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Do Electromagnetic Fields Interact With
Electrons in the Na,K-ATPase?

Martin Blank*
Department of Physiology and Cellular Biophysics,

ColumbiaUniversity, NewYork

The effects of low frequency electric and magnetic fields on several biochemical systems, including
the Na,K-ATPase, indicate that electromagnetic (EM) fields interact with electrons. The frequency
optima for two enzymes in response to EM fields are very close to their turnover numbers, suggesting
that these interactions directly affect reaction rates. Nevertheless, generally accepted ideas about
Na,K-ATPase function and ion transport mechanisms do not consider interactions with electrons. To
resolve the clash of paradigms, we hypothesize interaction with transient electrons and protons that
arise from flickering of H-bonds in the hydrated protein. These transient charges in the enzyme could
provide a trigger for the sequence of conformation changes that are part of the ion transport
mechanism. If the distributions of transient electrons and protons in themembrane are affected by their
concentration and the membrane potential, as expected from electric double layer theory, this can
account for the different effects of low frequency electric and magnetic fields, as well as for the
observation that membrane hyperpolarization reverses the ATPase reaction to generate ATP.
Bioelectromagnetics 26:677–683, 2005. � 2005 Wiley-Liss, Inc.
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THE Na,K-ATPase TRANSPORT SYSTEM

Many biological transport systems have structures
based on the ABC (ATP binding cassette) transporter
family of transmembrane ATPases. Recently published
detailed structures of b-galactosidase and glucose-6-
phosphate transporters [Locher et al., 2003] are
examples of transmembrane proteins that open alter-
natingly to the two sides of amembrane. Such structures
allow binding of the transported substance to one side
of an assembly and release to the other side after a
conformation change triggered by an ATPase. A review
by Jorgensen et al. [2003] has provided structural in-
formation about the Na,K-ATPase, based on a compari-
son with the related Ca-ATPase.

This kind of transport system has been proposed
for the Na,K-ATPase, the enzyme involved in ‘‘pump-
ing’’ ions selectively against their gradients across cell
membranes [Skou, 1957]. The enzyme is composed of
two polypeptide chains (a and b) that extend through
the membrane in the form of a tetramer (a2b2), and the
catalytic activity of the a chain is directly affected by
the ion concentrations in contact with the two sides of
the enzyme [Tonomura, 1986; Lauger, 1991]. The
Na,K-ATPase is activated when sodium ions bind on
the inside surface and potassium ions on the outside
surface. The catalytic unit splits ATP on the inside
surface, and for each ATP molecule split, three Naþ

ions move from inside out and two Kþ ions from
outside in.

TheNa,K-ATPase exists in two conformations, E1

when Naþ ions (and ATP) are bound on the inside, and
E2 when Kþ ions are bound on the outside. Since the
ion-binding sites are not fully accessible to ion ex-
changewith ambient solutions in the two conformations
[Rephaeli et al., 1986; Glynn and Karlish, 1990], the
enzyme was believed to provide alternating contact
with inside and outside solutions. Glynn [1993] sug-
gested that conformation changes of the Na,K-ATPase
and charge shifts within the proteinwere involved in the
mechanism. Potential sensitive dyes show charge shifts
at specific points in the ATP-splitting cycle [Buhler
et al., 1991]. There is also a release of Naþ ions,
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accompanied by a rapid movement of charge, when
binding sites open to the outer surface in the presence
of Naþ ions [Hilgemann, 1994]. Recently measured
effects of applied low frequency electric and magnetic
fields on Na,K-ATPase function, presented below,
provide additional information about charge move-
ment, and suggest that it may contribute to both
signaling in the enzyme and its conformation change
during activity.

ELECTRIC AND MAGNETIC FIELD EFFECTS
ON Na,K-ATPase ACTIVITY

Early studies showing that AC electric fields
increased the activity of the Na,K-ATPase in red blood
cell ghosts [Serpersu and Tsong, 1983, 1984; Liu
et al., 1990] were ascribed to conformational changes
induced in the enzyme by the oscillating transmem-
brane electric field [Tsong et al., 1989]. This explana-
tion proved inadequate, because:

. later studies with microsomal enzyme preparations,
discussed below, showed that the effect occurred in
the absence of an intact membrane.

. the ATP-depleted red cells still had sufficient ATP to
account for the very low level of enzyme activity
observed; the applied electric field only accelerated
the rate.

. the electric field mechanism could not explain the
ability of weak AC magnetic fields (that induce
negligibly small electric fields) to affect the enzyme
in a similar way.

Nevertheless, the experiments did show that relatively
weak electric fields �1 V/m, compared to the trans-
membrane electric field of �107 V/m were able to
affect the function of the enzyme.

More recent studies onNa,K-ATPase from kidney
extracts [Blank and Soo, 1989, 1990, 1992, 1996;
Blank, 1992] verified the basic observation and showed
that themagnitude of the effect depended on the level of
intrinsic enzyme activity (see Fig. 1). This means that
the electric field acts in conjunction with the intrinsic
activity. In addition, applied electromagnetic (EM)
fields affected the enzyme in a similar way. We now
know that Na,K-ATPase activity under normal activity
conditions is inhibited by electric fields and stimulated
by magnetic fields, but can be stimulated by both
electric and magnetic fields when the enzyme is at low
activity, as in the earlier experiments with red blood cell
ghosts.

Further studies have shown that the frequency
optimum in the response toEMfields is very close to the
Na,K-ATPase turnover number [Yoda et al., 1984]. This

has also been shown for cytochrome oxidase. Studies
with the two enzymes [Blank and Soo, 1998a,b]
indicate that the EM fields interact with components
of the system that are critical for determining reaction
rates.

A comparison of thresholds for effects of electric
ormagnetic fields, as discussed below in detail, led us to
suggest that the fields were acting on moving electrons.
We tested this idea by studying the effect of EM fields
on electron transfer in cytochrome oxidase [Blank and
Soo, 1998a] and found a similar acceleration of the rate
and competition with the intrinsic rate. Studies with
Na,K-ATPase and cytochrome oxidase involve pre-
parations from rabbit kidney and rat liver mitochondria,
respectively, sowe needed to rule out the possibility that
unknown contaminants in the cell debris contributed
to the observed effects. Therefore, we used chemically
pure reagents to study the oxidation of malonic acid
[Blank and Soo, 2001, 2003], and found that the rate
was accelerated by EM fields in competition with the
intrinsic rate. Confirmation of the expected observa-
tions gave greater credence to the idea of interaction
with moving electrons in the Na,K-ATPase. Indirect
support for this mechanism has also come from EM
field stimulation of DNA to initiate protein synthesis
[Goodman and Blank, 1998; Blank and Goodman,
2004], where rapid electron movements have been
demonstrated over short distances in DNA [Wan et al.,
1999].

The fact that the responses to the applied fields
depend inversely on the intrinsic activity in all three
systems, indicates competition between the fields and

Fig. 1. ReproducedfromBlankandSoo [1996].Theeffects (experi-
mental/control) of low frequency electric (*) and magnetic (*)
fields on Na,K-ATPase from kidney extracts as a function of
enzyme activity.The activity was adjusted by varying ion concen-
trations, temperature,oraddinginhibitors.Thepointsareaverages
with standard errors of 2%^6%. Magnetic fields activate at all
enzyme activities. Electric fields activate at low enzyme activity,
but switch to inhibition, in ourenzyme preparations, in the activity
rangeof 0.05^0.1mmolesP/min/mgprotein.
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the intrinsic chemical forces that act on the same
charges. In the Na,K-ATPase, the activity or intrinsic
driving force can bemanipulated by adjustingNa andK
ion concentrations, temperature, or adding inhibitors,
as in Figure 1, but once an activity level is attained,
competitionwith the applied fields depends only on that
activity level, no matter how it was attained. Since our
experiments suggest that interactions arewith electrons
and are affected by the enzyme activity, we can account
for both observations by assuming that the concentra-
tion of electronswithin the protein increaseswithNa,K-
ATPase activity, and that the applied fields interact with
these charges.

TRANSIENT ELECTRONS IN THE Na,K-ATPase

We know that the ATPase reaction does not
involve electron transport and that free electrons do not
exist in proteins or solution for any length of time.
However, studies of kinetic isotope effects in reactions
of enzymes provide evidence for quantum mechanical
tunneling [Doll and Finke, 2003] of protons. Recent
measurements of flickering in H-bonded networks
[Fecko et al., 2003] indicate that protons regularly
move between oxygens, suggesting that electrons
would do the same. In fact, the de Broglie wavelength
is much greater for electrons than protons, so they
would be expected to tunnel over greater distances. The
flickering protons and electrons in water would also be
expected in hydrated and internally H-bonded proteins,
and at approximately the same �nm/ps flicker rate. It
is therefore not unreasonable to assume transient
electrons and protons exist in the enzyme and that the
transient electrons could interact with applied EM
fields. Transient protons could also interactwith applied
fields, but the effects would bemuch smaller because of
their greater mass.

The concentration of transient electrons and pro-
tons should be influenced by the properties of the
enzyme and the physical and chemical factors that
affect its activity. Since protein structures differ in their
activities, we must assume that they differ in their
abilities to support flickering and that parts of the
protein backbone provide preferred pathways. Covalent
bonds have been shown to be preferred paths for
quantum tunneling [Wenger et al., 2005]. In fact,
Wenger et al. [2005] state ‘‘. . . that covalently bonded
pathways can facilitate electron flow through folded
polypeptide structures.’’

Let us assume transient electrons result from
flickering of H-bonds, and that enzyme activity
increases with the concentration of these transient
charges within the protein. The transient electrons
should interact with external fields as ordinary charges,

so once the transient electrons and protons occur, their
distributions are subject to electric double layer (EDL)
forces that affect counter charge distributions near
charged surfaces. Actually, two EDLs exist simulta-
neously in the membrane, one for the distribution of
transient electrons, and a mirror image distribution for
the oppositely charged transient protons. Figure 2
shows the two EDLs in separate diagrams.

The distribution of charges is affected by the con-
centration of charges and the membrane potential.
Because of the membrane potential, there is a greater
concentration of transient electrons on the outer surface
(shown in Fig. 2A), and of transient protons in the
vicinity of the Na,K-ATPase on the inner surface
(shown in Fig. 2B). Figure 2A also demonstrates that an
increase in charge concentration decreases the penetra-
tion of the EDL into the membrane. The membrane

Fig. 2. The electric double layers (EDL) of transient charges in
themembrane.Themembranepotentialcausesagreaterconcen-
tration of transient electronsnear the outer surface, and of transi-
ent protons in the vicinity of the Na,K-ATPase near the inner
surface.A:Showsthat increaseintransientelectronconcentration
decreases the penetration of the EDL into the membrane. At low
transient electron concentration, the EDL extends across the
membrane, reaching the Na,K-ATPase. At high transient electron
concentration, the EDLis compressedanddoesnot extendall the
way through themembrane, anddoesnot reach theNa,K-ATPase.
B: Shows that increases inmembrane potential increase the con-
centrationof transient protonsin thevicinityof theNa,K-ATPaseon
the inner surface. The ATPase reaction is reversible, and an
increaseintransient protonsdrivesthereactiontomakemoreATP.
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potential causes a greater concentration of transient
electrons on the outer surface, and at low concentration,
the EDL extends across the membrane, reaching the
Na,K-ATPase. At high concentration, the EDL is
compressed and does not extend all the way through
themembrane. Figure 2B, demonstrates that an increase
inmembrane potential causes a greater concentration of
transient protons in the vicinity of the Na,K-ATPase on
the inner surface.

SPEED OF INTERACTING CHARGES FROM
ELECTRIC AND MAGNETIC
FIELD THRESHOLDS

In the experiments to determine thresholds of the
effects of electric and magnetic fields on the Na,K-
ATPase [Blank and Soo, 1992, 1996], the number of
charges were approximately the same, since the activity
was in the range of 0.1–0.2 mmoles P/min/mg protein.
These data can be used to estimate the speed of the
charges. If we assume equal enzyme activity, so that
both fields act on the same numbers charges and that the
two forces are equal at the thresholds, we can estimate
the speed of the charges. Themagnetic force (newtons),
F¼ qvB, where unit charge, q¼ 1.6� 10�19 coulombs,
v¼ velocity (in m/s) and the magnetic flux density,
B¼ 10 mT (100 mG); the electric force (newtons),
F¼ qE, where the electric field, E is in V/m. At the
thresholds, the two forces are equal

F ¼ qE ¼ qvB: ð1Þ
It follows fromEquation 1 that v¼E/B. The thresholds,
5� 10�4 V/m and 5� 10�7 T (5 mG) for E and B,
respectively [Blank and Soo, 1992, 1996], lead to the
order of magnitude result v¼ 103 m/s.

Equation 1 sets the magnitude of the force pro-
duced by an electric field equal to the magnitude of the
force produced by a magnetic field. It should be noted,
however, that the directions of the two forces differ. The
electric field produces a force (and an acceleration) in
the direction of v, while the magnetic field produces a
force (and an acceleration) orthogonal to the direction
of v. In using this equation,we assume that the threshold
force producing the effect on the enzyme is due to
acceleration of the electron regardless of direction. This
is reasonable, since an AC magnetic field produces
accelerations in both directions, depending upon which
phase of the cycle interacts with the electrons, and the
net effect (averaged over time) is in the same direction
as the original v.

The largemagnitude of v suggests that themoving
charges that affect the rate of the Na,K-ATPase reaction
are electrons. The speed is comparable to electron
speeds in DNA [Wan et al., 1999] and probably ac-

counts for the early charge shift in the Na,K-ATPase
[Hilgemann, 1994]. Reversibility of the Na,K-ATPase
enzyme, that is, where hyperpolarization causes
phosphorylation of ADP to ATP [Garrahan and Glynn,
1967], suggests parallels to mitochondrial ATPase
function, where an ATPase is coupled to electron
transfer reactions. An earlier correlation of the non-
specific inhibition of the Na,K-ATPase by cations with
their redox potentials [Britten and Blank, 1973], sug-
gested that electrons may be a critical step in enzyme
function. A rapid electron flow could help coordinate
the ATP-splitting catalytic sites and ion binding sites in
different parts of themolecule prior to the conformation
change.

The model of electrons with picosecond lifetimes
moving at great velocities enables us to offer a rationale
forwhy large staticmagnetic fields do not have an effect
on the Na,K-ATPase even though weak ELF fields do.
In weak ELF fields, electrons moving at 103 m/s could
be displaced�1 nm in 1 ps. This distance is smaller than
the membrane thickness (�10 nm) and well within the
protein. The much larger (by orders of magnitude) DC
fields would accelerate electrons beyond the protein in
the membrane. The same would apply to DC and AC
electric fields,where the force is directly proportional to
the field strength.

WHY DO ELECTRIC AND MAGNETIC
FIELDS HAVE DIFFERENT EFFECTS
ON THE Na,K-ATPase?

Assuming enzyme activity is related to the
concentration of transient electrons within the protein
helps to explainwhy the effects of electric andmagnetic
fields are different and why they both depend on the
level of enzyme activity (Fig. 1). Magnetic fields
penetrate the protein and interact with transient elec-
trons throughout the membrane. The interactions,
independent of EDL thickness, initially increase with
the transient electron concentration, but gradually
decrease as the intrinsic activity increases. Electric
fields do not penetrate the protein, but initially change
the charge distribution at the interface. The effect is
propagated into the interior of the enzymewhen charges
near the interface form an EDL to balance the charge
at the interface. At low-enzyme activity, when few
transient electrons are present, the electric fields must
penetrate deeply to affect the number needed to balance
the charges at the interface, and in effect achieve a
penetration comparable to the magnetic field. At high
enzyme activity, with many transient electrons present,
the fields can polarize the interface using only those
near the interface, and the unaffected charges are not
coordinated. The transient electrons that are out of
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synchrony with the oscillating field have an inhibitory
effect on enzyme function.

ESTIMATING THE NUMBER OF CHARGES
IN THE Na,K-ATPase

Following this line of reasoning, the switch from
activation by electric fields at low enzyme activity to
inhibition at increased activity should occur when the
electric field just penetrates the full thickness of the
enzyme. The level of activity at which the shift occurred
in our enzyme preparations, 0.05–0.1 mmoles P/min/
mg protein, can be used to estimate the concentration of
charges in the enzyme at the thickness of themembrane.

According to electric double layer theory
[Overbeek, 1952], 1/k, the distance at which the surface
potential falls off to 1/e of its magnitude, is an estimate
of the thickness.

k ¼ 3� 107z
ffiffiffiffi

C
p

ð2Þ
where z is the charge and C is the concentration in
moles/L. For z¼ 1 and 1/k¼ 10�6 cm or 10 nm,
C¼ 0.001 M. This means that the concentration of
charges in the 10 nm thickness of the enzyme is 1 mM.
The value of k also depends on the square root of the
dielectric constant of the medium, which is unknown.
We assume it is unchanged in the protein, a reasonable
approximation for amino-acid solutions.

The estimated concentration of charge, 1mM, can
be converted into a number of charges assuming the
alpha chain of the enzyme (MW� 100 000) has a
volume of about 2.5� 10�19 and a density of about
1.4 g/L. It follows that 1 mM is equal to 10�22 moles, or
about 60 charges. (A comparable volume of a 0.1 M
NaCl solution contains about 104 ions of Na and Cl.)
Because of the many approximations, the calculations
offer an order of magnitude estimate at best. However,
the estimated number of charges may reflect a steric
limit at the active center.

The activity range of �0.1 mmoles P/min/mg
protein in Figure 1 is equivalent to 1015 molecules ATP
split/s/mg protein. Converting the specific activity (/mg
protein) to molecular activity (/molecule of enzyme),
using the specific activity of 32–37 mmoles P/min/mg
protein for ‘‘purified’’ enzyme [Jorgensen, 1974], we
obtain �60 molecules ATP/s/molecule enzyme. The
quantitative agreement with the enzyme turnover
number [Yoda et al., 1984] is fortuitous, but the fact
that electric fields do not increase the activity ap-
preciably above this point (see Fig. 1) could indicate
that the turnover number reflects the maximum con-
centration of charges that can be sustained in this
protein.

CHARGE DISTRIBUTION AND
CONFORMATION CHANGE

The transfer of charge during enzyme function
probably triggers the conformation change that is part of
the ion transport mechanism. The relation between pro-
tein charge and aggregation iswell known, [Blauk, 1989]
and has been found useful in describing hemoglobin
aggregation [Blank, 1984;Blank and Soo, 1987], electri-
callygatedchannelopening[BlankandSoo,1989],andis
a reasonable model for the flipping of the Na,K-ATPase
with a change in protein charge [Blank, 1995].

A possible sequence of changes in protein charge
can be seen from an analysis of the ATPase reaction.
The hydrolysis of ATP is complex, and the equilibrium
depends on many parameters, for example, Mgþþ, pH,
temperature, etc. [Phillips et al., 1969]. Because the pK
of ATP and ADP differ, the equilibrium is affected by
the pH, and cause changes in Hþ ion concentration. To
highlight the role of Hþ ions, the reaction can be simply
written as

ATP ! ADPþ Pþ nHþ ð3Þ
where n is the number of moles needed at different
pHs and temperatures. When ATP is hydrolyzed, the
increase in Hþ ions on the inner surface leads to a re-
equilibration and redistribution of protons and electrons
across the membrane.

Starting with the Na,K-ATPase in the phosphory-
lated conformation, E1,when Naþ ions and ATP are
bound on the inside, the splitting of ATP releases
protons which redistribute across the enzyme along
with the electrons. The changes in surface charge
density at both inner and outer surfaces cause the inside
surface of the channel to close and the outside surface
to open. The bound ions would then be free to re-
equilibrate with the different composition of ions in the
outside solution.

From this point of view, the Na,K-ATPase
achieves many of its functions simply by splitting ATP.
The movement of charges associated with the splitting
of ATP accounts for the observed effects of applied
electric and magnetic fields on the enzyme. The rapid
speed of the movement accounts for the communication
between the two enzyme surfaces. The release of
protons leads to the openingof protein/aqueous interface
and accounts for the sequential conformation change in
the enzyme and the ion transfer [Blank, 1995].

TRANSMEMBRANE POTENTIAL AND THE
Na,K-ATPase REACTION

In studies with the Na,K-ATPase, and other sys-
tems, weak applied electric fields, �1 V/m, are able to
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affect the function of the enzyme in the presence of the
transmembrane electric field of �107 V/m. Magnetic
fields at comparably low field strengths are also effec-
tive. The proposed mechanism suggests how this can
occur through an effect on the transmembrane potential.
As an example, let us consider the study by Garrahan
and Glynn [1967] showing a reversal of the
Na,K-ATPase reaction to generate ATP by hyperpolar-
izing the membrane.

The catalytic portion of theNa,K-ATPase is on the
inner surface of the membrane, and increases in
membrane potential make the region near the enzyme
more negative (see Fig. 2B). In the ATPase reaction,
Equation 3, the pKs of ATP and ADP differ, and
when ATP splits there is a release of Hþ ions. The
increase in Hþ ion concentration near the enzyme
drives the reaction toward making more ATP. This
is apt to be a large effect since an elevated K gradient
hyperpolarizes the membrane potential from normally
about �15 mV to about �85 mV. Simple EDL theory
predicts approximately a 10-fold increase in proton
concentration in the vicinity of the enzyme surface.
It is not possible to estimate the quantitativeeffect on the
ATP concentration under the experimental conditions,
but an approximate doubling of ATP is observed.

The above effect is probably a factor in mitochon-
drial function. The ATP synthase and the Na,K-ATPase
are different proteins, but they catalyze the same reac-
tion, and there are many parallels between their
properties. In the ATP synthase, it is possible to stop
the flow of electrons in the electron transport chain with
inhibitors, or to reverse the flow of electrons by chang-
ing the concentration of substrates. The electron
transport chain can also be made to go in reverse when
ATP is hydrolyzed and electrons are fed into the chain.
ATP is the fuel that drives a large class of transmem-
brane transporting enzymes that share many structural
features and that may also share the charge transfer
processes discussed here. Chemiosmotic theory has
linked oxidation and phosphorylation through a com-
bination of a membrane (electric) potential and the
electric equivalent of a proton chemical potential
gradient that is generated by the coupling reactions.
The membrane potential is probably acting via the
mechanism discussed here.

ARE THE TWO PARADIGMS COMPATIBLE?

The implications of our studies led us to postulate
that electrons and protons exist transiently due to
flickering of H-bonds, and that they interact with
applied fields. This provides a plausible approach for
understanding enzyme properties,

. the basis for changes in enzyme activity when
changing pH, ion concentrations, etc.

. the magnitude of the enzyme turnover number.

. the ability of the ATPase reaction to trigger protein
conformation changes.

. the ability of membrane hyperpolarization to reverse
the enzyme and generate ATP.

The hypothesis also reconciles bioelectromag-
netic measurements with current ideas in biology,

. why relatively weak electric fields �1 V/m (compar-
ed to the transmembrane electric field of �107 V/m)
are able to affect the function of the enzyme.

. why there are differences between responses of
membrane enzymes to electric and magnetic fields.
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