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Abstract

Background: Extracellular renal interstitial (RI) cyclic guanosine 3’5’-monophosphate (cGMP) 

inhibits renal proximal tubule (RPT) sodium (Na+) reabsorption via Src family kinase activation. 

Through which target extracellular cGMP acts to induce natriuresis is unknown. We hypothesized 

that cGMP binds to the extracellular α1-subunit of Na+/K+-ATPase (NKA) on RPT basolateral 

membranes to inhibit Na+ transport similar to ouabain, a cardiotonic steroid.

Methods and Results: Urine Na+ excretion was measured in uninephrectomized 12-week-old 

female Sprague-Dawley rats that received RI infusions of vehicle (D5W), cGMP (18, 36, and 72 

μg/kg/min; 30 min each), or cGMP + rostafuroxin (12 ng/kg/min) or were subjected to pressure 

natriuresis +/− rostafuroxin infusion. Rostafuroxin is a digitoxigenin derivative that displaces 

ouabain from NKA. RI cGMP and raised renal perfusion pressure induced natriuresis and 

increased phosphorylated SrcTyr416 and Erk 1/2Thr202/Tyr204; these responses were abolished with 

rostafuroxin co-infusion. To assess cGMP binding to NKA, we performed competitive binding 
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studies with isolated rat RPTs using bodipy-ouabain (2 μM) + cGMP (10 μM) or rostafuroxin 

(10 μM) and 8-Biotin-11-cGMP (2 μM) + ouabain (10 μM) or rostafuroxin (10 μM). cGMP or 

rostafuroxin reduced bodipy-ouabain fluorescence intensity, and ouabain or rostafuroxin reduced 

8-Biotin-11-cGMP staining. We crosslinked isolated rat RPTs with 4-N₃-PET-8-Biotin-11-cGMP 

(azido-BIO-cGMP; 2 μM); 8-N₃−6-Biotin-10-cAMP (azido-BIO-cAMP) served as negative 

control. Precipitation with streptavidin beads followed by immunoblot analysis showed that RPTs 

after crosslinking with azido-BIO-cGMP exhibited a significantly stronger signal for NKA than 

non-crosslinked samples and crosslinked or non-crosslinked azido-BIO-cAMP RPTs. Ouabain 

(10 μM) reduced NKA in crosslinked azido-BIO-cGMP RPTs confirming fluorescence staining. 

Azido-BIO-cGMP crosslinked samples were separated by SDS gel electrophoresis and slices 

corresponding to NKA molecular weight excised and processed for mass spectrometry. NKA was 

the second most abundant protein with 50 unique NKA peptides covering 47% of amino acids in 

NKA. Molecular modeling demonstrated a potential cGMP docking site in the ouabain binding 

pocket of NKA.

Conclusions: cGMP can bind to NKA and thereby mediate natriuresis.

Graphical Abstract

Schematic diagram of cyclic GMP-dependent signaling pathways in the renal proximal tubule cell 

leading to reduced sodium (Na+) transport and natriuresis in response to increased renal perfusion 

pressure. Increased renal perfusion pressure increases cGMP production in renal proximal tubule 

cells. In a unidirectional process, cGMP is transported across the basolateral membrane by a 

probenecid-sensitive organic anion transporter into the renal interstitial fluid where it binds to the 

ouabain binding pocket on the extracellular domain of NKA. cGMP binding to NKA activates 

Src kinase resulting in internalization and inactivation of Na+ transporters, NHE-3 and NKA, and 

natriuresis. cGMP, cyclic 3’,5’-guanosine monophosphate; NHE-3, sodium-hydrogen exchanger-3; 

NKA, sodium-potassium-ATPase; NO, nitric oxide; NOS, soluble nitric oxide synthase; OAT, 

organic anion transporter; OUA, ouabain; sGC, soluble guanylyl cyclase; Src, Src-family kinase.
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Subject Terms:

High Blood Pressure

INTRODUCTION

Pressure-natriuresis is a major homeostatic mechanism wherein an acute rise in arterial 

blood pressure (BP) induces a rapid increase in renal sodium (Na+) excretion.1 This leads 

to a decrease in extracellular fluid volume preventing a long term rise in BP. Virtually all 

forms of hypertension (experimental and human) are characterized by impaired natriuretic 

responses to increased BP. Normal Na+ excretion in the hypertensive state is achieved 

at the expense of increased BP.1 The mechanism underlying pressure-natriuresis at high 

renal perfusion pressure is unknown. While manipulations of several endocrine and/or 

paracrine systems shift the pressure-natriuresis curve to the right (less sensitive) or left 

(more sensitive), they do not abolish the natriuretic response to increased pressure.2–5

Guanosine cyclic 3’,5’-monophosphate (cGMP) is natriuretic.6,7 It is generated in renal 

proximal tubule cells (RPTC) by nitric oxide (NO) action on RPTC soluble guanylyl 

cyclase (sGC).8–13 Following its biosynthesis, cGMP is exported out of the RPTC into 

the extracellular renal interstitial (RI) space by a probenecid-sensitive organic anion 

transporter.14–16 Endogenous extracellular RI cGMP inhibits RPTC Na+ uptake and induces 

natriuresis.6,15 Because increased renal perfusion pressure increases RI cGMP production 

and natriuresis, both of which are abolished by intrarenal sGC inhibition, RI cGMP has been 

considered a candidate mediator of pressure-natriuresis.7,17–19

The cellular mechanisms through which extracellular RI cGMP regulates natriuresis and 

pressure-natriuresis are unknown. A large quantity of the cyclic nucleotide is exported 

from RPTCs into the RI compartment within minutes after administration of an NO donor 

or increased renal perfusion pressure.6,7,17–19 cGMP extrusion is non-saturable, and is 

unidirectional because extracellular cGMP does not re-enter the RPTC.16,20 Therefore, we 

hypothesized that RI cGMP binds to an RPTC basolateral membrane molecule that transmits 

the signal for inhibition of Na+ transport.

A potential receptor for cGMP in the renal epithelial cell basolateral membrane is Na+/

K+-ATPase (NKA). While NKA is well recognized as an ion pump, NKA also has been 

identified as a new class of plasma membrane receptors linked to the Src family kinase 

signaling pathway.21 NKA is a heterodimer consisting of a catalytic α-subunit and a 

β-subunit required for insertion into the plasma membrane. NKA normally maintains Src 

in an inactivated state. Exposure to low concentrations of cardiotonic steroids (e.g. ouabain, 

marinobufagenin, and digoxin) that bind to the extracellular domain of the NKA α-subunit, 

stimulates release and phosphorylation of Src kinase.21 Activation of this pathway in the 

basolateral membranes of renal epithelial cells induces internalization and inactivation of 

NKA and reduces the expression and activity of Na+-H+ exchanger-3 (NHE-3), thereby 

reducing Na+ reabsorption.22,23
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Our previous studies showed that both exogenous cGMP and increased renal perfusion 

pressure resulting in increased endogenous RI cGMP, induce natriuresis in a Src-dependent 

manner, demonstrating that Src is an important downstream signaling molecule for 

extracellular cGMP-induced natriuresis.24 Here we show evidence that cGMP can bind to 

the extracellular domain of NKA and thereby activate the Src kinase signaling pathway to 

induce natriuresis.

MATERIALS AND METHODS

Data Availability.

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Please see the Online Data Supplement for detailed methods [confocal microscopy, total 

RPTC membrane preparation and Western blot analysis, renal proximal tubule (RPT) 

isolation and experimentation, cross-linking and immunoprecipitation experiments, mass 

spectrometry (MS) preparation and analysis, Na+ efflux assay25, molecular modeling26–29, 

human NKA ATPase activity30,31 and power calculations32]. All experimental protocols 

were approved by the Animal Care and Use Committee at the University of Virginia and 

performed in accordance with the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals.

Animal Preparation:

The experiments were conducted with 12-week-old female and male Sprague–Dawley rats 

(Envigo) housed in a vivarium under controlled conditions (temperature 21±1°C; humidity 

60±10%; light 8:00–20:00) and fed a normal Na+ diet (0.30% Na+).

On the day of experimentation, rats were anesthetized with inactin (100 mg/kg body weight) 

[Protocol 1] or ketamine (60 mg/kg) and xylazine (4 mg/kg) [Protocol 2, 4 and 5] and 

a tracheostomy was performed using polyethylene tubing (PE-240) to assist respiration. 

Direct cannulation of the right internal jugular vein using PE-10 tubing provided intravenous 

access through which 4% bovine serum albumin (BSA) in 5% dextrose in water (D5W) 

was infused at 40 μL/min. Direct cannulation of the right carotid artery with PE-50 tubing 

provided arterial access for monitoring mean arterial pressure (MAP). Following a midline 

laparotomy, the right kidney was removed (so that substances infused directly into the left 

kidney would not spill over to the opposite kidney confounding the results), and the ureter 

of the remaining left kidney was cannulated (PE-10) to collect urine for the measurement of 

urine Na+ excretion (UNaV). For Protocols 4–5, normal rats were anesthetized with ketamine 

(60 mg/kg) and xylazine (4 mg/kg) and kidneys were removed for competitive binding 

studies.

Renal Cortical Interstitial Infusion:

An open bore micro-infusion catheter (PE-10) was inserted under the renal capsule into the 

cortex of the left kidney to ensure the renal interstitial (RI) infusion of vehicle D5W or 

pharmacological agent at 2.5 μL/min with a syringe pump (Harvard; model 55–222). When 
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two agents were infused, separate catheters were employed. Vetbond tissue adhesive (3M 

Animal Care Products) was used to secure the catheter(s) and prevent interstitial pressure 

loss in the kidney.

BP Measurements:

MAP was measured by the direct intra-carotid method with the use of a digital BP analyzer 

(Micromed, Inc). MAP was recorded every 5 min and averaged for all periods. Experiments 

were initiated at the same time each day to avoid diurnal variation in BP.

Pressure-Natriuresis (P-N) Model:

We used a variant of the P-N model of Roman and Cowley that has been previously used in 

our laboratory.7 Renal perfusion pressure was increased during the experimental period by 

tying off the infrarenal aorta and clamping the superior mesenteric artery.

Pharmacological Agents:

Pharmacological agents and their biochemical structures are shown in Figure S1. Cyclic 

guanosine 3’5’-monophosphate (cGMP; 18, 36, and 72 μg/kg/min for acute studies and 

0.5, 1.0, and 10 μM for competitive binding studies; BioLog; Cat. #G001). 8-Biotin-11-

cGMP (BIO-cGMP; 2 μM for competitive binding studies; Biolog; Cat. #B025–01). 4-N₃-
PET-8-Biotin-11-cGMP (azido-BIO-cGMP; 2 μM for crosslinking studies and competitive 

binding studies; Biolog; Cat. #A186). 8-Biotin-11-cAMP (BIO-cAMP; 2 μM for competitive 

binding studies; Biolog; Cat. #B03–01). 8-N₃−6-Biotin-10-cAMP (azido-BIO-cAMP; 2 μM 

for cross-linking studies; Biolog; Cat. #A127–001). Rostafuroxin; 12 ng/kg/min for non-

pressure-natriuresis experiments; 2.4 and 12 ng/kg/min for pressure-natriuresis experiments; 

and 0.5, 1.0, and 10 μM for competitive binding studies; courtesy of Dr. Patrizia Ferrari. 

Ouabain (0.5, 1.0, and 10 μM for competitive binding studies; Sigma; Cat. #03125). 

BODIPY (dipyrromethene boron difluoride)-ouabain (2 μM) for competitive binding studies 

(Invitrogen Molecular Probes; Cat. #B23461).

Statistical Analysis:

Data are presented as mean ± 1 SE. For all data sets, the repeated measures analysis was 

performed with an unstructured covariance matrix in SAS PROC MIXED program. The 

ANOVA with permutation P value was based on 2000 or 10,000 permutations of group 

assignment to individual N values and a repeated measures analysis with an unstructured 

covariance matrix. The method of permutation preserves the within-animal correlation 

structure and does not rely on the assumption of normality in the data. The permutation 

procedure was chosen because the power of nonparametric tests in small sample sizes 

is generally low and there are few quality options for nonparametric repeated measures 

analyses.35 Only within-test corrections were performed and there was no experiment-wide 

multiple test correction. P values <0.05 were considered statistically significant with the 

maximum significance reported by the software as P<0.001. Values that were greater than 2 

standard deviations above or below the mean were also excluded which resulted in removing 

6 rats from UNaV analyses and 3 cross-linking values from competitive binding studies. 

Representative Western blot images were chosen based upon which of the 2 blots most 
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closely represented the quantitative data. All blots used for analysis are included in the 

Online Data Supplement. For in vivo studies, each experimental condition was performed 

on the same day alongside a control and completely randomized by a coin flip. Western 

blot and Na+ efflux studies were not blinded. For confocal competitive binding studies, the 

experiments were blinded and completely randomized by a coin flip. Proximal tubules were 

first selected using DAPI autofluorescence and then imaged for streptavidin Alexa Fluor 488 

staining.

Specific Protocols:

(1) Effects of Intrarenal cGMP infusion ± Intrarenal Infusion of Ouabain 
Antagonist Rostafuroxin on UNaV, MAP, pSrcTyr416, Src, pErk 1/2Thr202/Tyr204, 
and Erk 1/2, Protein Levels.—Following a 1h equilibration period, the following groups 

of female and male rats were studied: (1) Female Control (N=8): rats received RI infusions 

of vehicle D5W for the entire 2h study. (2) Female cGMP (N=14): rats received RI infusion 

of vehicle for 30 min during the control period followed by cumulative RI infusions of 

cGMP (18, 36, and 72 μg/kg/min; each dose for 30 min) during the experimental periods. (3) 

Male cGMP (N=5): rats received RI infusion of vehicle for 30 min during the control period 

followed by cumulative RI infusions of cGMP (18, 36, and 72 μg/kg/min; each dose for 30 

min) during the experimental periods. (4) Female cGMP + rostafuroxin (N=7): rats received 

RI infusion of vehicle for 30 min during the control period followed by the RI co-infusion 

of cGMP (18, 36, and 72 μg/kg/min; each dose for 30 min) + rostafuroxin (12 ng/kg/min) 

during the experimental periods. UNaV and MAP were measured for each period. At the 

end of the experiment, kidneys were harvested for Western blot analysis (N=6 for each 

condition).

In a second set of experiments, following a 1h equilibration period, the following groups 

of female rats were studied. (1) Control (N=6): rats received RI infusion of vehicle for 2h. 

(2) cGMP (N=7): rats received RI infusion of cGMP (72 μg/kg/min) for 2h. (3) cGMP + 

rostafuroxin (N=10): rats received RI infusion of cGMP (72 μg/kg/min) + rostafuroxin (12 

ng/kg/min) for 2h. (4) Rostafuroxin (N=7): rats received RI infusion of rostafuroxin (12 

ng/kg/min) for 2h. UNaV and MAP were measured for each period.

(2) Effects of Increased Renal Perfusion Pressure ± Intrarenal Infusion 
of Ouabain Antagonist Rostafuroxin on UNaV, MAP, pSrcTyr416, Src, pErk 
1/2Thr202/Tyr204, and Erk 1/2, Protein Levels.—Following a 1h equilibration period, the 

following groups of female rats were studied: (1) Control (N=6): rats received RI infusion 

of vehicle D5W for two 30 min periods. (2) P-N Control (N=14): rats received RI infusion 

of vehicle D5W during both the 30 min control and 30 min high renal perfusion pressure 

periods. (3) P-N + Rostafuroxin 2.4 (N=8): rats received RI infusion of rostafuroxin (2.4 

ng/kg/min) during both the control and high renal perfusion pressure periods. (4) P-N + 

Rostafuroxin 12 (N=7): rats received RI infusion of rostafuroxin (12 ng/kg/min) during both 

the control and high renal perfusion pressure periods. UNaV and MAP were measured for 

each period. At the end of the experiment, kidneys were harvested for control, P-N Control, 

and P-N + Rostafuroxin (12 ng/kg/min) and processed for Western blot analysis (N=6 for 

each condition).
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(3) Na+ Efflux Assay.—Male Wistar-Kyoto rat RPTCs were treated as follows for 

20 min and underwent Na+ efflux measurements (N=6 wells for each condition and 20 

measurements taken from each well). (1) Control: PBS. (2) Fenoldopam: 1 μM. (3) cGMP: 2 

μM. (4) Azido-BIO-cGMP: 2 μM.

(4) Competitive Binding Confocal Microscopy Experiments.—RPTs were 

isolated from normal female Sprague-Dawley rat kidneys (N=4 kidneys for each protocol 

A-F) and experiments for all conditions were performed in triplicate in a 96-well plate.

A. Effects of cGMP on BODIPY-Ouabain Binding: (1) Control: Opti-MEM. (2) 

BODIPY-ouabain: 2 μM. (3) BODIPY-ouabain + cGMP: BODIPY-ouabain (2 

μM) + cGMP (0.5, 1.0, and 10 μM).

B. Effects of Ouabain on BIO-cGMP Binding: (1) Control: Opti-MEM. (2) BIO-

cGMP: 2 μM. (3) BIO-cGMP + Ouabain: BIO-cGMP (2 μM) + ouabain (10 μM).

C. Effects of RF on BODIPY-Ouabain Binding: (1) Control: Opti-MEM. 

(2) BODIPY-ouabain: 2 μM. (3) BODIPY-ouabain + rostafuroxin: BODIPY-

ouabain (2 μM) + rostafuroxin (0.5, 1.0, and 10 μM).

D. Effects of Rostafuroxin on BIO-cGMP Binding: (1) Control: Opti-MEM. 

(2) BIO-cGMP: 2 μM. (3) BIO-cGMP + Rostafuroxin: BIO-cGMP (2 μM) + 

rostafuroxin (10 μM).

E. BIO-cAMP Binding: (1) Control: Opti-MEM. (2) BIO-cAMP: 2 μM.

F. Effects of cGMP on Azido-BIO-cGMP Binding: (1) Control: Opti-MEM. (2) 

Azido-BIO-cGMP: 2 μM. (3) Azido-BIO-cGMP + cGMP: azido-BIO-cGMP (2 

μM) + cGMP (10 μM).

(5) Azido Cyclic Nucleotide Cross-linking Experiments.—RPTs were isolated 

from normal female Sprague-Dawley rat kidneys (N=4 kidneys for each protocol A-C) and 

experiments for all conditions were performed in triplicate in a 96-well plate.

A. Cross-linking of Azido-BIO-cGMP to RPTs and αNKA Protein (N=3): (1) 

Control: Opti-MEM. (2) Azido-BIO-cGMP crosslinked: 2 μM. (3) Azido-BIO-

cGMP non-crosslinked: 2 μM.

B. Cross-linking of Azido-BIO-cGMP and Azido-BIO-cAMP to αNKA (N=8): 
(1) Azido-BIO-cGMP cross-linked: 2 μM. (2) Azido-BIO-cGMP non-cross-

linked: 2 μM. (3) Azido-BIO-cAMP cross-linked: 2 μM. (2) Azido-BIO-cAMP 

non-cross-linked: 2 μM.

C. Effects of Ouabain on Cross-linking of Azido-BIO-cGMP to αNKA (N=6): 
(1) Azido-BIO-cGMP cross-linked: 2 μM. (2) Azido-BIO-cGMP non-cross-

linked: 2 μM. (3) Azido-BIO-cGMP cross-linked + Ouabain: Azido-BIO-cGMP 

(2 μM) + ouabain (10 μM). (4) Azido-BIO-cGMP non-cross-linked + Ouabain: 

Azido-BIO-cGMP (2 μM) + ouabain (10 μM).
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(6) Identification of αNKA Peptide Sequences with Mass Spectrometry in 
RPTs Cross-linked to Azido-BIO-cGMP.—Three kidney samples processed following 

azido-BIO-cGMP cross-linking in Protocol 5 were subjected to cross-linking and mass 

spectrometry as described in the Online Data Supplement.

RESULTS

Effects of Intrarenal cGMP infusion ± Intrarenal Infusion of Ouabain Antagonist 
Rostafuroxin on UNaV and MAP:

cGMP and ouabain are both natriuretic. To test whether cGMP, similar to ouabain, mediates 

natriuresis by binding to NKA, we used rostafuroxin, a digitoxigenin derivative that 

displaces ouabain from NKA and thereby inhibits its action.33,34 Confirming previous 

results6, we found that progressively increasing RI infusion rates of cGMP (18, 36, and 

72 μg/kg/min) in volume-expanded rats engendered a stepwise significant increase in 

UNaV (30 min collection periods; P<0.001 for all 3 experimental doses; Figure 1, Panel 

A). However, the cGMP-induced increase in UNaV was abolished by RI co-infusion of 

rostafuroxin (12 ng/kg/min) during all cGMP infusion periods (P=0.007, P=0.002, and 

P=0.003, respectively). Neither cGMP nor rostafuroxin induced any significant changes in 

MAP during the experiment (Figure S2, Panel A). In a separate set of experiments in 

volume expanded rats, RI cGMP infusion (72 μg/kg/min) increased UNaV progressively 

during 2 consecutive 60 min collection periods (Figure S3, Panel A; P=0.002 and P<0.001, 

respectively). The cGMP-induced natriuresis during both collection periods was abolished 

by RI co-infusion of rostafuroxin (12 ng/kg/min; P<0.001 for both), while rostafuroxin alone 

had no effect on UNaV and was not different from vehicle control. There were no changes 

in MAP during any of these experiments (Figure S3, Panel B). There was no significant 

difference in the natriuretic response to cGMP between male and female rats (Figure S4).

Effects of Increased Renal Perfusion Pressure on UNaV in the Presence or Absence of 
Intrarenal Infusion of Rostafuroxin:

cGMP mediates the natriuretic effect of pressure natriuresis.7 If this is mediated through 

binding to the ouabain binding site in NKA, we would expect inhibition of the effect with 

rostafuroxin. As shown in volume expanded rats during 2 consecutive 30 min collection 

periods (Figure 1, Panel B), increasing MAP (and consequently renal perfusion pressure) 

during the second collection period (Figure S2, Panel B; P<0.001) resulted in a highly 

significant natriuretic response (Figure 1, Panel B; P<0.001). RI infusion of rostafuroxin 

at 2.4 ng/kg/min partially inhibited the pressure natriuretic response (Figure 1, Panel B; 

P=0.034), while increasing the infusion rate to 12 ng/kg/min abolished pressure-natriuresis 

(P<0.001). All rats experienced a similar significant rise in MAP during the high renal 

perfusion pressure period (Figure S2, Panel B).

Effects of Intrarenal cGMP infusion and of Increased Renal Perfusion Pressure in the 
Presence or Absence of Intrarenal Infusion of Ouabain Antagonist Rostafuroxin on 
pSrcTyr416, Src, pErk1/2Thr202/Tyr204, and Erk 1/2 Protein Levels:

cGMP and ouabain both induce natriuresis through Src kinase activation.24 Consistent with 

our earlier observations, RI cGMP infusion (18, 36, and 72 μg/kg/min) as well as increased 
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renal perfusion pressure significantly increased SrcTyr416 phosphorylation in total kidney 

cortical homogenates in volume expanded rats (Figure 2, Panel A; P<0.001 and Figure S5, 
Panel A; P<0.001, respectively) without changing total Src (Panels B), thus increasing the 

ratio of pSrcTyr416 / Src (Figure 2, Panel C; P=0.001 and Figure S5, Panel C; P=0.002, 

respectively). cGMP- and increased renal perfusion pressure-induced Src phosphorylation 

was inhibited by rostafuroxin infusion (12 ng/kg/min) [Figure 2, Panel A; P=0.007 and 

Figure S5, Panel A; P<0.001, respectively] thus also decreasing the ratio (Figure 2, Panel C; 

P=0.017 and Figure S5, Panel C; P<0.001, respectively). RI cGMP infusion and increased 

renal perfusion pressure also significantly increased Erk 1/2 phosphorylation (Figure 2, 

Panel D; P<0.001 and Figure S5, Panel D; P<0.001, respectively), without changing total 

Erk 1/2 (Panels E), thus increasing the ratio of pErkThr202/Tyr204 / total Erk 1/2 (Figure 

2, Panel F; P=0.001 and Figure S5, Panel F; P=0.001, respectively). cGMP- and pressure-

induced Erk phosphorylation and ratio were similarly inhibited by rostafuroxin (Figures 2 

and S5, Panels D and F; P<0.001 and P=0.002, and P<0.001 and P=0.001, respectively).

Na+ Efflux Assay

To determine whether cGMP could inhibit NKA activity, we performed a Na+ efflux assay 

in WKY rat RPTCs in vitro with assay conditions configured so that changes in Na+ 

efflux in RPTCs could be attributed to NKA activity (Figure 3, Panel A). Fenoldopam is 

a dopamine 1-like receptor agonist that inhibits Na+ reabsorption via inactivation of NKA. 

In this assay, RPTCs treated with fenoldopam (1 μM), demonstrated 33.6 ± 4.4% inhibition 

of basal Na+ efflux (P<0.001) and served as the positive control. RPTCs treated with 

either cGMP (2 μM) or the analog azido-BIO-cGMP (2 μM) [used below for crosslinking 

studies], resulted in similar reductions in Na+ efflux (36.7 ± 6.7% (P<0.001) and 33.1 ± 7% 

(P=0.001) respectively). These findings demonstrate that cGMP can inhibit NKA activity in 

RPTCs and that azido-BIO-cGMP is a biologically active analog of cGMP.

We also determined the dose response relationship between cGMP and Na+ efflux in WKY 

rat RPTCs. cGMP inhibited Na+ efflux in a concentration-dependent manner (Figure S6) 

with an IC50 value of 36 nM cGMP. This is close to physiological extracellular cGMP 

concentrations in the interstitial fluid of the kidney cortex where we previously measured 

cGMP levels in the low nM range.16

Competitive Binding Studies

To determine whether azido-BIO-cGMP or cGMP could bind to NKA in freshly isolated rat 

RPTs, we conducted a series of competitive binding studies using fluorescence microscopy 

(Figures 3–5). Figure 3, Panel B demonstrates a significantly strong fluorescence signal 

above background for azido-BIO-cGMP (2 μM; P<0.001) that was abolished in the presence 

of 10 μM cGMP (P<0.001). These results suggest that azido-BIO-cGMP and cGMP 

are competing for the same binding site on RPTs. Figure 4, Panel A demonstrates a 

strong fluorescence signal above background for BODIPY-ouabain in RPTs under control 

conditions (P<0.001) and a progressive reduction in signal after addition of increasing 

cGMP concentrations (0.5, 1.0, and 10 μM). The BODIPY-ouabain signal is significantly 

abolished with 1.0 μM and 10 μM cGMP (P=0.037 and P<0.001, respectively). To 

demonstrate the reverse, strong BIO-cGMP binding to RPTs (Panel B; P<0.001) is 
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significantly reduced by 10 μM ouabain (Panel B; P=0.018). Figure 5, Panel A demonstrates 

that significant BODIPY-ouabain fluorescence signal above background in RPTs (P=0.001) 

is also reduced by rostafuroxin at 1.0 μM and 10 μM (P=0.026 and P<0.001, respectively). 

Panel B indicates that the significant BIO-cGMP signal in RPTCs (P=0.001) can in 

turn also be inhibited by 10 μM rostafuroxin (P=0.006). As a negative control, Figure 

S7 demonstrates that BIO-cAMP does not bind to RPTs as no fluorescence signal over 

background is detectable.

Cross-linking Studies:

Building upon the competitive binding studies, we next performed cross-linking studies 

(Figure 6) to determine whether cGMP indeed binds to the extracellular domain of NKA in 

normal rat RPTCs. Panel A demonstrates that in freshly isolated RPTs, azido-BIO-cGMP 

cross-linked samples (2 μM) adsorbed to streptavidin beads exhibit a strong signal for 

NKA by Western blot, while RPTs that received either vehicle (Opti-MEM) or azido-BIO 

cGMP without cross-linking resulted in little to no signal for NKA. Panel B confirmed 

that RPTs with cross-linked azido-BIO-cGMP exhibited a strong signal for NKA that was 

significantly weaker for non-cross-linked azido-BIO-cGMP (42.5 ± 6.3%; P<0.001) and 

cross-linked (46.8 ± 5.1%; P<0.001) or non-cross-linked Azido-BIO-cAMP samples (2 μM) 

[39.9 ± 4.6%; P<0.001]. In Panel C, we demonstrate that when ouabain (10 μM) is present 

during cross-linking the amount of NKA is reduced in cross-linked Azido-BIO-cGMP RPTs 

(P<0.001) confirming competitive binding studies using fluorescence microscopy.

Mass Spectrometry (MS) Results:

Azido-BIO-cGMP crosslinked samples (N=3) were separated in a Tris-HCl gel and 

stained with Coomassie SimplyBlue SafeStain. A gel slice corresponding to the molecular 

size of NKA (110 kDa) was excised and processed for mass spectrometry. Figure 7 

displays the peptide National Center for Biotechnology Information (NCBI) sequence for 

Rattus Norvegicus NKA. The underlined text indicates tryptic peptides identified by mass 

spectrometry when searched against the NCBI Rattus Norvegicus NKA reference sequence 

using Byonic by Protein Metrics. The double underline indicates that some of the peptides 

identified were truncated versions of that peptide. Peptides were accepted with a false 

recovery rate of 1%. The mass spectrometry analysis identified 47 unique peptides in the 

sample and demonstrated a 46.1% sequence coverage (472/1023 residues) of NKA. Figure 

S8 displays the most abundant proteins identified in the gel slice by mass spectrometry.

In Silico Docking of cGMP to NKA:

Three potential docking sites were identified using AutoDock Vina and a grid box centered 

around the ouabain binding site. The highest scoring site is located between TM2, TM8 

and the L9–10 loop (Figure 8, tan colored cGMP). The second is overlapping the ouabain 

binding site and the lowest scoring site is found at the FXYD-β-subunit interface (Figure 8, 

teal and orange colored cGMP, respectively).
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NKA ATPase Assay:

We measured ATPase activity of purified human NKA in the presence of varying 

concentrations of cGMP (Figure S9). Addition of <10 μM cGMP to the assay medium 

did not significantly affect ATPase activity, while 1 mM cGMP reduced ATPase activity by 

~30%.

DISCUSSION

Our analysis provides strong evidence that cGMP competes with ouabain to bind to the 

extracellular domain of NKA, thereby transducing its natriuretic response in a Src- and 

Erk-dependent manner. (1) The increase in UNaV elicited by RI infusion of cGMP and 

pressure-natriuresis was abolished by the ouabain antagonist rostafuroxin; (2) the cGMP-

induced increase in RPTC Src and Erk phosphorylation was also abolished by rostafuroxin; 

(3) in freshly isolated RPTs, cGMP inhibited ouabain competitive binding and vice-versa, 

and both cGMP and ouabain binding was displaced by rostafuroxin; (4) after crosslinking, 

azido-BIO-cGMP was associated with NKA as demonstrated by Western blot analysis, and 

the NKA signal was reduced with ouabain; (5) tandem mass spectrometry analysis of the gel 

slice corresponding to NKA in azido-cGMP crosslinked samples contained a large number 

of NKA peptides covering 46.1% of the amino acid sequence of NKA; and in silico studies 

demonstrating a potential docking site for cGMP in the ouabain binding pocket of NKA.

NKA is well-established as an ion pump, transporting 3 Na+ ions out and two K+ ions into 

cells at the expense of a single ATP molecule. This active energy-dependent ion transport 

process creates a cellular diffusion gradient for several other membrane transporters that 

regulate fluid and electrolyte balance and the absorption of nutrients, such as amino acids 

and glucose.36 Indeed, NKA-induced ion transport is requisite for eukaryotic cell survival. 

However, accumulating evidence now suggests that, independently of its critical role as an 

ion transporter, NKA can also serve as a receptor transducing downstream signaling events, 

thereby affecting multiple cellular functions.21,37–41 To activate the NKA signaling pathway, 

most studies have employed the cardiotonic steroid ouabain, a specific NKA ligand that 

binds to the extracellular domain of all NKA α-subunit isoforms.37,38 Although saturating 

concentrations of ouabain completely inhibit NKA transport capacity, sub-saturating 

concentrations, while having little or no effect on intracellular Na+ concentration, activate 

a variety of signaling molecules.21,42 Thus, NKA has a dual role as ion transporter and 

receptor transducing downstream cell signaling events.

An important example is the α1NKA/Src complex that serves as a receptor for cardiotonic 

steroids and other NKA ligands to activate protein/lipid kinase cascades to generate 

reactive oxygen species and stimulate Ca++ oscillations in a cell-specific manner.21,42 

Src-family kinases are membrane-associated non-receptor tyrosine kinases and NKA 

regulates Src activity through a phosphorylation-dependent mechanism.43 Binding of 

cardiotonic steroids to the NKA/Src receptor complex leads to activation of Src and 

initiation of a signal transduction process.42 Studies from our laboratory have shown 

that Src is an important downstream signaling molecule for extracellular cGMP- and 

pressure-induced natriuresis.24 In those studies, we demonstrated that both cGMP and 

increased renal perfusion pressure induce natriuresis in a Src-dependent manner and that 
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Src phosphorylation is independent of reactive oxygen or nitrogen species generation during 

pressure-natriuresis.24 During pressure-natriuresis, cGMP is transported out of RPTC cells 

by a probenecid-sensitive organic anion transporter into the RI compartment and does not 

re-enter cells.44 Thus, cGMP serves as an extracellular modulator of pressure-natriuresis, the 

molecular mechanisms of which are summarized in the Graphical Abstract. The results of 

the current study clarify the target for extracellular cGMP to mediate pressure-natriuresis. 

We demonstrate that cGMP binds to NKA using photo-affinity labeling followed by tandem 

mass spectrometry.

Photo-affinity labeling is a well-recognized method to investigate ligand-protein interactions 

and has previously been employed to detect cyclic nucleotide binding proteins.45,46 Photo-

affinity tags function by causing a short-lived reactive species following activation by a 

specific wavelength of light. In the case of the azide tag used in our experiments, excitation 

by 254 nm UV light generates both a nitrene and dihydroazepine species, both of which 

can react with primary amines present within proteins. Proteins with high affinity for the 

chemical tag (in this case cGMP) are likely to be in close proximity to the tag following 

photoactivation and are thus likely to bind to the reactive species while other proteins are 

unlikely to react nonspecifically due to the reactive species being quenched by solution. This 

allows for selective tagging of high-affinity proteins that can be purified by an affinity tag 

present on the reagent, in this case biotin.

A significant advantage offered by mass spectrometry analysis over immunoassays is the 

high degree of confidence in the protein’s identity. The peptides identified in our analysis 

successfully identified NKA within the excised gel band with a high degree of confidence; 

nearly half of the αNKA amino acid sequence could be mapped to αNKA-specific peptide 

sequences observed within the analysis. We were unsuccessful in identifying a specific 

peptide bound to azido-BIO-cGMP. This result is not surprising in light of incomplete 

sequence coverage that often results from bottom-up protein sequencing experiments, 

particularly when using gel band digestion strategies.47,48 Failure to directly identify cGMP 

bound peptides may also be due, at least in part, to hydrophobic transmembrane domains 

being dramatically underrepresented in tryptic digests of membrane resident proteins.49

The fact that ouabain inhibits cGMP binding to NKA and vice versa suggested the 

possibility that cGMP binds to the same binding pocket as ouabain in NKA. Indeed 

molecular docking validated potential binding of extracellular cGMP to NKA with one 

of the docking models overlapping with the ouabain binding pocket, thereby potentially 

explaining the observed displacement of ouabain by cGMP.50 However, docking does not 

allow estimation of affinity.51,52 The observation that cGMP inhibits ATPase activity of 

purified NKA only at supraphysiological concentrations makes it unlikely that the effects 

of cGMP on Na+ reabsorption result from direct ATPase inhibition. However, dopamine 

and other hormones reduce Na+ flux in renal proximal tubule cells indirectly by NKA 

internalization.53–55 Thus, concentrations without a detectable effect on ATPase activity 

can still have biological effects. As described above, cGMP as well as ouabain have been 

linked to Src-kinase signaling. Although the details remain to be determined, non-inhibiting 

concentrations of endogenous glycosides can regulate intracellular Ca++ concentration and 

kinase activation, thereby affecting numerous signaling pathways.56 It should thus be 
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considered that cGMP acts similarly, through NKA or via an independent receptor, to initiate 

a cascade leading to NKA internalization (as summarized in the Graphical Abstract). 
Although our data strongly suggest binding of cGMP directly to NKA, and molecular 

modeling suggests that cGMP interaction with the ouabain binding pocket is possible, 

we lack direct evidence that binding of cGMP to this site mediates natriuresis. It is still 

possible that binding of cGMP to another, currently unknown, ouabain binding site on a 

NKA-associated protein mediates the effect. Future research will address this.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LIST OF ABBREVIATIONS

ATP adenosine triphosphate

BIO biotin

BP blood pressure

cAMP cyclic AMP

cGMP cyclic GMP

ERK 1/2 extracellular signal-regulated protein kinase 1/2

K+ potassium

MAP mean arterial pressure

Na+ sodium

NCBI National Center for Biotechnology Information

NHE-3 sodium-hydrogen exchanger-3

NKA sodium-potassium ATPase

NO nitric oxide

pERK phosphorylated ERK

P-N pressure natriuresis

pSrc phosphorylated Src
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RI renal interstitial

RPT renal proximal tubule

RPTC renal proximal tubule cell

sGC soluble guanylyl cyclase

Src Src family kinase

UNaV urinary sodium excretion
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Novelty and Significance

What is known?

• Pressure-natriuresis is a major homeostatic mechanism wherein an acute rise 

in blood pressure induces a rapid increase in renal sodium (Na+) excretion.

• Extracellular renal interstitial cyclic guanosine 3’5’-monophosphate (cGMP) 

inhibits renal proximal tubule (RPT) Na+ reabsorption, induces natriuresis 

and is a candidate mediator of pressure-natriuresis.

• The molecular target by which extracellular cGMP acts to induce natriuresis 

is unknown.

What new information does this article contribute?

• The cardiotonic steroid ouabain inhibits cGMP binding to sodium-potassium-

ATPase (NKA) and vice versa, suggesting that cGMP binds to the same 

binding pocket as ouabain in NKA.

• The cGMP- and pressure-natriuresis-induced increases in RPT Src and ERK 

phosphorylation and Na+ excretion are abolished by the ouabain antagonist 

rostafuroxin.

• After crosslinking, azido-BIO-cGMP is associated with NKA, protein 

analysis of the gel slice encompassing the cross-linked NKA contains a 

large number of NKA peptides, and in silico studies demonstrate a potential 

docking site for cGMP in the ouabain binding pocket of NKA.
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Summary

Extracellular renal interstitial cGMP inhibits RPT Na+ reabsorption via Src family 

kinase activation, but the target by which cGMP acts to induce natriuresis is unknown. 

We hypothesized that cGMP binds to the extracellular α1-subunit of NKA on RPT 

basolateral membranes to inhibit Na+ transport similar to ouabain. RI cGMP and raised 

renal perfusion pressure induced natriuresis and increased phosphorylated SrcTyr416 and 

Erk 1/2Thr202/Tyr204; these responses were abolished by rostafuroxin, which displaces 

ouabain from NKA. To assess cGMP binding to NKA, we performed competitive 

binding studies: cGMP or rostafuroxin reduced bodipy-ouabain fluorescence intensity, 

and ouabain or rostafuroxin reduced 8-Biotin-11-cGMP staining. RPTs after cross-

linking with azido-BIO-cGMP and precipitation with streptavidin beads exhibited a 

significantly stronger signal for NKA than non-cross-linked samples. Ouabain reduced 

NKA in cross-linked azido-BIO-cGMP RPTs confirming fluorescence staining. Azido-

BIO-cGMP cross-linked samples were processed for mass spectrometry and 50 unique 

NKA peptides covering 47% of the sequence of NKA were identified. Molecular 

modeling demonstrated a potential cGMP docking site in the ouabain-binding pocket 

of NKA. These studies provide evidence that cGMP can bind to the extracellular domain 

of NKA and may thereby transduce its natriuretic response in a Src- and Erk-dependent 

manner.
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Figure 1. 
Panel A. Urine sodium (Na+) excretion (UNaV) in response to the following conditions: ( ) 

Time Control (N=8): rats received renal interstitial (RI) infusion of vehicle (VEH) D5W for 

the entire 2h study. ( ) cGMP (N=14): rats received RI infusion of VEH for 30 min during 

the control period followed by cumulative RI infusions of cGMP (18, 36, and 72 μg/kg/min; 

each dose for 30 min) during the experimental periods. ( ) cGMP + Rostafuroxin (RF) 

(N=7): rats received RI infusion of VEH for 30 min during the control period followed by 

the RI co-infusion of cGMP + RF (12 ng/kg/min) during the experimental periods. Results 

are reported as μmol/min. Panel B. Urine sodium (Na+) excretion (UNaV) in response to 

the following conditions: ( ) Vehicle (VEH) Control (N=6): rats received renal interstitial 

(RI) infusion of VEH D5W during both 30 min periods. ( ) Pressure-natriuresis (P-N) VEH 

(N=14): rats received RI infusion of VEH during both the 30 min control and 30 min high 

renal perfusion pressure periods. ( ) P-N + Rostafuroxin (RF; 2.4 ng/kg/min) (N=8): rats 

received RI infusion of RF during both the 30 min control and 30 min high renal perfusion 

pressure periods. ( ) P-N + RF (12 ng/kg/min) (N=7): rats received RI infusion of RF during 

both the 30 min control and high renal perfusion pressure periods. Results are reported as 

μmol/min. Statistical significance was determined by using the repeated measures analysis 

with an unstructured covariance matrix in SAS PROC MIXED program. The ANOVA with 
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permutation P value was based on 2000 permutations of group assignment to individual N 

values and a repeated measures analysis with an unstructured covariance matrix.
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Figure 2. 
Panel A. Western blot analysis of total cortical homogenate phospho-SrcThr416 (pSrcThr416) 

protein levels in response to the following conditions: ( ) Time Control Vehicle (VEH; N=6): 

rats received renal interstitial (RI) infusion of VEH D5W for 2h. ( ) cGMP (N=6): rats 

received RI infusion of VEH for 30 min during the control period followed by cumulative 

RI infusions of cGMP (18, 36, and 72 μg/kg/min; each dose for 30 min) during the 

experimental periods. ( ) cGMP + Rostafuroxin (RF) (N=6): rats received RI infusion 

of VEH for 30 min during the control period followed by the RI co-infusion of cGMP 

+ RF (12 ng/kg/min) during the experimental periods. Panel B. Western blot analysis 

of total Src protein levels in response to the conditions in Panel A. Panel C. Ratio of 

(pSrcThr416 / β-Tubulin) / (total Src / β-Tubulin) in response to the conditions in Panel 
A. Panel D. Western blot analysis of phospho- Erk1/2Thr202/Tyr204 (pErk 1/2 Thr202/Tyr204) 

protein levels in response to the conditions in Panel A. Panel E. Western blot analysis of 

total Erk protein levels in response to the conditions in Panel A. Panel F. Ratio of (pErk 

1/2 Thr202/Tyr204 / β-Tubulin) / (total Erk 1/2 / β-Tubulin) in response to the conditions in 

Panel A. Data represent mean ± 1 SE. Statistical significance was determined by using the 

repeated measures analysis with an unstructured covariance matrix in SAS PROC MIXED 

program. The ANOVA with permutation P value was based on 10,000 permutations of group 

assignment to individual N values and a repeated measures analysis with an unstructured 

covariance matrix.
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Figure 3. 
Panel A. Sodium (Na+) efflux assay in WKY renal proximal tubule (RPT) cells in response 

to the following conditions. ( ) Control: Opti-MEM. ( ) Fenoldopam (FEN): 1 μM. ( ) 

cGMP: 2 μM. ( ) Azido-biotinylated-cGMP (Azido-BIO-cGMP): 2 μM. For each condition 

measurements were taken from 6 separate wells in a 96-well plate with 20 locations 

measured per well. Results are presented as a percent of control Na+ efflux. Panel B. 
Competitive binding confocal microscopy experiments with RPTs isolated from normal 

rats (N=4 for each experiment). The experiment was repeated 4 separate times using new 

fresh kidneys every time. Within each experiment, for each condition, measurements from 

3 separate wells in a 96-well plate were averaged. Effects of cGMP on Azido-BIO-cGMP 

binding. ( ) Control: Opti-MEM. ( ) Azido-BIO-cGMP: 2 μM. ( ) Azido-BIO-cGMP + 

cGMP: (10 μM). Control fluorescence values represent background. All other results are 

reported as Azido-BIO-cGMP fluorescence intensity above background. Data represent 

mean ± 1 SE. Scale bars represent 10 μm. Statistical significance was determined by 

using the repeated measures analysis with an unstructured covariance matrix in SAS PROC 

MIXED program. The ANOVA with permutation P value was based on 2,000 permutations 

of group assignment to individual N values and a repeated measures analysis with an 

unstructured covariance matrix.
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Figure 4. 
Competitive binding confocal microscopy experiments with renal proximal tubules (RPT) 

isolated from normal rats (N=4 for each experiment). The experiment was repeated 4 

separate times using new fresh kidneys every time. For each experiment and each condition 

measurements from 3 separate wells in a 96-well plate were averaged. Panel A. Effects of 

cGMP binding on bodipy-oubain (B-OUA) binding. ( ) Control: Opti-MEM. ( ) B-OUA: 2 

μM. ( ) B-OUA + cGMP: (0.5 μM). ( ) B-OUA + cGMP (1.0 μM). ( ) B-OUA + cGMP 

(10 μM). Control fluorescence values represent background. All other results are reported 

as B-OUA fluorescence intensity above background. Panel B. Effects of OUA binding 

biotinylated cGMP (BIO-cGMP). ( ) Control: Opti-MEM. ( ) BIO-cGMP: 2 μM. ( ) BIO-

cGMP + OUA (10 μM). Control fluorescence values represent background. All other results 

are reported as BIO-cGMP fluorescence intensity above background. Data represent mean 

± 1 SE. Scale bars represent 10 μm. Statistical significance was determined by using the 

repeated measures analysis with an unstructured covariance matrix in SAS PROC MIXED 

program. The ANOVA with permutation P value was based on 2,000 permutations of group 

assignment to individual N vales and a repeated measures analysis with an unstructured 

covariance matrix.
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Figure 5. 
Competitive binding confocal microscopy experiments with renal proximal tubules (RPT) 

isolated from normal rats (N=4 for each experiment). The experiment was repeated 

4 separate times with new fresh kidneys. Within each experiment, each condition is 

represented by an average of 3 separate wells in a 96-well plate. Panel A. Effects of 

rostafuroxin (RF) binding on bodipy-oubain (B-OUA) binding. ( ) Control: Opti-MEM. ( ) 

B-OUA: 2 μM. ( ) B-OUA + RF (0.5 μM). ( ) B-OUA + RF (1.0 μM). ( ) B-OUA + RF 

(10 μM). Control fluorescence values represent background. All other results are reported 

as B-OUA fluorescence intensity above background. Panel B. Effects of RF binding on 

biotinylated cGMP (BIO-cGMP). ( ) Control: Opti-MEM. ( ) BIO-cGMP: 2 μM. ( ) BIO-

cGMP + RF (10 μM). Control fluorescence values represent background. All other results 

are reported as BIO-cGMP fluorescence intensity above background. Data represent mean 

± 1 SE. Scale bars represent 10 μm. Statistical significance was determined by using the 

repeated measures analysis with an unstructured covariance matrix in SAS PROC MIXED 

program. The ANOVA with permutation P value was based on 2,000 permutations of group 

assignment to individual N values and a repeated measures analysis with an unstructured 

covariance matrix.
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Figure 6. 
Panel A. Effects of cross-linking (CL) of azido-biotinylated-cGMP (azido-BIO-cGMP) 

in isolated renal proximal tubules (RPT) from normal rats on αNKA protein recovery 

in streptavidin adsorbates. The experiment was repeated 3 separate times with new fresh 

kidneys for each condition measured (N=3). (1) Control: Opti-MEM. (2) Azido-BIO-cGMP 

CL: 2 μM. (3) Azido-BIO-cGMP Non-CL: 2 μM. Panel B. Effects of CL of azido-BIO-

cGMP and azido-biotinylated-cAMP (azido-BIO-cAMP) on αNKA protein recovery. The 

experiment was repeated 8 separate times using new fresh kidneys every time (N=8). ( ) 

Azido-BIO-cGMP CL: 2 μM. ( ) Azido-BIO-cGMP Non-CL: 2 μM. ( ) Azido-BIO-cAMP 

CL: 2 μM. ( ) azido-BIO-cAMP Non-CL: 2 μM. Results are reported as percentages of 

azido-BIO-cGMP CL. Panel C. Effects of oubain (OUA) on CL of azido-BIO-cGMP 

in isolated RPTs on αNKA protein recovery. The experiment was repeated 6 separate 

times using new fresh kidneys every time for each condition measured (N=6). ( ) Azido-

BIO-cGMP CL: 2 μM. ( ) Azido-BIO-cGMP Non-CL: 2 μM. ( ) azido-BIO-cAMP CL 

+ OUA: 10 μM. ( ) azido-BIO-cGMP + OUA Non-CL: 10 μM. Results are reported as 

percentages of Azido-BIO-cGMP CL. Data represent mean ± 1 SE. Statistical significance 

was determined by using the repeated measures analysis with an unstructured covariance 

matrix in SAS PROC MIXED program. The ANOVA with permutation P value was based 

on 2,000 permutations of group assignment to individual N values and a repeated measures 

analysis with an unstructured covariance matrix.
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Figure 7. 
Mass spectrometry peptide analysis of a cross-linked (CL) azido-biotinylated-cGMP (Azido-

BIO-cGMP) sample. The sample was separated in a 10% Tris-HCL gel, stained with 

Coomassie SimplyBlue SafeStain, and a gel slice corresponding to molecular size of NKA 

(approx. 110 kDa) was excised and processed for mass spectrometry. The underlined red 

bold sequences indicate tryptic peptides identified by mass spectrometry when searched 

against the NCBI Rattus Norvegicus reference sequence using Byonic by Protein Metrics. 

Peptides were accepted with a false discovery rate of 1%. We identified 47 unique peptides 

covering 46.1% of the NKA amino acid sequence (472/1023 residues).
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Figure 8. 
Docking of cGMP to NKA in the high affinity ouabain conformation. Three principle 

docking positions of cGMP to the extracellular site of NKA are shown. cGMP is depicted as 

spheres with the highest scoring model in tan, followed by teal and orange colored models. 

Porcine NKA subunits α1, β1 and FXYD2 are shown as cartoon representations in tan, 

green and rose, respectively (PDB ID code 4HYT41).
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