a form of short-limbed
natriuretic peptide are stored in the atria and ventricles of dwarfism called acromesomelia dysplasia, type Maroteaux
the heart, respectively, and are released into the bloodstreantc).

i?] response to i?creased cardiac.wall st(eE)hhTogetherf, The signaling effects of natriuretic peptides are mediated
they decrease blood pressure by increasing the rates of reng, . 41, the activation of the particulate guanylyl cyclases,
sodium and water excretion, stimulating vascular vasorelax- natriuretic peptide receptor-A (NPR-A), also known as

ation, and_lnhlbmng aldosteron_e secretion. C_-type hatriuretic guanylyl cyclase A, and natriuretic peptide receptor-B (NPR-
peptide stimulates vasorelaxation and inhibits cell prolifera- B), also known as guanylyl cyclase B, (7—10). NPR-A is

gon ®. bgt it does r_10t s.t|mulat_(cej nat.rlur:esﬁ).( In dch%n- d Iactivated by both ANP and brain natriuretic peptide, whereas
rocytes, C-type natriuretic peptide stimulates endochondra NPR-B is activated by C-type natriuretic peptide. Both
t National Institutes of Health Grant RO1HL66397 to L.R.P. receptors consist of an extracellular ligand binding domain,

provided financial support for these studies. a single transmembrane-spanning region, and intracellular
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cGMP-dependent protein kinase . hormones results in a time-dependent decrease in phosphate
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content that is tightly correlated to the receptor’'s guanylyl microcystin] was added to the tubes after the incubation. Fifty
cyclase activity 13). microliters of a 50% slurry of protein Aagarose beads was
Natriuretic peptide receptors activate three classes ofadded to the lysate and the mixture rotated for 20 min at 4
cGMP binding proteins: cGMP-dependent protein kinases °C. The cleared lysate was centrifuged at 2@pfad 20 min
(cGKs), cGMP binding phosphodiesterases, and cyclic at 2 °C. Eight hundred microliters of the extract was
nucleotide-regulated ion channel4, (7). Gene deletion  incubated with luL of polyclonal antiserum from rabbit
studies in mice suggest that cGK-I mediates the vasorelaxan6326 @1) with constant end-over-end tumbling overnight
effects of cGMP 14), whereas cGK-Il mediates the bone at 4 °C. Fifty microliters of a 50% slurry of protein
growth effect of CNP 15, 16). Recently, it has been A—agarose beads was added to the extract and incubated
suggested that cGK-l phosphorylates NPR-A in a gain-of- for an additiona1 h asdescribed above. The protein A
function feedback loop, which results in further activation immunocomplex was pelleted by low-speed centrifugation
of NPR-A (17). However, no evidence was presented to show and washed two times with RIPA. The immunocomplex was
that expression of cGK-I modulates the phosphorylation state released from the agarose beads by boiling for 3 min in the
of NPR-A. The role of phosphorylation in the regulation of presence of 2 reducing sample buffer and fractionated by
natriuretic peptide receptors has been established using celSDS-PAGE on an 8% resolving gel.
lines that overexpress NPR-A or NPR-B. Indeed, the Preparation of Crude Membranes from Animal Tissues.
observation that dephosphorylation leads to desensitizationRat and mouse tissues were homogenized using a Polytron
and the identification of sites of phosphorylation on NPR-A homogenizer in phosphatase inhibitor buffer (PIB) [25 mM
and NPR-B was achieved by metabolically labeling over- HEPES (pH 7.4), 50 mM NaCl, 20% glycerol, 50 mM NaF,
expressing 293HEK cells witli¥P]orthophosphatelg, 19). 2 mM EDTA, 1uM microcystin, and ¥ Complete EDTA
Unfortunately, metabolic labeling is not a feasible method free protease inhibitor cocktail from Roche Diagnostics]. The
for determining the phosphate content of natriuretic peptide suspensions were pelleted by centrifugation at 29000
receptors from endogenous sources since tissues cannot bd0 min at 4 °C. Pellets were resuspended in PIB and
labeled. With the advent of the Pro-Q Diamond phospho- centrifuged two more times. Membranes were used im-
protein dye technology, the initial observations made in mediately or frozen at-80 °C until they were used.
overexpressing cell lines can be validated and extended in Immunoprecipitation of NPR-A and NPR-B from Rat
tissue extracted from animals or humans undergoing variousTissuesNPR-A or NPR-B was immunoprecipitated from
physiological challenges. In this report, we compare the 100 mg of rat or mouse tissue. Pellets were solubilized in
ability of Pro-Q Diamond stain to measure the phosphory- 0.8 mL of modified RIPA buffer [50 mM Tris-HCI (pH 7.5),
lation state of NPR-A and NPR-B against the “gold 100 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
standard”, metabolic labeling. We find that the extent of SDS, 10 mM NakHPQ,, 50 mM NaF, 1 mM EDTA, 0.uM
Pro-Q Diamond staining is highly correlated with tF@ microcystin, and ¥ Complete EDTA free protease inhibitor
content of these receptors. Furthermore, we find that Pro-Q (Roche)]. After the mixture had been rotated for 30 min with
Diamond staining is as sensitive & detection but more 30 uL of a 50% protein A slurry and 3L of rabbit
specific because of a lower level of background staining. preimmune serum at 4C, the extract was cleared by
Finally, we use Pro-Q staining of NPR-A to dispute the centrifugation at 2000 for 15 min at 2°C. The cleared
recently proposed “feed-forward” mechanism for cGK-I- extract (0.7 mL) from each treatment was incubated with 3

mediated phosphorylation and regulation of NPR-A. uL of polyclonal rabbit antiserum against NPR-A (antiserum
6325) or NPR-B (antiserum 6328) overnight af@. For
EXPERIMENTAL PROCEDURES negative controls, we used antiserum preincubated with 0.01

mg of synthetic peptides corresponding to the last 17 or 10
; _ carboxyl-terminal amino acids of NPR-A (antiserum 6325)
from Molecular Probes. Anti-VASP antibody was from . NpR_B (antiserum 6328), respectively. In some samples,
Calbiochem. the incubation volume was increased to 10 or 11 mL total.
Statistical AnalysisGraphPad Prism was used for statisti- - Fifty microliters of a 50% protein A slurry was added to the
cal analysis of the data in this report. Significance was extract and the mixture incubated for an additional 1 h. The
mean values. centrifugation and washed two times with 1 mL of RIPA-
Cell Culture and Transfection93T cells were transiently  modified buffer and one time with RIPA-modified buffer
transfected, or stably transfected 293T NPR-A cells were without NaCl. NPR-A or NPRB was released from the
used as previously describea0y. immunocomplex by boiling for 3 min in the presence of 30
Crude Membrane IncubationCrude membranes were uL of 2x reducing SDS sample buffer and fractionated by
prepared by washing 10 cm plates two times with PBS and SDS-PAGE.
scraping cells in HEPES/glycerol/protease inhibitor buffer ~ VASP Western Blotellular extracts from transfected
(HGPB). Cells were sonicated and centrifuged at 2000 293T cells were fractionated by SBRAGE, transferred to
20 min at 4°C. The supernatant was removed, and the cells PVDF, and blocked for 20 min with Tris-buffered saline
were resuspended in HGPB. The crude membranes were therontaining 0.1% Tween 20 (TBST) and 3% bovine serum
incubated on ice or at 37C with or without MgC}, for 30 albumin. The membrane was then probed with anti-VASP
min. To immunoprecipitate NPR-A, 1 mL of modified RIPA  antibody at a dilution of 1:1500 for 1.5 h in TBST. After
buffer [50 mM Tris (pH 8.0), 150 mM NaCl, 1% NP-40, four 5 min washes with TBST, the membrane was incubated
0.1% SDS, 0.5% sodium deoxycholate, 50 mM NaF, 1 mM with anti-rabbit HRP secondary antibody for 45 min at a
EDTA, 1x protease inhibitor cocktail (Roche), and @8l dilution of 1:10000 and then was washed four times for 5

Materials SYPRO Ruby and Pro-Q Diamond stains were
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min with TBST. The blot was treated with an ECL solution
and exposed to autoradiography film.

Guanylyl Cyclase Assay8yclase assays were conducted
at 37°C in the presence of 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7.4), 50 mM NacCl, 0.5
mM isobutylmethylxanthine, 0.1% bovine serum albumin,
5 mM creatine phosphate, Qy/uL creatine phosphokinase,

1 mM GTP, 1 mM ATP, 1uM ANP, and~10 uCi of [3?P]-
o-GTP. The reactions were stopped with 0.5 mL of 110 mM
ZnOAc, and the amount of cGMP formed was purified and
quantified as previously describedl].

Immunoblot AnalysisNPR-B was detected by Western
blot analysis using antiserum from rabbit 6328 as previously
described 21).

Gel Staining Eight percent resolving gels were fixed in a
30 mL solution of 50% methanol and 10% acetic acid for
30 min with gentle rocking. The solution was changed two
times for a total of three washes in the fixing solution. The
gels were then washed twice in 100 mL of water for 10 min.
Ten milliliters of Pro-Q Diamond phosphoprotein gel stain
was added, and the gels were incubated with gentle rocking
for 1.5 h in the dark. The gels were then destained with 80
mL of a solution of 20% acetonitrile and 50 mM sodium
acetate (pH 4.0) for 15 min. This wash was repeated two
times for a total of three washes. The gels were then rinsed
in water, scanned with a 532 nm laser, and imaged with FUJI
FLA 5000 software. After imaging, 10 mL of SYPRO Ruby
protein stain was added, and the gels were incubated
overnight with gentle rocking protected from light. After
incubation, the gel was washed once with 100 mL of water,
then scanned with a 473 nm laser, and imaged again.

Metabolic Labeling293T cells were transfected with 20
ug of pCMV3, pCMV3-NPR-A, or pcDNA3-cGKd.
Twenty-four hours post-transfection, the cells were washe
twice with phosphate-free medium; then 5 mL of 0.5 mCi/

d

mL [*?P]orthophosphate was added to the plates, and they

were incubated at 37C overnight. The following day the
cells were incubated with 0/aM ANP for 0, 30, or 90 min.
The plates were washed twice with cold PBS, then scraped
in 1 mL of RIPA buffer, and transferred to microcentifuge
tubes. Forty microliters of protein A beads anduB of
preimmune serum were added to the tubes, and the content
were rotated for 20 min at4C. The lysates were centrifuged
at 3600@ for 15 min, and 80Q:L of the supernatant was
incubated with 6325 rabbit serum and D of protein A
beads overnight at 4C with rotation. The immunocomplex
was washed twice with 1 mL of RIPA buffer. Fifty
microliters of 2x reducing sample buffer was added, and
the samples were boiled for 5 min. Twenty-five microliters
of the sample was loaded onto gels.

Production of cGK-I Deficient Micedomozygous cGK-I
deficient mice were produced as described in3&fMice
were sacrificed at 3 weeks of age, and the kidneys were
excised and snap-frozen in liquid nitrogen. The samples were
stored at-80 °C until they were assayed for guanylyl cyclase
activity and NPR-A phosphorylation.

RESULTS

Pro-Q Diamond Stain Is an Accurate and Sensitiethod
for Assessing the Phosphorylation State of Natriuretic
Peptide Receptors in Transfected Cdllsevious studies have
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examined the effect of individual phosphorylation sites on
the phosphorylation state and guanylyl cyclase activity of
NPR-A and NPR-B 11, 12). Alanine was used to mimic a
dephosphorylated serine or threonine, and glutamate was
used to mimic the negative charge of a phosphorylated
residue. A form of NPR-A-containing alanines substituted
for the first five phosphorylation sites (NPR-A-5A) is
dephosphorylated and unresponsive to natriuretic peptide
stimulation, whereas a mutant containing glutamates substi-
tuted for all six known phosphorylation sites (NPR-A-6E)
is hormonally responsive but resistant to desensitizagi@h (

To determine if the Pro-Q Diamond stain can distinguish
between these receptor variants, 293T cells were transfected
with the empty vector, wild-type NPR-A, NPR-A-6E, or
NPR-A-5A. Membrane fractions were prepared from these
cells and incubated on ice or at 3C for 30 min with or
without 5 or 10 mM MgC}J, conditions known to decrease
both the phosphorylation state and cyclase activity of NPR-A
(23). Following the incubation, NPR-A was immunoprecipi-
tated and fractionated by SBRAGE. The gel was then
fixed, stained with Pro-Q Diamond dye, and imaged (Figure
1A, top panel). Immediately afterward, the same gel was
rinsed and incubated with SYPRO Ruby stain to detect
NPR-A protein levels (Figure 1A, bottom panel). A strong
Pro-Q Diamond signal was observed when NPR-A was
immunopurified out of ice-cold membranes from cells
transfected with wild-type NPR-A. The intensity of this
signal was moderately reduced when the membranes were
incubated at 37°C and dramatically reduced when the
membranes were incubated at 3C in the presence of
magnesium. The decline in the Pro-Q Diamond signal was
not due to NPR-A degradation because the SYPRO Ruby
signal was unaffected by the treatments (Figure 1A, bottom
panel). Importantly, no Pro-Q Diamond or SYPRO Ruby
signals were observed in cells transfected with vector alone.
These results are strikingly similar to previous published data
recorded for membranes obtained fréiR-labeled cellsZ3).
Importantly, no significant Pro-Q Diamond staining was
observed for NPR-A-5A, which also is consistent with data
from metabolic labeling experiments. In addition, no staining
was observed for NPR-A-6E, which indicates that the dye

'gs not simply recognizing negatively charged residues.

We also found that wild-type NPR-B stained nicely with
Pro-Q Diamond, whereas a version lacking the known
phosphorylation sites (NPR-B-7A) failed to be significantly
stained with Pro-Q Diamond (Figure 1B, top panel). Again,
the protein levels were similar in the two mutants as
evidenced by SYPRO Ruby staining (Figure 1B, middle
panel), which correlated nicely with expression levels
detected by Western blot analysis (Figure 1B, bottom panel).

In a separate series of experiments, we compared the Pro-Q
Diamond staining method versus tH& metabolic labeling
method of measuring the phosphorylation state of NPR-B
(Figure 1C). HEK293T cells stably expressing NPR-B were
metabolically labeled with*fP]orthophosphate overnight as
previously describedl{l). Membranes were prepared from
these cells and incubated at 32 for 0, 2, 5, 10, 15, or 30
min to stimulate time-dependent NPR-B dephosphorylation.
The receptor was then purified by immunoprecipitation and
SDS-PAGE. The resulting gel was stained with Pro-Q
Diamond dye and imaged (Figure 1C, top panel). The same
wet gel was rinsed and exposed to a phosphorimager to
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Ficure 1: Pro-Q Diamond stain is an accurate and sensitive method for measuring the phosphorylation state of NPR-A and NPR-B. (A)

293T cells were transiently transfected with empty vector, wild-type NPR-A, NPR-A-5A, or NPR-A-6E. Cells were sonicated, and the

membrane fraction was incubated on ice or at’@7for 30 min with or without MgCGJl. NPR-A was then immunoprecipitated, and the

immunocomplex was fractionated by SBBAGE. The resulting gel was stained with Pro-Q Diamond dye. After being imaged, the gel

was stained with SYPRO Ruby protein binding dye. (B) 293T cells were transfected with wild-type NPR-B, NPR-B-7A, or empty vector.

NPR-B was immunoprecipitated and fractionated by SIPBGE. The phosphate content was determined using Pro-Q Diamond

phosphoprotein gel stain, and the total protein was determined using SYPRO Ruby protein gel stain as well as by Western blot analysis.

(C) Pro-Q Diamond staining was compared#B labeling in HEK293T cells stably expressing NPR-B. Membranes were prepared from

these cells and incubated at 32 for the indicated periods of time. NPR-B was purified by immunoprecipitation and-FB&E. The

gel was stained with Pro-Q Diamond phosphoprotein gel stain and imaged. The same gel was then exposed to film to determine the amount

of 32P incorporated into NPR-B. The gel was then incubated with SYPRO Ruby protein stain and imaged. (D) The relationship between the

Pro-Q Diamond dye intensity and tB& content of NPR-B was estimated by determining the correlation coeffid@nt (0.98). These

results are representative of at least two experiments.

measure théP content of NPR-B (Figure 1C, middle panel). phosphorylation state of natriuretic peptide receptors from

Then the gel was rinsed and stained with SYPRO Ruby to endogenous (untransfected) sources also was tested. Initially,

visualize NPR-B protein levels (Figure 1C, bottom panel). we isolated NPR-A from rat lung, kidney, and heart tissues
Both phosphate determination methods clearly indicated (Figure 2A) by immunoprecipitation and SB®AGE in the

that the phosphorylation state of NPR-B was decreased as gresence or absence of excess peptide antigen to specifically

function of time and that the decreases were not due toblock receptor binding. Clear Pro-Q Diamond staining of

protein degradation. To quantify the relationship between NPR-A was apparent in samples lacking the blocking peptide

the two methods, we plotted the relative signal intensity as and was not present when the blocking peptide was included

a function of time as determined by the Pro-Q Diamond in the binding reactions. In all tissues, diluting the extract

staining versus the relative signal intensity of #e signal from 0.7 to 10 mL reduced the extent of background staining

as a function of time. We found that the two methods were (Figure 2A). In contrast, SYPRO Ruby staining of NPR-A

highly correlated, having a correlation coefficieREY value was less distinct. In the lung, a nonspecific band migrated

of 0.98. Visual inspection of the top two panels of Figure in a manner similar to that of NPR-A. In the kidney, many

1C suggests that the sensitivity of the two techniques is nonspecific bands were present, but only one band was

comparable. On the other hand, we found that the “signal to blocked when the peptide antigen was included in the

noise” ratio was better with the Pro-Q Diamond staining. reaction, suggesting that the blocked band was NPR-A. In

The higher background in the metabolic labeling experiment the heart, however, a specific SYPRO Ruby staining band

may be due to the fact that®P]orthophosphate is incorpo- was not apparent.

rated into many biological molecules in addition to proteins, We also purified NPR-B from rat lung by immunopre-

such as nucleic acids and lipids, whereas Pro-Q Diamondcipitation and SDSPAGE (Figure 2B). From this tissue,

binds only phosphoproteing4). we saw very distinctive Pro-Q Diamond staining, and unlike
Pro-Q Diamond Staining of NPR-A and NPR-B in Rat and the case with NPR-A, we observed clear SYPRO Ruby

Mouse Tissuedhe ability of Pro-Q Diamond to detect the staining as well. The reason for the distinctive SYPRO Ruby
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Ficure 2: Pro-Q Diamond dye effectively measures the phosphorylation status of natriuretic peptide receptors in various tissues. (A)
NPR-A was isolated from rat lung, kidney, and heart tissues by immunoprecipitation aneF0EE. To decrease the level of background
staining, some of the immunoprecipitations were performed in larger volumes. Addition of blocking peptide to reaction mixtures served as
negative controls. Immunocomplexes were fractionated by-SEXSGE, and the resulting gel was stained with Pro-Q Diamond dye and
imaged. The same gel was then stained with SYPRO Ruby protein gel dye and imaged to estimate receptor levels. (B) The phosphorylation
state and protein levels of NPR-B from rat lung were determined as described above. (C) The phosphorylation state and protein levels of
NPR-A from mouse lung, kidney, liver, and heart were determined. (D) The phosphorylation state and protein levels of NPR-B from mouse
lung and liver were determined as described above. These results are representative of at least two experiments.

staining for NPR-B, but not for NPR-A, is not known. In bt
mouse lung, liver, and kidney tissues, we observed distinct cGK-la
Pro-Q Diamond staining for NPR-A, but again the SYPRO ANP fi;\
Ruby staining was difficult to interpret because of the | _ " _ o 1 j;é' _—
presence of a nonspecific protein that migrated only slightly = P
faster than NPR-A (Figure 2C). In mouse heart, a diffuse - — = = - [
Pro-Q Diamond band that was blocked by the antigenic “
peptide was visible. However, no specific SYPRO staining - w
was apparent.

Specific phosphostaining was observed when NPR-B was o
purified from mouse lung and liver as well (Figure 2D). u = . - NPR-A

Diluting the extract from 0.8 to 11 mL significantly reduced . . .
. Ficure 3: Phosphorylation of VASP confirms activation of cGK-I
the extent of background staining. However, we were l"r]""ble'in 293T cells. 293T cells were transfected with GFP or NPR-A

to detect specific SYPRO Ruby staining of NPR-B in these ith or without cGK-.. Forty-eight hours post-transfection, cells
samples. were stimulated with or without 0.6M ANP for 1 h, and cells

. . . were harvested in reducing sample buffer and subjected to-SDS
Expression of Actie or Inactive CGK-ln. Does Not Affect PAGE. The proteins were transferred to a PVDF membrane and

the Guanylyl Cyclase Aciity of NPR-A Becagse cGKe ~ sequentially probed with anti-VASP, cGK-I, and NPR-A antibodies.
has been reported to phosphorylate and activate NPR-A inThe data shown are representative of four experiments.

a feed-forward manner, we tested whether the coexpression

of an active or kinase-dead version of cGiK-dontaining a buffer, fractionated by SDSPAGE, and transferred to a
lysine to alanine substitution at position 390 (K390A) would PVDF membrane. The membrane was probed with an
affect the catalytic activity of NPR-A. To confirm that cGK-l ~ antibody against total VASP. ANP stimulation of cells
was activated by ANP in our 293T cell system, we used overexpressing NPR-A activated endogenous cGK-I because
vasodilator-stimulated phosphoprotein (VASP) as a positive the amount of the upper phosphorylated form of VASP
control for cGK-I activation (Figure 3). VASP is a well- increased while that of the lower dephosphorylated version
characterized in vivo substrate for cGK-lI and has been of VASP was decreased. Coexpression of c@Kwvlith
described as a useful indicator of cGK-dependent phospho-NPR-A resulted in partial activation of VASP in the absence
rylation (25). 293T cells were transfected with plasmids of ANP, perhaps due to increased basal levels of cGMP due
encoding NPR-A and/or cGKeland stimulated with 0.5M to NPR-A overexpression. ANP stimulation of cells coex-
ANP for 1 h. The cells were then lysed in reducing sample pressing NPR-A and cGHet resulted in the greatest cGK-|
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[+]

The phosphorylation state of NPR-A was assessed by

E‘E —&— Control . R . . .

£2 |-+ cGKla immunoprecipitating the receptor,_fractlonatmg Fhe immu-

<5 6 cGKla-K390A nocomplex by SDSPAGE, and staining the gel with Pro-Q

22 Diamond (Figure 5, top panel). The wet gel was then rinsed

‘%E 4+ and exposed to an imaging plate to capture ¥ signal

=8 from NPR-A (Figure 5, middle panel). To make sure that

Eg 2- any changes in phosphoprotein staining were not due to

< different amounts of purified receptor, the same gel was then
0

stained with SYPRO Ruby protein stain (Figure 5, bottom
Time (min) panel). In previous reports, exposure to ANP was shown to

Ficure 4: NPR-A activity is not regulated by cGK-l. 293T NPR-A cause a decrease in the phosphate content of NPEBA (

cells were transiently transfected with empty vector (control), wild- N cells overexpressing NPR-A only (Figure 5, top pan_el,
type cGK-k, or an inactive version of cGKel (cGK-lo. K390A). lanes 3-5), a decrease in the level of NPR-A phosphorylation

Crude membranes were then prepared from the transfected cell§s apparent after ANP stimulation for 90 min. It is important
and assayed for ANP/ATP-dependent guanylyl cyclase activity for 14 note that although there appears to be more phosphate
the indicated periods of time. The data shown are representative . . . .
of at least four separate experiments. as_somated with the receptor after A_NP s’_um_ulanon for SQ
min (see lane 4), the SYPRO Ruby signal indicates that this
activation because almost all of VASP was shifted to the is due to a higher NPR-A protein level. If cGKrlis indeed
higher-molecular weight form. the kinase responsible for phosphorylating NPR-A, the
Having confirmed that cGK-l is activated in our cell line, increase in cGMP concentrations brought about by hormonal
we tested if overexpression of activated cGK-I affected the stimulation of NPR-A should cause an increase in the amount
ANP-dependent guanylyl cyclase activity of NPR-A (Figure of phosphate associated with the receptor. To test this
4). We found that neither the overexpression of the wild type hypothesis, NPR-A was coexpressed with c@K-&nd
nor inactive versions of cGK-I had any effect on the ANP- stimulated for 0, 30, and 90 min with ANP (see lanes33.
dependent guanylyl cyclase activity of NPR-A at any time We found that overexpression of cGlg-did not increase
point measured. These data are not consistent with a previoushe phosphorylation state of NPR-A with ANP stimulation.

0 10 20 30 40 50 60

report in a similar 293 model system where cGKwas In other words, there was no significant difference in the
found to increase the guanylyl cyclase activity of NPR-A phosphorylation of NPR-A with or without overexpression
(27). of cGK-la.

Expression of cGKel Does Not Affect the Phosphorylation Deletion of cGK-tr Does Not Affect the Aclity or
State of NPR-Alt has been suggested, but not shown, that Phosphorylation of NPR-AOverexpression of cGKel did
cGK-la. phosphorylates the kinase homology domain of not demonstrate any effect on NPR-A activity or phospho-
NPR-A (17). To directly test this hypothesis, we employed rylation, suggesting cGKel does not regulate NPR-A. If this
both metabolic labeling and Pro-Q Diamond techniques is true, then the absence of cG&-$hould not affect NPR-A
simultaneously to assess the phosphorylation state of NPR-Aphosphorylation or activity either. To test this hypothesis,
in the presence of endogenous or overexpressed oGK-1 we utilized cGK-bi knockout mice. Membranes were
293T cells were cotransfected with NPR-A and either empty prepared from the kidneys of six wild-type and six cGi-I
vector or cGK-bt.. Twenty-four hours later, the cells were knockout mice, and a guanylyl cyclase assay was performed
metabolically labeled with*fP]orthophosphate overnight and (Figure 6, top panel). With the exception of the 10 min time
then incubated with ANP or vehicle for 0, 30, or 90 min. point, there was no significant difference between the activity

NPR-A

cGK-I
0 30 9 0 30 90 0.5uMANP (min)

e T =
- -
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$ X
s & &
) & «'z' o
& & o
@ Q i Fu4

Ficure 5: Expression of cGKé. does not affect NPR-A phosphorylation. 293T cells were transiently transfected with NPR-A and empty
vector or cGK-t.. Cells were metabolically labeled witA?P]orthophosphate overnight and then incubated with or withouu®I5ANP

for 0, 30, or 90 min. NPR-A was then purified by immunoprecipitation and SBASGE. The gel was stained with Pro-Q Diamond dye

and imaged (top panel). The same wet gel was rinsed and exposed to an imaging plate to cagirsighal (middle panel). The same

gel was then stained with SYPRO Ruby protein binding dye and imaged to measure receptor protein levels (bottom panel). These results
are representative of three experiments.
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Guanylyl Cyclase Activity
(Percent of Control)

cGK-1 Wt KO WT Ko WT KO

PRO-Q DIAMOND
PHOSPHO-STAIN

NPR-A

WESTERN BLOT
125] SECONDARY

NPR-A

Ficure 6: Deletion of cGK-tr does not affect NPR-A activity or phosphorylation. Membranes were prepared from the kidneys of wild-
type and cGK-t knockout mice, and guanylyl cyclase activity was measured in the presencef ANP and 1 mM ATP for the
indicated times (top panel). NPR-A was immunoprecipitated from the membranes of three wild-type and three knockout mouse kidneys
and subjected to SDSPAGE and Pro-Q Diamond staining (middle panel). The same samples were fractionated on anothBAGES

gel and blotted onto a PVDF membrane, and a western blot for NPR-A was performeddisiageled anti-rabbit secondary. The blot

was exposed to film (bottom panel); the corresponding areas on the PVDF membrane were excised, and the &Hauas afeasured

in a gamma counter to determine protein levels. The guanylyl cyclase assay experiment is representative of two experimemtefwith an

12. Student’'d-tests were performed on both the cyclase and phosphorylation data pr/ke205.

of NPR-A from the wild-type or cGK-l knockout kidneys models with congestive heart failure, diabetes, and cirrhosis
(p < 0.05). To observe any possible changes in the of the liver. Sequential SYPRO Ruby dye staining of the

phosphorylation state of NPR-A, the receptor was purified same gel facilitated quantification of the receptor protein

from the membrane preparations and subjected to-SDS levels. However, although this approach worked nicely in

PAGE, and the gel was stained for phosphoprotein contenttransfected cells, it was only marginally effective when the

(Figure 6, middle panel). The same samples were also runreceptors were isolated from tissues. In the latter scenario,
on another SDSPAGE gel and were transferred to a PVDF quantification of protein levels is probably best accomplished
membrane. A Western blot for NPR-A was conducted using by western blot analysis.

12%-labeled anti-rabbit secondary antibody to quantify protein  One difference between the metabolic labeling and the
levels (Figure 6, bottom panel). The amount of phosphate Pro-Q Diamond technique is that the latter stains all of the
in each sample was quantified, and the ratio of phosphory- phosphorylated natriuretic peptide receptors in the cell,
lation to protein was calculated. An unpaite@st o < 0.05)  whereas the former only assesses the phosphorylation of
was performed on these ratio values. The statistical ana|ySiSreceptors that were synthesized during the labeling period.
showed that there were no significant differences in the This may inhibit the ability of Pro-Q Diamond to detect small
phosphorylation state of NPR-A isolated from tissues from decreases in natriuretic peptide receptor phosphorylation if
wild-type or cGK-I knockout mice. On the basis of the data cells contain large amounts of intracellular and/or incom-
presented in Figures-3, we find no evidence to supporta pletely processed forms of the receptors, which occurs in
role for cGK-lo in the direct regulation of NPR-A. highly overexpressing cells. Interestingly, in some cases
(Figure 1A) we observed a doublet for NPR-A when stained
DISCUSSION with Pro-Q Diamond. This differs from the single band that
In this report, we have demonstrated that Pro-Q Diamond iS normally observed when NPR-A is isolated fro#P-
phosphoprotein stain is an effective tool for measuring the labeled cells 18, 27, 28). The reason for this discrepancy is
phosphorylation state of natriuretic peptide receptors. This Unknown.
technology can be used to measure the phosphorylation state Surprisingly few proteins have been shown to associate
of receptors isolated from cell lines or tissues. This is with NPR-A. Protein phosphatase 5 was found to interact
important because, until now, the ability to measure natri- with the kinase homology domain of NPR-A in a yeast two-
uretic peptide receptor phosphorylation from tissues was nothybrid screen in 199420), but subsequent studies demon-
possible since phosphorylation state specific antibodies arestrating its ability to dephosphorylate or regulate NPR-A in
not available for NPR-A or NPR-B. Although we have whole cells have not been reported. Recently, heat shock
previously used this technique to measure the phosphoryla-protein 90 and its cochaperone %& were found in an
tion status of NPR-B from NIH3T3 cells exposed to immunocomplex with NPR-A, consistent with a role for these
hyperosmotic mediun®g), this is the first report to compare  proteins in facilitating the folding of the nascent receptor
the metabolic labeling method versus the Pro-Q method of (30). Airhart and colleagues reported results from a yeast
phosphate detection and to measure the phosphate conterttvo-hybrid screen where cGKxlwas used as bait to identify
of NPR-A and NPR-B isolated from tissues. We anticipate a single positive clone containing the cyclase and hinge
that Pro-Q Diamond staining will facilitate research on the portion of NPR-A (7). They found that NPR-A expression
role of receptor dephosphorylation in the desensitization of increases the amount of cGl¢-in both crude membranes
NPR-A and NPR-B observed in patients and/or animal from broken cell preparations and plasma membranes of
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intact cells using fluorescence-coupled antibody methods.
Furthermore, they found that incubation of cells with ANP
increased the amount of cGKelin the membrane fraction.
They also found that addition of recombinant cGd-I
increased the guanylyl cyclase activity of NPR-A via a feed-
forward activation mechanism. We saw absolutely no effect
of coexpression of active or inactive versions of cGKeln
NPR-A activity, although we both used similar 293 cell
expression systems. The reason for this discrepancy may be
related to the poor ANP-dependent activation of NPR-A (1.5-
fold) reported in their assay compared to the more normal
>40-fold activation observed in our assay (Figure 4). Finally,
it should be pointed out that in contrast to Airhart and
colleagues, we actually measured the level of cGK-I activa-
tion as well as the phosphorylation state of NPR-A in the
presence or absence of overexpressed c@KAs in the
cyclase data, we found no evidence for cGidependent
modulation of NPR-A phosphorylation. Finally, by measur-
ing NPR-A activity from the kidneys of cGKel knockout
mice, we show that when cGKzlis absent, NPR-A activity
and phosphorylation are not affected. Hence, our data do
not support a model in which cGKxl phosphorylates or
regulates NPR-A.

One important question that is difficult to resolve is
whether NPR-A and cGKel are physically associated in
cells. Our initial studies employing a sequential immuno-
precipitation-Western blot strategy suggested that this might
be the case. However, many subsequent experiments em-
ploying extracts from overexpressing cell lines as well as
various rat tissues failed to reproduce these results. Airhart
and co-workers were unable to coprecipitate NPR-A and
cGK-la as well. Of course, it is possible that the detergent
required to solubilize NPR-A from the membrane fraction
disrupts the interaction. Nonetheless, to the best of our
knowledge, no published data support the idea of NPR-A
and cGK-bu being stably associated in whole cells. On the
basis of the data presented in Figures63 we find no
evidence to support a role for cGl¢-In the direct regulation
of NPR-A. Instead, we suggest that if cGK-hssociates
with NPR-A, its main purpose would be to shape the
sensitivity and specificity of the natriuretic peptide response,
not to directly regulate the activity of the receptor.
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