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Abstract 

RH421 is a voltage-sensitive fluorescent styrylpyridinium dye which has often been used to 

probe the kinetics of Na+,K+-ATPase partial reactions. The origin of the dye’s response has 

up to now been unclear. Here we show that RH421 responds to phosphorylation of the 

Na+,K+-ATPase by inorganic phosphate with a fluorescence increase. Analysis of the kinetics 

of the fluorescence response indicates that the probe is not detecting phosphorylation itself 

but rather a shift in the protein’s E1/E2 conformational equilibrium induced by preferential 

phosphate binding to and phosphorylation of enzyme in the E2 conformation. Molecular 

dynamics simulations of crystal structures in lipid bilayers indicate some change in the 

protein’s hydrophobic thickness during the E1-E2 transition, which may influence the dye 

response. However, the transition is known to involve significant rearrangement of the 

protein’s highly charged lysine-rich cytoplasmic N-terminal sequence. Using poly-L-lysine as 

a model of the N-terminus, we show that an analogous response of RH421 to the E1 → E2P 

conformational change is produced by poly-L-lysine binding to the surface of the Na+,K+-

ATPase-containing membrane fragments. Thus, it seems that the prime origin of the RH421 

fluorescence response is a change in the interaction of the protein’s N-terminus with the 

surrounding membrane. Quantum mechanical calculations of the dye’s visible absorption 

spectrum give further support to this conclusion. The results obtained indicate that membrane 

binding and release of the N-terminus of the Na+,K+-ATPase α-subunit are intimately 

involved in the protein’s catalytic cycle and could represent an effective site of regulation. 

 

 

Keywords: RH421 fluorescence; Na+,K+-ATPase; stopped-flow kinetics; molecular 

dynamics; N-terminus; phosphorylation        
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1.  Introduction 

Voltage-sensitive or electric field sensitive membrane probes were first introduced in 

the 1970s and have since undergone a long development to improve sensitivity, time 

resolution and photochemical stability [1-10]. One of their earliest applications was in the 

optical detection of action potentials of neurons, for which they continue to be used. For this 

application a fast response to changes in intramembrane electric field is essential. Response 

times in the sub-nanosecond time range can in principle be achieved by dyes whose 

absorbance or fluorescence response is based on an electric-field-induced redistribution of the 

dye’s electron cloud, i.e. via an electrochromic mechanism [11, 12]. This was realised by 

Loew and collaborators [13], who, based on extended-Hückel calculations, first proposed the 

aminostyrylpryridinium chromophore as a potential candidate for the development of 

effective electrochromic dyes. Such dyes have since been widely used for the imaging of 

electrical events in cells, cell organelles, vesicles and even in a living brain [3, 5-7, 14]. 

Examples of these dyes include those generally known simply by their abbreviations RH, 

ANEPPS and ANNINE. 

In 1988 it was shown by Klodos and Forbush [15] that the dye RH160 responded to 

the activity of an ion pump, the Na+,K+-ATPase, in open membrane fragments. Because the 

membrane fragments were open and completely surrounded by aqueous solution on all sides 

no transmembrane potential could be present. The dye must have been responding to an 

intramembrane electric field strength change or by interacting directly with the protein. Since 

then such dyes, but particularly RH421, have been extensively used to resolve the kinetics of 

ion pumps and to obtain information on their mechanisms [16-24]. However, the question 

remains as to what the dyes are actually detecting. It has been suggested that the dyes detect 

electric field strength changes arising from the binding of transported ions to binding sites 

within the protein [19, 25]. This would seem to be a logical explanation, because it is known 
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from electrophysiological studies that the kinetics of ion binding steps of the Na+,K+-ATPase 

are dependent on the transmembrane potential [26-30], indicating that the ion binding steps 

are electrogenic. However, the electrogenic binding of ions are coupled to protein 

conformational changes which occlude the ions within the protein matrix. This makes it 

exceedingly difficult to conclusively determine whether the origin of the RH421 response is 

actually due to ion binding itself or to the associated occlusion reaction. In fact, recent results 

have cast doubt on the validity of ion binding as an explanation for the dye’s fluorescence 

responses. 

Electric field strength calculations [31] based on recent X-ray crystal structures of the 

Na+,K+-ATPase have shown that the electric fields produced by Na+ and K+ ions binding to 

the protein are expected to be effectively screened by the protein matrix before one reaches 

the location of the dye at the membrane-aqueous solution interface adjacent to the protein. 

Furthermore, it was shown that the benzyltriethylammonium ion (BTEA), which is known to 

bind in a voltage-dependent fashion to the Na+,K+-ATPase but not undergo occlusion within 

the protein [32-34], did not produce the fluorescence change expected if ion binding alone 

were responsible for the dye’s response [31]. Grădinaru and Apell [25], on the other hand, 

suggested that BTEA may not cause a fluorescence drop because it is too bulky to penetrate 

all the way to the K+ binding sites of the protein and may bind in a non-electrogenic fashion 

within a relatively shallow water-filled cavity. They conceded, however, that they couldn’t 

reconcile this hypothesis with the experimental results of Peluffo et al. [33] showing voltage-

dependent BTEA binding. The attribution of the RH421 fluorescence changes to protein 

conformational changes [31, 35-37] would gain considerable support if the presence of a 

fluorescence change could be demonstrated from a pure conformational change of a protein 

in the complete absence of any ion binding to the protein’s ion transport sites. That is what 

we will show here. 
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The Na+,K+-ATPase exists in two major conformations, which can be in 

phosphorylated or nonphosphorylated states, termed E1(P) and E2(P). The 

nonphosphorylated E1 state is stabilized by Na+ ions, whereas the nonphosphorylated E2 

state is stabilized by K+ ions. Under normal physiological conditions, enzyme in the E1 state 

with bound Na+ ions becomes phosphorylated by ATP and then undergoes a relaxation to the 

E2P state. Extracellular K+ ions then stimulate a rapid dephosphorylation of the protein. 

However, in the complete absence of both Na+ and K+ it is possible to phosphorylate the 

protein by inorganic phosphate, Pi. This reaction occurs via Pi reacting with enzyme in the E2 

state. This is the reverse of the physiological dephosphorylation reaction. For this reason it is 

often referred to as “back-door” phosphorylation. Because the E2 conformation of the protein 

is preferentially phosphorylated over the E1 conformation, back-door phosphorylation 

perturbs the protein’s E1/E2 conformational equilibrium in favour of E2 [38, 39]. Therefore, 

it is an ideal reaction to investigate the origin of RH421 fluorescence changes without the 

complication of Na+ or K+ binding reactions. 

The significance of the findings presented here goes beyond elucidating the 

mechanism of a non-physiological membrane probe. If the response mechanism of the dye 

can be discovered, then this automatically provides information on the “signal” that the 

protein is sending out. Thus, the investigation allows mechanistic detail regarding the 

function and regulation of the Na+,K+-ATPase to be gained. To be precise, we will show 

evidence that the response of RH421 is due to an interaction of the protein’s lysine-rich 

cytoplasmic N-terminus with the neighbouring lipid membrane. This represents an important 

new aspect of the Na+,K+-ATPase mechanism which has up to now been largely overlooked, 

in part because the N-terminus has not been resolved in any of the published crystal 

structures of the protein. 
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2. Materials and methods 

2.1 Enzyme and reagents 

 Na+,K+-ATPase–containing open membrane fragments from shark rectal glands were 

purified essentially as described by Skou and Esmann [40]. Na+,K+-ATPase-containing open 

membrane fragments from pig kidney were purified as described by Klodos et al. [41]. 

Na+,K+-ATPase–containing open membrane fragments from the supraorbital salt gland of 

juvenile ducks were purified as described by Pratap et al. [42]. The specific ATPase activity 

of the shark preparation at 37 ºC and pH 7.4 was measured according to Ottolenghi [43] to be 

1746 µmol ATP hydrolysed h-1 (mg of protein)-1 at saturating substrate concentrations. The 

activity of the pig preparation, measured by the same method, was 1086 µmol ATP 

hydrolysed h-1 (mg of protein)-1. Typical activities of the duck preparation, measured by a 

fluorescence-coupled enzyme assay [44, 45], are >3300 μmol ATP hydrolysed h-1 (mg of 

protein)-1. The protein concentration of the shark preparation was 4.46 mg mL-1 according to 

the Peterson modification [46] of the Lowry method [47] using bovine serum albumin as a 

standard. The protein concentration of the pig preparation was determined by the same 

procedure to be 6.17 mg mL-1. The protein concentration of the duck preparation was 

determined by a modified Lowry method [47], as described previously [42], to be 5.2 mg mL-

1. 

N-(4-Sulfobutyl)-4-(4-(p-(dipentylamino)phenyl)butadienyl)-pyridinium salt (RH421) 

was obtained from Molecular Probes (Eugene, OR) and used without further purification. 

RH421 was added to Na+,K+-ATPase-containing membrane fragments or to lipid vesicles 

from an ethanolic stock solution. The dye spontaneously partitions into membranes. 

For measurements of the reaction of inorganic phosphate, Pi, with the Na+,K+-

ATPase, tris(hydroxymethyl)amino)methane (Tris) was added to a 100 mM stock solution of 

orthophosphoric acid to reach a pH of 7.4. Dilutions of a range of Pi concentrations were then 
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prepared in a Tris buffer (30 mM Tris, 10 mM MgCl2, 1 mM EDTA). The pH of the buffer 

was adjusted to 7.4 with HCl.  

The origins of the reagents used were: Tris (minimum 99.9%, Sigma, Deisenhofen, 

Germany), NaCl (suprapure, Merck, Kilsyth, Australia), MgCl2·6H2O (analytical grade, 

Merck, Darmstadt, Germany), EDTA (99%, Sigma), ATP magnesium salt·5.5H2O (~97%, 

Sigma), orthophosphoric acid (85%, suprapure, Merck), poly-L-lysine hydrochloride (MW 

15,000 – 30,000 g mol-1, Sigma), ethanol (analytical grade, Merck), and HCl (0.1 N Titrisol 

solution, Merck). 

Dimyristoylphosphatidylcholine (DMPC) was obtained from Avanti Polar Lipids 

(Alabaster, AL). Unilamellar vesicles were prepared by the ethanol injection method 

described in detail elsewhere [48, 49]. 

 

2.2 Fluorescence spectrophotometer measurements 

 Fluorescence measurements were carried out with either an F-4500 fluorescence 

spectrophotometer (Hitachi, Tokyo, Japan) or RF-5301 PC spectrofluorophotometer 

(Shimadzu, Kyoto, Japan) using quartz cuvettes. The temperature was maintained at 24 ºC 

via a circulating water bath.  λex was 577 nm (bandwidth 20 nm) with an OG530 filter 

(Schott) in the excitation path. λem was 670 nm (bandwidth 10 nm) with an RG645 filter 

(Schott) in front of the photomultiplier. The response time of the instrument was set to either 

0.5 or 0.01 seconds. 

The relative fluorescence change, ΔF/F0, of membrane-bound RH421 associated with 

interaction of Pi with the Na+,K+-ATPase was determined by measuring the change in 

fluorescence, ΔF, of a suspension of open Na+,K+-ATPase-containing membrane fragments 

(24 μg/ml) noncovalently labelled with RH421 (270 nM) following Pi addition and then 

dividing ΔF by the fluorescence prior to Pi addition, F0. Measurements were performed in a 
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solution containing 30 mM Tris, 10 mM MgCl2, and 1 mM EDTA. The pH was adjusted to 

7.4 with HCl.  

Under these solution conditions, the presence of Mg2+, a co-factor for 

phosphorylation, allows the Na+,K+-ATPase to undergo phosphorylation. The absence of both 

Na+ and K+, inhibits dephosphorylation [50] and hence in the solutions described above the 

enzyme accumulates in a phosphorylated state. 

 

2.3 UV-visible absorbance spectrophotometer measurements 

UV-visible absorbance measurements were carried out with a UV-2450 UV-visible 

spectrophotometer (Shimadzu, Kyoto, Japan) using quartz semi-micro cuvettes. The 

temperature was maintained at 24 ºC via a circulating water bath. To eliminate scattering 

contributions to the measured absorbance spectra of membrane-bound RH421, Na+,K+-

ATPase-containing membrane fragments and poly-L-lysine were added to the reference 

cuvette as well as to the sample cuvette. The bandwidth used was 5 nm.  

 

2.4 Stopped-flow spectrofluorimetry 

Stopped-flow experiments were carried out using either an SF-61 or SF-61SX2/s 

stopped-flow spectrofluorimeter from TgK Scientific (Bradford on Avon, UK) as described 

previously [51]. To improve the signal/noise ratio, the electrical time constant of the 

instrument was set to a value of 0.01 s, still a factor of over 100 faster than the fastest 

fluorescent transients observed here, and typically 6-9 experimental traces were averaged 

before the kobs values were evaluated. To avoid interference from photochemical reactions 

[51, 52] of the dye, neutral density filters, either NG10% (Schott, Mainz) for measurements 

on shark enzyme or NG10% plus NG50% for pig enzyme, were placed in the excitation light 
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beam. This reduced the kobs of the dye’s photochemical reaction to a value of 0.03-0.04 s-1, a 

factor of at least 10 slower than the observed Na+,K+-ATPase-related fluorescence transients. 

The kinetics of Na+,K+-ATPase conformational changes were investigated at 24 ºC in 

the stopped-flow apparatus by mixing Na+,K+-ATPase (labelled with RH421) with an equal 

volume of a phosphate solution. Both solutions were prepared in the same solution containing 

30 mM Tris, 10 mM MgCl2, and 1 mM EDTA. No change in Mg2+ concentration occurred on 

mixing. The protein and dye concentrations after mixing were the same as in the fluorescence 

spectrophotometer measurements.  

 

2.5 Kinetic data fitting 

The reaction of Pi with the Na+,K+-ATPase can be considered to involve three steps: 

1

1
E1 E2k

k−
→←

 

2

iE2 P E2 PK→+ ⋅←  

3E2 P E2P
K→⋅ ←  

The first step is the conformational change between E1 and E2 (with forward and backward 

rate constants k1 and k-1, respectively), the second step represents the second order binding 

reaction of Pi to the E2 conformation, producing E2·P, (with an equilibrium constant K2) and 

the third step is the actual phosphorylation in which the phosphate is covalently linked to the 

protein, producing E2P (with an equilibrium constant K3). If one assumes that the 

conformational change is the slowest of the three steps and that the second two are in 

equilibrium on the timescale of the conformational change, one can derive an equation 

relating kobs to the Pi concentrations, the rate constants for the conformational change and the 

equilibrium constants for the other two reactions. 



 11 

The relaxation of the E1/E2 equilibrium into a new equilibrium position following the 

addition of Pi can be described by the following differential rate equation: 

1 1
ΔE1 ΔE1 ΔE2d k k
dt −− = −

  (1) 

where ΔE1 and ΔE2 are the deviations of the concentrations of E1 and E2 from their final 

equilibrium positions. Based on the assumption that there are no other enzyme species 

present apart from those shown in the above reaction, the concentration deviations are all 

linked by: 

ΔE1 ΔE2 ΔE2 P ΔE2P 0+ + ⋅ + =  (2) 

Because the second two steps in the reaction scheme are considered to be in equilibrium on 

the timescale of the conformational change, one can express both ΔE2·P and ΔE2P in terms 

of ΔE2 based on the law of mass action as follows: 

2 iΔE2 P [P ]ΔE2K⋅ =    (3) 

2 3 iΔE2P [P ]ΔE2K K=    (4) 

Substituting these two expressions into Eq. 2 for ΔE2·P and ΔE2P and rearranging yields: 

2 i 3

ΔE1ΔE2
1 [P ](1 )K K

= −
+ +   (5) 

Finally, substituting ΔE2 from Eq. 5 into the differential rate equation, Eq. 1, it can be shown 

that the observed rate constant, kobs, for the relaxation of the conformational equilibrium is 

given by: 

1
1

2 31 [ ](1 )obs
i

kk k
K P K

−= +
+ +    (6) 

Because [Pi] is in the denominator of the second term on the right hand side of this equation, 

it predicts a decrease in the value of kobs as [Pi] increases, as has been experimentally 

observed, from a value of k1 + k-1 at infinite dilution of Pi to a value of k1 at an infinite 
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concentration of Pi. Eq. 6 is in the same form as an equation previously derived by Cornelius 

et al. [39] to describe the kinetics of back-door phosphorylation of the Na+,K+-ATPase, 

although the method of derivation is different. 

Nonlinear least-squares fitting of Eq. 6 to the Pi concentration dependence of the kobs 

values determined by stopped-flow was performed using Origin 6.0 (Microcal Software, 

Northampton, MA). 

  

2.6  Quantum-mechanical calculations 

All ab initio calculations have been performed with the Gaussian 09 code [53], using 

default procedures except for those noted below.  First, the ground-state geometry of RH421 

was optimized using the M06-2X exchange-correlation DFT functional [54] combined with 

the 6-311G(d,p) atomic basis set. These calculations were performed with tighten SCF 

convergence threshold (10-10 au), force optimization threshold (10-5 au on RMS forces) and 

an improved DFT integration grid, the so-called ultrafine (99,590) grid. Second, the 

vibrational spectrum was determined at the same level of theory. This allowed us to ascertain 

that the optimised structure is a true minimum of the potential energy surface (absence of 

imaginary frequency). Third, the vertical transition energies to the lowest singlet excited-state 

have been determined with TD-DFT using the same M06-2X functional but a larger atomic 

basis set, namely 6-311+G(2d,p).  In all steps, the surrounding effects were described using 

the SMD continuum model [55] and choosing water as solvent. The linear-response regime in 

its non-equilibrium limit was applied for the TD-DFT part of the calculation. The choice of 

water is based on experimental results showing that the λmax of RH421 in water and when 

membrane-bound are quite similar, i.e. within 5 nm of each other [56]. To quantify the 

impact of a positive charge on RH421, we have determined the optical spectra using a Na+ 

ion placed at various locations in the vicinity of the dye. 
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2.7 Molecular dynamics simulations 

To examine the state-dependent influence of the Na+,K+-ATPase on lipid bilayer 

thickness, we have carried out molecular dynamics (MD) simulations.  Available structures 

for the pig Na+,K+-ATPase in E1 and E2 states (PDB codes 3WGU [57] and 3B8E [58], 

respectively) were embedded in bilayers of 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) lipids (447 and 550 lipids respectively) immersed in 150 mM NaCl solution using 

explicit TIP3P water molecules, with the E1 system containing 295,312 atoms and E2 

containing 299,532 atoms. Systems were built with CHARMM-GUI [59], and then 

equilibrated using NAMD 2.9 [60] with the CHARMM36 force field [61, 62]. Temperature 

was maintained at 303.15 K using a Langevin thermostat and pressure maintained at 1 atm 

using the Nose-Hoover Langevin piston method [63] with hexagonal periodic boundaries. All 

bonds to hydrogen atoms were maintained using the SHAKE algorithm [64]. Electrostatic 

interactions were computed using Particle Mesh Ewald [65] with grid spacing of 1 Å. Non-

bonded pair lists were recorded to 16 Å with real space cutoff 12 Å using energy switching 

from 10 Å. Each system has been run for 100 ns, with the last 50 ns used for analysis. 

Lipid bilayer thickness has been analysed based on the difference in the positions of 

carbonyl C atoms within each leaflet, representing the membrane hydrophobic core thickness 

[66]. Each protein was oriented with trans-membrane domain at the origin and directed such 

that the xy projection of the vector connecting the centre of mass (COM) of residues 90 to 

110 (within αM1) and 123 to 137 (within αM2) and the COM of residues 845 to 868 (within 

αM7) and residues 910 to 928 (within αM8) coincides with the y axis. For 2-D maps of 

carbonyl C to C membrane deflection, thickness was computed on a 5 × 5Å xy grid, offset by 

removing the average far from the protein (50 ≤ r < 100 Å) to reveal the lipid bilayer 

deflection due to the protein. For 1-D axially symmetrised plots of carbonyl deflection, the 
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difference in average positions of carbonyl C atoms was computed within concentric shells 

(between radius r − 1 and r + 1Å). All error bars are standard error of means obtained from 

three independent blocks of trajectories. 

 

3. Results 

3.1 Effect of Pi on the fluorescence of RH421-labelled Na+,K+-ATPase-containing membrane 

fragments 

 Addition of 6 mM Pi to a suspension of Na+,K+-ATPase-containing membrane 

fragments from shark rectal gland noncovalently labelled with RH421 causes an increase in 

fluorescence of approximately 80% (see Fig. 1). The magnitude of the fluorescence change 

was found to follow a hyperbolic dependence on the Pi concentration used. 6 mM Pi 

corresponds to a saturating concentration. In contrast to previously published data using 

rabbit kidney Na+,K+-ATPase [38], there was no initial rapid jump in fluorescence. The 

fluorescence change is monophasic, in agreement with other results obtained using shark 

rectal gland enzyme [39], with a time constant of approximately 3.4 seconds (corresponding 

to an observed rate constant of 0.29 s-1). 
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Figure 1: RH421 fluorescence change accompanying the addition of 6 mM of tris phosphate 

to shark rectal gland Na+,K+-ATPase. The Na+,K+-ATPase and RH421 concentrations were 

24 μg/ml and 270 nM, respectively. The measurements were performed in a buffer containing 

30 mM Tris, 10 mM MgCl2, and 1 mM EDTA, pH 7.4, 24ºC. The fluorescence increase at 

approximately 15 seconds is due to the addition of RH421 to the Na+,K+-ATPase-containing 

membrane fragments and the incorporation of the dye into the membrane. The fluorescence 

increase due to phosphorylation of the protein can be seen after 65 seconds, when Pi was 

added. The fluorescence intensity is in arbitrary units. 

 

To test whether the difference between the kinetic time course observed using shark 

enzyme and that obtained with rabbit kidney enzyme [38] may be due to the enzyme source, 

we also carried out the same experiment with enzyme derived from mammalian kidney, in 

this case pig kidney Na+,K+-ATPase. Although the change in fluorescence was much smaller 

than with the shark enzyme (only 10-15%), the change was again monophasic (see Fig. 2). 

Again no evidence for an initial rapid jump in fluorescence could be observed. The amino 

acid sequences of the catalytic α-subunits of the rabbit and pig kidney Na+,K+-ATPases show 

97% identity and 99% homology. Therefore, it seems very unlikely that the different 

behavior observed in studies with rabbit kidney enzyme [38] is due to differences in protein 

structure. A possibility is that it is related to the method of Pi addition. In the studies using 

rabbit kidney enzyme, Pi was added by releasing it photochemically from a caged complex 

using a UV laser flash rather than simply adding Pi to the cuvette. A potential problem of the 

photochemical method is that it introduces photochemical degradation products into the 

reaction mixture apart from phosphate itself. 
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If MgCl2 is removed from the buffer, it was found that the fluorescence change on 

addition of Pi is completely abolished. This is consistent with Mg2+ acting as a necessary 

cofactor for protein phosphorylation, as it also does for phosphorylation by ATP.   

In order to quantify the observed rate constants and their dependence on the Pi 

concentration more precisely, the reaction was further investigated using the stopped-flow 

fluorimeter. 

0 50 100 150 200 250
 

 

F

Time / s

 

Figure 2: RH421 fluorescence change accompanying the addition of 6 mM of tris phosphate 

to pig kidney Na+,K+-ATPase. The Na+,K+-ATPase and RH421 concentrations were 25 μg/ml 

and 250 nM, respectively. The measurements were performed in a buffer containing 30 mM 

Tris, 10 mM MgCl2, and 1 mM EDTA, pH 7.4, 24ºC. The fluorescence increase at 

approximately 25 seconds is due to the addition of RH421 to the Na+,K+-ATPase-containing 

membrane fragments and the incorporation of the dye into the membrane. The fluorescence 

increase due to phosphorylation of the protein can be seen after 130 seconds, when Pi was 

added. The fluorescence intensity is in arbitrary units. 

 

3.2 Rates of Pi-induced stopped-flow fluorescence traces 
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An example of a fluorescence trace induced by mixing with Pi in the presence of Mg2+ 

ions in a stopped-flow fluorimeter is shown in Fig. 3. In contrast to the measurements in the 

steady-state fluorimeter, the kinetic traces measured via stopped-flow are biphasic, but only 

because of a very slow photochemical reaction of RH421 which causes an increase in 

fluorescence [51, 52]. Thus, there is still only a single phase due to the Na+,K+-ATPase. The 

reason the photochemical reaction isn’t observed in the steady-state fluorimeter is because of 

the lower light intensity used there and because, in contrast to the stopped-flow, only a 

relatively small volume of the entire cuvette is irradiated. Thus, in the steady-state 

fluorimeter the dye is constantly diffusing in and out of the light beam, which reduces the 

likelihood of photochemical reactions. The observed rate constant, kobs, for the Na+,K+-

ATPase-related phase of the fluorescence transient was determined by fitting a double-

exponential time function to the experimental stopped-flow data. 

0 10 20 30 40 50 60
0.00

0.05

0.10

0.15
 

 

∆F/F0

Time / s

 

Figure 3: Stopped-flow fluorescence transient of pig kidney Na+,K+-ATPase non-covalently 

labeled with RH421 (125 nM after mixing). Na+,K+-ATPase (25 μg/ml after mixing) was 

rapidly mixed with an equal volume of tris phosphate (6 mM after mixing). The 

measurements were performed in a buffer containing 30 mM Tris, 10 mM MgCl2, and 1 mM 
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EDTA, pH 7.4, 24ºC. The excitation and emission wavelengths were 577 nm and ≥665 nm 

(RG665 cutoff filter), respectively. 

 

As the Pi concentration is increased, the kinetics of the RH421 fluorescence rise due 

to the activity of the Na+,K+-ATPase becomes slower. The value of kobs decreases 

hyperbolically from an initial value of approximately 0.7 s-1 to a final value at high Pi 

concentrations of approximately 0.3 s-1 (see Fig. 4). Fitting of Eq. 6 to the experimental data 

yields the following values for the rate and equilibrium constants of the reaction scheme 

given under Materials and Methods: k1 = 0.29 (± 0.02) s-1, k-1 = 0.40 (± 0.02) s-1, K2(1+K3) = 

0.99 (± 0.24) mM-1. 

From the kinetic data it is not possible to determine independent values of K2 and K3. 

However, the reciprocal of K2(1+K3), which has the value 1.01 (± 0.25) mM, is equivalent to 

the half-saturating concentration of Pi necessary to produce a drop in kobs to a value halfway 

between the limiting values of (k1 + k-1) and k1. It is not simply the dissociation constant for Pi 

because it incorporates the thermodynamics of phosphorylation of the protein as well as 

phosphate binding. 

From the ratio of the values of k1 and k-1, one can also calculate a value for the 

equilibrium constant, K1 (= [E2]/[E1]), of 0.72 (± 0.07). Based on this value one can estimate 

that, prior to mixing with Pi, 58% of the enzyme should be in the E1 conformation and 42% 

in the E2 conformation.   
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Figure 4: Dependence of the observed rate constant, kobs, of the RH421 fluorescence change 

observed using shark rectal gland Na+,K+-ATPase on the concentration of Pi (after mixing). 

The solid line is a nonlinear least-squares fit of the data to Eq. 6. The fit parameters were : k1 

= 0.29 (± 0.02) s-1, k-1 = 0.40 (± 0.02) s-1, K2(1+K3) = 0.99 (± 0.24) mM-1. K2(1+K3) 

corresponds to a K0.5 of 1.01 (± 0.25) mM. The conformational equilibrium constant K1 = 

[E2]/[E1] = k1/k-1 = 0.72 (± 0.07). The Na+,K+-ATPase and RH421 concentrations after 

mixing were 24 μg/ml and 270 nM, respectively. The measurements were performed in a 

buffer containing 30 mM Tris, 10 mM MgCl2, and 1 mM EDTA, pH 7.4, 24ºC. 

 

3.3 Membrane hydrophobic thickness 

In a previous publication [31] we suggested that the origin of RH421 fluorescence 

changes in Na+,K+-ATPase-containing membrane fragments might be protein-induced 

changes in the membrane hydrophobic thickness which could produce local changes in 

membrane dipole potential around the protein detectable by the probe. To test the feasibility 

of this hypothesis we have analyzed protein hydrophobic thicknesses in different protein 

conformations based on available X-ray crystal structures [57, 58] and MD simulations in 

lipid bilayers. 
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According to the Orientations of Proteins in Membranes (OPM) database 

(http://opm.phar.umich.edu/) [67], the hydrophobic thickness of pig Na+,K+-ATPase in the 

E1P·ADP·3Na+ state is 30.8 (± 1.1) Å based on the structure PDB:3WGU [57] and 31.0 (± 

1.3) Å based on the structure PDB:4HQJ [68]. In the E2·Pi·2K+ state, according to the OPM 

database the available crystal structures indicate hydrophobic thicknesses of 31.9 (± 1.8) Å 

for shark Na+,K+-ATPase (PDB:2ZXE) [69] and 30.7 (± 0.9) Å for pig Na+,K+-ATPase 

(PDB:3B8E) [58]. Therefore, based on these crystal structures alone there doesn’t appear to 

be a significant difference in hydrophobic thickness. However, the number of crystal 

structures available for the Na+,K+-ATPase is still very limited. 

To obtain a more precise analysis of Na+,K+-ATPase hydrophobic thicknesses we 

have carried out MD simulations of both the E1P·ADP·3Na+ state and the E2·Pi·2K+ state of 

pig kidney enzyme based on the structures PDB:3WGU [57] and PDB:3B8E [58], 

respectively. Relaxation of the E1P·ADP·3Na+ and E2·Pi·2K+ states of the pig kidney 

Na+,K+-ATPase in lipid bilayers (see Fig. 5a) reveals statistically significant local 

perturbations of the membrane, with lipids displaced by the irregular protein surface. The 

time-averaged deflection of the bilayer is illustrated in Fig. 5b, demonstrating both thinning 

and thickening by several Å on different faces of the protein, with distinct distributions in the 

E1P·ADP·3Na+ (left; “E1”) and E2·Pi·2K+ (right; “E2”) states. Approximate locations of key 

trans-membrane helices in the figure suggest likely origins of the perturbations due to local 

mismatch. Key changes are associated with regions near helices αM2, αM9 and γM (left face 

of the figure), αM1 (top), αM10 (bottom), and βM (bottom right). While there is a generally 

similar pattern of lipid deflection in each state, we observe that lipids on the αM9-γM-αM10 

face, particularly near αM10, are more positively displaced in the E1P·ADP·3Na+ state (i.e., 

causing a local increase in membrane hydrophobic thickness) and more negatively displaced 

in the E2·Pi·2K+ state, penetrating into the membrane surface (evident in Fig. 5a). This is 

http://opm.phar.umich.edu/


 21 

associated with a reduction in negatively displaced lipids around αM2-αM9, which appears 

to relate to tilting of the αM9 helix, as well as αM1 and αM2, but with a net overall negative 

deflection on the αM2-αM10 (left) face in going from the E1P·ADP·3Na+ state to the 

E2·Pi·2K+ state. On the opposite face of the protein, there is a reduction in positive deflection 

of lipids between αM1-βM, and shift in the positions of negatively deflected lipids near βM, 

which seem to relate to noticeable tilt in helix βM between the E1P·ADP·3Na+ and 

E2·Pi·2K+ states.  The net effect of these lipid deflections due to protein conformational 

change is a negative deflection of lipids in the vicinity of the protein by 2−3 Å, as seen in the 

axially averaged plots of Fig. 5c. Thus, while the differences in apparent hydrophobic 

thicknesses of the trans-membrane regions in the crystal structures for E1P·ADP·3Na+ and 

E2·Pi·2K+ states are not substantial, relaxation of the lipid bilayer around each protein has 

uncovered local perturbations, approaching 10% of bilayer thickness on average. 

Based on a recent theoretical treatment of the effects of membrane dipole potential, 

ψd, on ion pumps [35], a local increase in membrane thickness would be expected to perturb 

lipid packing, increasing lipid packing density and ψd. An increase in ψd is known to cause a 

blue shift in the RH421 fluorescence excitation spectrum [10], which would result in a drop 

in fluorescence intensity when the fluorescence is excited on the red edge of the excitation 

spectrum, as is normally done. Although the hydrophobic thickness changes appear to be in a 

direction consistent with the dye response, it seems unclear that a change in hydrophobic 

thickness of ≤ 10% could completely explain the dye response, where relative fluorescence 

intensity changes exceeding 100% have been observed when RH421 has been used as a probe 

for the Na+,K+-ATPase [31]. Nevertheless, the hydrophobic thickness changes are 

particularly interesting and could in part explain the sensitivity of Na+,K+-ATPase kinetics to 

the presence of cholesterol in the membrane, which is known to significantly increase ψd [35]. 

As described in detail elsewhere [35], through its effect on ψd, cholesterol would be expected 
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to preferentially stabilize ion pump states with a small hydrophobic thickness relative to those 

with a large hydrophobic thickness, thus leading to changes in the activation energies of 

individual partial reactions and hence a modulation of the overall enzymatic turnover. 

 

Figure 5: a) Na+,K+-ATPase in a DOPC lipid bilayer in E1P·ADP·3Na+ (PDB:3WGU; left) 

and  E2·Pi·2K+ (PDB:3B8E, right) states, showing only the region near the trans-membrane 

domain to illustrate membrane deformation. Protein is shown as blue ribbons, lipid carbonyl 

carbon atoms as red spheres, lipid tails as yellow sticks, and electrolyte is not shown for 

clarity. b) Map of lipid carbonyl C to C thickness deviation (relative to distant membrane; 

29.2 ± 0.2 Å in E1P·ADP·3Na+ and 29.6 ± 0.3 Å in E2·Pi·2K+ state) on a 5.0 Å grid, as 



 23 

viewed from the cytoplasmic side. Approximate locations of some helices of interest are 

indicated (see text). c) Axially averaged bilayer thickness deviation as function of distance r 

from the protein COM. 

 

Further evidence suggesting that membrane perturbation may not be a major factor in 

the RH421 response mechanism can be found in a comparison of the magnitudes of the dye’s 

fluorescence response to different P-type ATPases. Whereas RH421 and other dyes of the RH 

class produce relatively large responses to partial reactions of the Na+,K+-ATPase and the 

H+,K+-ATPase [15, 17-24, 70], only tiny responses have been observed with the sarcoplasmic 

reticulum (SR) Ca2+-ATPase [71]. In order to obtain fluorescence changes sufficiently large 

to analyse, Butscher et al. [71] had to change to a different class of dye, lacking a negatively 

charged sulfonate group and incorporating a neutral isothiocyanate group instead. The same 

class of dyes has subsequently been used in further studies on the SR Ca2+-ATPase [19, 72, 

73]. Considering the similarities in mechanisms and transmembrane domain structures of 

these three P-type ATPases, it seems unlikely that the large responses seen from the RH dyes 

when they are used in studies on the Na+,K+-ATPase or H+,K+-ATPase are due to changes in 

membrane structure arising from transmembrane domain conformational changes, because 

otherwise one might expect a similar response with the SR Ca2+-ATPase. Based on the 

differences in response of RH421 to the different ATPases, a more likely origin of the 

response may perhaps be found from amino acid sequence comparisons of the Na+,K+-

ATPase and the H+,K+-ATPase with the SR Ca2+-ATPase (see Section 3.5). 

 

3.4 Interaction of poly-L-lysine with membrane-bound RH421 

While changes in protein hydrophobic thickness may play some role in the RH421 

response to Na+,K+-ATPase conformational changes, the possibility that the dye is directly 
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interacting with the protein needs to be considered. Earlier experiments have already shown 

that RH421 is able to interact directly with proteins, most likely via its negatively charged 

sulfonate group through an interaction with positively charged lysine or arginine amino acid 

residues [36, 37]. From trypsin digest experiments it is known that significant movements of 

the N-terminal sequence of the α-subunit of the Na+,K+-ATPase accompany the E2-E1 

conformational transition [74-76]. The N-terminus is particularly lysine-rich and has been 

proposed to act as a movable ion-selective gate during cation binding and occlusion [77]. 

Recent studies on the effect of ionic strength on the E2-E1 conformational transition of the 

Na+,K+-ATPase have also been explained in terms of the screening of an electrostatic 

interaction of the N-terminus with the cytoplasmic surface of the surrounding membrane 

[78]. 

Therefore, to investigate whether RH421 could be interacting with lysine residues of 

the N-terminus we measured the effect of adding poly-L-lysine to RH421 bound to Na+,K+-

ATPase-containing membrane fragments on the dye’s visible absorbance spectrum (see Fig. 

6A). Poly-L-lysine was found to cause a significant red shift in the dye’s spectrum and a 

decrease in absorbance. At a poly-L-lysine concentration of 3.8 μg/ml (see Fig. 6A), the red 

shift amounts to only just over 1 nm. However, as the poly-L-lysine concentration is 

increased, the RH421 absorbance spectrum shifts further to the red. At a poly-L-lysine 

concentration of 7.6 µg/ml, λmax occurs at 500 nm, a red shift of approximately 13 nm relative 

to zero poly-L-lysine. The spectral changes observed at approximately 3.8 μg/ml poly-L-

lysine parallel those which occur when the Na+,K+-ATPase is phosphorylated by ATP in the 

presence of Na+ and Mg2+ ions (see Fig. 6B). Experiments in which poly-L-lysine were added 

to RH421 bound to DMPC vesicles also showed a red shift in the dye’s spectrum, but the 

effect was much smaller than that observed with Na+,K+-ATPase-containing membrane 

fragments, i.e. maximal 1 nm. The difference in the magnitude of the effect is most likely due 
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to different lipid compositions. The activity of the Na+,K+-ATPase has long been known to be 

dependent on the presence of anionic lipids [79, 80], in particular phosphatidylserine, which 

are known to enhance the interaction of membranes with poly-L-lysine and lysine-containing 

oligopeptides [81, 82]. 
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Figure 6: Visible absorbance spectra of RH421 (250 nM) bound to duck Na+,K+-ATPase-

containing membrane fragments before (black curve) and after (red curve) adding either 3.8 

mg/ml poly-L-lysine (panel A) or 0.5 mM ATP (panel B) to the suspension. The 

measurements were performed in a solution containing 30 mM Tris, 150 mM NaCl, 1 mM 

EDTA, and 5 mM MgCl2, pH 7.2, 24°C. 

 

3.5 Amino acid sequence analysis 
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 Because of the evidence described in the previous section indicating that the N-

terminus of the Na+,K+-ATPase is likely to be involved in the RH421 response, we decided to 

carry out a comparison on the amino acid sequences of the N-termini of the Na+,K+-ATPase, 

the gastric H+,K+-ATPase and the SR Ca2+-ATPase. As described in Section 3.5, it is known 

that RH421 responds with significant fluorescence changes to partial reactions of the Na+,K+-

ATPase and the H+,K+-ATPase, but only with minimal changes to partial reactions of the 

Ca2+-ATPase. 

 The entire sequences of the SR Ca2+-ATPase and the catalytic α-subunits of the 

Na+,K+- and H+,K+-ATPases were first aligned within the MEGA7 suite of evolutionary 

genetics programs [83]. For the analysis the sequences from rabbit (Oryctolagus cuniculus) 

were chosen, because this species has been used for all of the X-ray crystal structure 

determinations of the SR Ca2+-ATPase.  The alignment of the N-terminal segments (i.e., up to 

the start of the first transmembrane helix) of the three proteins is shown in Fig. 7. One 

obvious difference is that the N-terminus of the SR Ca2+-ATPase is much shorter than that of 

both the Na+,K+-ATPase and the H+,K+-ATPase. Its length is reduced by 50% compared to 

the H+,K+-ATPase and by 45% compared to the Na+,K+-ATPase. Another significant 

difference is in the lysine content. The N-terminus of the SR Ca2+-ATPase contains only 4 

lysine (K) residues, whereas the Na+,K+-ATPase has 11 and the H+,K+-ATPase 12  (lysine 

residues in the propeptide sequence of the first five amino acids which is deleted prior to 

membrane insertion in the Na+,K+- and H+,K+-ATPase have been ignored). Furthermore, 

many of the lysines of the Na+,K+-ATPase and the H+,K+-ATPase occur as consecutive 

blocks. 

 Although not conclusive proof, the significant differences in the N-terminus between 

the Na+,K+- and H+,K+-ATPases and the SR Ca2+-ATPase is consistent with the idea that the 

N-terminus could be responsible for the minimal response of RH421 to the activity of the SR 
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Ca2+-ATPase.  Another possible contributing factor, however, could be different membrane 

compositions of the enzymes, since the SR Ca2+-ATPase is located in a cell organelle, 

whereas the Na+,K+- and H+,K+-ATPases are both situated in the plasma membrane.   

 

 

Na+,K+ M G K G V G R D K Y E - - - - - - - - - - - P A A 
H+,K+ M G K A D N Y E L Y S V E L G P G P G G D M A A K 
Ca2+ - - - - - - - - - - - - - - - - - - - - - - - - - 
 
V S E H G D K K G K K A K K E R D M D E L K K E V 
M S K K K K A G G G G G K R K E K L E N M K K E M 
- - - - - - - - - - - - - - - - - - - - - - - - - 
 
S M D D H K L S L D E L H R K Y G T D L S R G L T 
E I N D H Q L S V A E L E Q K Y Q T S A T K G L S 
M E A A H S K S T E E C L A Y F G V S E T T G L T 
 
T A R A A E I L A R D G P N A L T P P P T T P 
A R L A A E L L L R D G P N A L R P P R G T P 
P D Q V K R H L E K Y G H N E L P A E E G K S 
 

Figure 7: Amino acid sequence alignment of the N-termini of the α-subunit of the Na+,K+-

ATPase, the α-subunit of the gastric H+,K+-ATPase and the SR Ca2+-ATPase. All sequences 

were from rabbit (Oryctolagus cuniculus). Conserved residues are highlighted in yellow.  

 

3.6 Quantum-mechanical calculations 

To test the feasibility of neutralisation of the dye’s negatively charged sulfonate group 

by binding of positively-charged lysine residues of the protein’s N-terminus to the membrane 

surface, we first determined the transition energies for RH421 before and after protonation of 

its sulfonate group. Experimentally this cannot be done, because titration of the dye leads to 

protonation at one of its nitrogen atoms before protonation of the sulfonate. This theoretical 

calculation allows the effect of removal of the sulfonate negative charge on the UV/visible 
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absorbance of RH421 to be predicted. Association of a positive charge from a lysine residue 

of the N-terminus would be expected to have a similar effect.   

In the vertical approximation, calculations yield λmax values of 453 and 456 nm before 

and after sulfonate neutralisation, respectively. If the sulfonate is made to interact with a Na+ 

cation whose position is optimised, a λmax of 455 nm is obtained, i.e., very similar to the value 

obtained on protonation of the sulfonate group. As expected, the value of 453 nm does not 

perfectly fit with the experimental λmax of RH421 in water, which is at 485 nm [56]. The main 

reasons for this difference are most likely to be, on the one hand, the neglect of vibronic 

effects in the calculation, and, on the other hand, the cyanine-nature of the excited-state of 

RH421 [84]. Nevertheless, the difference in the calculated transitions energies for the 

protonated and unprotonated forms of the dye, 145 cm-1, can be used to predict the shift in 

λmax that one would expect due to sulfonate neutralisation. Experimentally, when RH421 is 

bound to Na+,K+-ATPase-containing membrane fragments with the protein in the E1 

conformation the λmax of the dye occurs at 487 nm (see Fig. 6). Based on the theoretical 

calculations, if the response of the dye to conversion of the enzyme into the E2P 

conformation were due to neutralisation of the dye’s sulfonate group by positive charges on 

the protein’s N-terminus, one could expect a decrease in energy of the dye’s electronic 

transition of 145 cm-1, which would correspond to a final λmax of ca. 490 nm. To within an 

accuracy of half a nanometre, this is in complete agreement with the experimentally observed 

value (see Fig. 6B). 

To further investigate the effect of positive charge on the UV/visible absorbance 

spectrum of RH421 we also carried out calculations of the effect of a Na+ ion at different 

distances from the molecule and different positions along its long axis. Here we would like to 

stress that, when bound to Na+,K+-ATPase-containing membrane, we do not think that 

RH421 is detecting an electric field from bound Na+ ions, because this would contradict the 
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calculations published by Mares et al. [31]. In the calculations shown here we are simply 

using the Na+ ion as a source of positive charge to investigate the magnitude and direction of 

the shift in the dye’s absorbance spectrum when positive charge is located at different 

positions close to the dye. Bearing in mind that in the unperturbed state (i.e., no positive 

charge anywhere near the dye) the calculated λmax was 453 nm, the results of the calculations 

shown in Fig. 8 indicate that the movement of a positive charge towards the dye 

perpendicular to its long axis causes a red shift of its absorbance spectrum and a slight 

decrease in its absorbance intensity (reflected in the oscillator strength values, f) as long as 

the positive charge is located at a depth no deeper than the second carbon atom below the 

dye’s pyridinium ring. If the positive charge is moved to a position in line with the first 

carbon of the aniline ring or, even further down, to the amino nitrogen, the calculations show 

(see Fig. 8) that one would expect a reversal of the trend, i.e., a blue shift and a slight increase 

in absorbance intensity due to interaction with positive charge. Experimental results indicate 

that in fact a red shift and a decrease in absorbance of RH421 bound to Na+,K+-ATPase-

containing membrane fragments is caused by the addition of positively-charged poly-L-lysine 

(see Fig. 6A) or ATP (see Fig. 6B). The theoretical calculations, therefore, suggest that poly-

L-lysine and the lysine-rich N-terminus are not penetrating very deeply into the membrane, 

but rather interacting with the membrane surface, probably at the level of the lipid 

headgroups. 
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Figure 8: Effect of positive charge (introduced via a Na+ ion) on the λmax and the oscillator 

strength, f, of RH421 (H atoms omitted for clarity). Calculations were done by moving the 

Na+ ion along axes perpendicular to the long axis of the RH421 molecule at the level of the 

atoms highlighted in red. Three different distances from these atoms were used: 2, 3 and 4 Å. 

The calculated λmax values are given (in nm) in black. The corresponding f values are given in 

blue in italics.  

 

4. Discussion 

 The primary goal of this paper is to determine the origin of the fluorescence response 

of the probe RH421 to reactions of the Na+,K+-ATPase. The rationale behind this is that, if 

we understand the response of the dye, then we will also understand the signal that the 

protein is sending out and thus gain valuable information regarding the interaction of the 

Na+,K+-ATPase with its surrounding membrane. This expectation indeed was verified by the 
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results obtained. Potentially the information gained could be of relevance also to other ion 

pumps and membrane proteins in general. 

In a recent publication [31] we provided both experimental and theoretical data 

showing that RH421 is unlikely to be directly detecting electric field strength changes in the 

membrane originating from the transported Na+ and K+ ions, and we suggested that the 

protein conformational changes associated with ion occlusion within the protein could instead 

be responsible. To further investigate this hypothesis, here we first studied phosphorylation of 

the Na+,K+-ATPase by inorganic phosphate, a reaction which occurs in the complete absence 

of Na+ and K+ ions.  

Phosphorylation of the Na+,K+-ATPase by inorganic phosphate, Pi, causes a 

significant increase in RH421 fluorescence (see Figs. 1-3). However, a series of coupled 

reactions are occurring, i.e., noncovalent phosphate binding to a binding site within the 

protein, the actual phosphorylation where phosphate is covalently linked to the protein, and a 

relaxation of the enzyme’s E1/E2 conformational equilibrium (see the reaction scheme under 

Materials and Methods). Therefore, we must carefully consider which of these reactions 

could be responsible for the fluorescence change. To do this we must first establish the 

relative rates of the three reactions. Experimentally it has been found (see Fig. 4) that the kobs 

of the RH421 fluorescence response decreases with increasing Pi concentration. This is 

consistent with the relaxation of the E1/E2 equilibrium being the slowest step in the sequence 

of reactions (see section 2.4 Kinetic data fitting under Materials and Methods). If the 

observed kinetics were due to second order Pi binding one would expect a linear increase in 

kobs with increasing Pi concentration. If the observed kinetics were due to the phosphorylation 

reaction, then one should observe a hyperbolic increase in kobs with increasing Pi 

concentration. A slow relaxation of a pre-existing E1/E2 equilibrium is the only reaction we 

can imagine which is consistent with the observed kinetics. This is so far in full agreement 
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with previous interpretations of the kinetics of Pi phosphorylation of the Na+,K+-ATPase [38, 

39].  

Based on a slow relaxation of the E1/E2 equilibrium, now let us consider the origin of 

the RH421 fluorescence change. Our analysis of the kinetic data shown in Fig. 4 indicates 

that prior to the addition of Pi one would expect 58% of the enzyme to be in the E1 

conformation and 42% in the E2 conformation. Therefore, if the fluorescence response were 

due to either phosphate binding to the protein or to phosphorylation itself, one would expect a 

biphasic fluorescence response. There should be a rapid jump in fluorescence due to the 

phosphorylation of enzyme initially in E2, followed by a slower increase in fluorescence as 

enzyme redistributes from E1 to E2 prior to undergoing phosphorylation. Because the 

enzyme was initially fairly evenly distributed between E1 and E2, the two phases would be 

expected to have similar amplitudes. However, no such behaviour was observed (see Figs. 1-

3). In agreement with previous data obtained using shark rectal gland enzyme [39], the 

fluorescence response of RH421 to phosphorylation by Pi is monophasic. This indicates that 

both binding of Pi to the Na+,K+-ATPase and phosphorylation itself are fluorescently “silent” 

reactions for RH421. The entire fluorescence response can be attributed to the E1 → E2 

conformational change. 

Now that we know that the voltage-sensitive probe RH421 responds to a 

conformational change of the Na+,K+-ATPase, the next question is how a conformational 

change can produce a change in local electric field strength which the dye can detect. For this 

purpose we first analysed the expected hydrophobic thickness of the Na+,K+-ATPase  in 

different conformational states. The analysis indicated that there are local deformations of 

lipids around the protein that differ in the E1P·ADP·3Na+ and E2·Pi·2K+ states, approaching 

10% of the bilayer thickness on average. It is, thus, possible that membrane deformations 

may make some contribution towards the RH421 response. The magnitude of the RH421 
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response and the fact that minimal fluorescence changes are observed when the dye used on 

the SR Ca2+-ATPase, which one would expect to undergo similar motions of its trans-

membrane domains, would seem to suggest, however, that membrane hydrophobic thickness 

changes are unlikely to be the only or even the major contributor to the RH421 response. 

Another possibility is that RH421 could be responding to conformational changes of the 

Na+,K+-ATPase by interacting directly with the protein [36, 37]. Prior investigations have 

shown that RH421 can bind to proteins and some poly(amino acids) [37] and evidence has 

been presented suggesting that the origin of the interaction is via the dye’s hydrophilic 

sulfonate residue [36, 37], presumably with positively charged basic lysine or arginine amino 

acid residues of the protein. From trypsin digest experiments it is known that significant 

movements of the N-terminal sequence of the α-subunit of the Na+,K+-ATPase accompany 

the E2-E1 conformational transition [74-76]. The N-terminus is particularly lysine-rich and 

has been proposed to act as a movable ion-selective gate during cation binding and occlusion 

[77]. Therefore, it would appear now that the most likely cause of the RH421 response is an 

interaction of the protein’s N-terminus either with the surface of the surrounding membrane 

or a penetration of some of the N-terminus a short distance into the membrane (i.e. no deeper 

than the lipid headgroup region, according to the quantum mechanical calculations of the 

dye’s absorbance spectrum). The latter would be expected to perturb lipid packing and 

change the membrane dipole potential, to which RH421 is known to be sensitive [9, 10, 85-

89]. 

To test the possibility of N-terminal interaction of the Na+,K+-ATPase with its 

surrounding membrane as a possible cause of the RH421 response, we used poly-L-lysine as 

a model of the N-terminus. It was found that the addition of poly-L-lysine to Na+,K+-ATPase-

containing membrane fragments causes changes in the visible absorbance spectrum of the dye 

which were very similar to those produced by phosphorylation of the protein by ATP. This 
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supports the idea that the dye is in fact responding to a change in the interaction of the N-

terminus with the membrane, and suggests that the N-terminus moves onto to the membrane 

during the E1 → E2P transition. Quantum mechanical calculations of the dye’s absorbance 

spectrum were also found to be consistent with a neutralisation of the negative charge of the 

dye’s sulfonate group by positive charge, which could arise from lysines of the N-terminus.     

The results obtained here suggest that membrane binding and release of the N-

terminus of the Na+,K+-ATPase play an important mechanistic role in the catalytic cycle of 

the protein. This further supports recent results suggesting that electrostatic interactions 

between the protein’s N-terminus and the surrounding membrane play a central role in the 

self-inhibitory regulation of Na+,K+-ATPase activity [78]. 
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