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Quantitative analysis of the frequency spectrum of the radiation emitted
by cytochrome oxidase enzymes
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A physical model is proposed that provides a quantitative analysis of the energy emitted by proton flows
through mitochondrial walls. The model developed is based on biochemical and biophysical properties of the
enzyme cytochrome oxidase and in particular the embedded heme groups that are involved in the electron
ferrying mechanism. The estimates of the energies at approximately 1.1 eV and corresponding wavelengths of
the near infrared radiation generated, with a peak close to 900 nm, agree extremely well with experimental
values. The basic idea in the mechanism proposed is that the passage of a proton through the mitochondrial
wall’s gate is linked with the creation of a virtual proton-electron pair in an excited state of a hydrogen atom.
The electron is temporarily removed from the enzyme when the proton arrives at the gate and is subsequently
deposited back at the enzyme’s acceptor site when the proton leaves the gate.
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I. INTRODUCTION

All living systems spontaneously emit biophotons@1# in a
broad range from thermal radiation in the infrared throu
visible up to ultraviolet. The intensity of biophotons has be
detected to range from a few~photons/s!/cm2 up to several
hundred~photons/s!/cm2. In most cases the spectral distrib
tion is broad and rather flat except in special situations s
as cell division. The origin of biophoton research can
traced back to the pioneering work of Gurwitsch@2# and can
be linked to the electromagnetic theory of life proposed
Burr and Northrop@3#. In 1955 Colliet al. @4# succeeding in
proving the existence of biophoton emission in the visi
region between 390 and 650 nm.

Today, bioluminescence is a well documented pheno
enon that can be traced to bacteria whose light emissions
be visible to the naked eye. Various higher organisms s
as squid, jelly fish, and fireflies emit light using the enzym
luciferase. We note that for fireflies and fishes, this lumin
cence serves interorganism communication purposes. Co
experiments were later supported by the results of
selovskiiet al. @5#, Ruth and Popp@6#, Tarasovet al. @7#, all
of whom studied different organisms. Significantly, for t
purpose, Vladimirov and L’vova@8# detected emissions from
isolated mitochondria of rat liver that occurred most
tensely when conditions were optimum for oxidative pho
phorylation. Zhuravlevet al. @9# worked with isolated rat
liver mitochondria, finding that mitochondrial luminescen
requires ammonium dihydrogen phosphate~ADP! and oxy-
gen, and that uncoupled electron transport~nonphosphorylat-
ing! can contribute to the observed luminescence. Since p
tons are emitted when electrons jump from molecular exc
states to lower energy levels, it should not be too surpris
to find that photons are emitted from mitochondria, whe
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oxidative phosphorylation and electron transport can prov
the energetic pathways to boost electrons into excited st
@10#. Interestingly, the last part of Ref.@10# comments on the
source of bioluminescence in eukaryotic cells in the follo
ing way: ‘‘Unlike bacteria and other organisms displayin
macroscopic bioluminescence, however, precise mechan
for weak eukaryotic photon emissions remain to be disc
ered.’’ It is our intention in this paper to provide an insig
into this question.

In a series of studies, spanning a period of some 25 ye
of research Albrecht-Buehler~AB! demonstrated that living
cells possess a spatial orientation mechanism located in
centriole@11–13#. This is based on an intricate arrangeme
of microtubule filaments in two sets of nine triplets each
which are perpendicular to each other. This arrangement
vides the cell with a primitive ‘‘eye’’ that allows it to locate
the position of other cells within a 2°–3° accuracy in t
azimuthal plane and with respect to the axis perpendicula
it. He further showed that electromagnetic signals are
triggers for the cells’ repositioning. It is still largely a mys
tery how the reception of electromagnetic radiation is
complished by the centriole. Another mystery related
these observations is the origin of the electromagnetic ra
tion emitted by a living cell. Using pulsating infrared signa
scattered off plastic beads AB mimicked the effects of
presence of another living cell in the neighborhood. T
question that still remains, which we wish to address in t
paper is the source of infrared~IR! radiation speculated by
AB to originate in the mitochondria. Mitochondria are th
organelles that produce the energy in the form of ATP m
ecules each of which carries approximately 0.5 eV stored
the high energy phosphate group part of which is due to
electrostatic repulsion between the oxygens in the phosp
group. The synthesis of ATP in the mitochondria is a m
tiple step process relying on the transfer of protons across
mitochondria wall and creating apH gradient. The explana
tion of how this works brought Mitchell a Nobel Prize i
©2001 The American Physical Society15-1
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1971@14#. At the center of this mechanism is the functionin
of proton pumps embedded in the mitochondrial wa
Broadly speaking, these pumps are intricately built with
active moveable part consisting of an enzyme called cy
chrome oxidase that opens and closes a channel thro
which individual H1 ions enter the mitochondria. A living
cell is a noneqilibrium physical system that requires a c
tinuous energy input to sustain its activities. In animal ce
energy production involves breakdown of nutrients and
subsequent production of ATP molecules that are the uni
sal currency of energy in cells. The production of ATP m
ecules in turn is directly linked to the regular functioning
the mitochondrial pumps. It is therefore logical that one
the signatures of a living cell would be related to the os
latory ~pulsating! effect of mitochondrial proton flow. AB
did suggest that the mitochondria are the best candidate
the explanation of infrared emission effects. He even poin
in the direction of the porphyrin containing proteins, i.e., t
cytochromes. It is our intention in this paper to provide
quantitative account of how the structure of the porphy
molecule results in the spectrum of emitted IR radiation
served in AB’s experiments. Based on statistical analysis
a culture of 800 cells AB found a response function to
wavelength of electromagnetic radiation found below. T
peak in Fig. 1 appears to coincide with 850 nm that is in
near IR and in the following pages we propose a deta
quantitative mechanism explaining such an emission sp
trum.

FIG. 1. ~a! The percentage of cells that removed the light sc
tering particle as a function of wavelength. The most ‘‘attractiv
wavelength was between 800 and 900 nm,~http://
www.basic.nwu.edu/g-buehler/irvision.htm!. ~b! The fractionF of
cells that remove the light scattering particles.
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The effects of biophoton emission and absorption in l
ing cells cover a very large body of literature, as we ha
shown above, some of which provides corroborative, alb
indirect, evidence for studies of Albrecht Buehler.

II. THE BIOCHEMICAL STRUCTURE AND FUNCTION
OF THE CYTOCHROMES

The mechanisms involved in the process of proton gra
ents are illustrated in Fig. 2. To convert the energy of red
reactions of photoredox processes into a movement of
tons from the left- to the right-hand side of the membra
the redox driven protonmotive system is postulated. T
separation of protons and anions across the membrane h
the energy and the stored potential energy is utilized in t
ways. When there is a right-to-left flow of protons throug
the ATP, synthetase is coupled to the energy requiring s
thesis of ATP from ADP and inorganic phosphate. This lat
flow is coupled to active transport of biochemical comp
nents. The reverse flow involves the hydrolysis of ATP
the left side accompanied by the left-to-right proton flow.

ATP synthetases are located asymmetrically in me
branes that are driven by the electrochemical potential of
protons and have a H1/P stoichiometry characterizing it
The major subunits are shown in Fig. 3. To the le
cytochrome-c-oxidase and to the right the quinol oxidase.
both cases the motif of a single heme plus heme/copper

-

FIG. 2. A model of the transducing components located on
inner side of the mitochondrial membrane.

FIG. 3. A schematic diagram of cytochromec oxidase~cyt.aa3!.
5-2
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QUANTITATIVE ANALYSIS OF THE FREQUENCY . . . PHYSICAL REVIEW E64 051915
nuclear center is evident. An analogy may be drawn, des
the fact that the enzymes differ in the nature of their elect
entry sites, between electron donation from cytochromec to
the Cua /cytochromea sites and from quinol (QH2) to heme.
The oxidation system in mitochondria is made up, prin
pally, of the membrane associated with the electron trans
chain.

The oxidation of reduced NAD, the reduction of O2 to
water that accompanies it, and the storage of energy are
overall function of this system. It is assumed in the chem
osmotic hypothesis that the intermediate form is created
transporting hydrogen ions from the inner mitochondrial m
trix to the exterior of the inner mitochondrial membrane.
representation of the process in the mitochondria can
schematically illustrated by the following reactions:

NADH1H11
1

2
O2�NAD11H2O1ESE, ~2.1!

ADP1P1ESE�ATP. ~2.2!

The electrochemically stored energy is represented
ESE. The reaction in Eq.~2.1! describes the oxidation sub
system and ESE is associated with the membrane. The
cess in Eq.~2.2! describes the transduction system. Availab
models have restrictions placed upon them by experime
features. The reactions in Eqs.~2.1! and~2.2! can be thought
of as reversible since, in the presence of excess ATP an
appropriate electron source other than water, the react
can be run backwards leading to such high energy redu
intermediates as NADH. This mechanism seems to be p
sible in many systems and a normal pathway in others
second reason for reversibility is that respiratory control
the rate of oxygen utilization by ADP suggests a near-
equilibrium distribution of the products of the first reactio
By a utilization of ESE the reaction is shifted to the righ
Clearly the reversible and near-to-equilibrium features s
gest that equilibrium thermodynamics can be used. We m
assume that for Eq.~2.2! the actual sites for the correspon
ing processes are the ATP synthetase complexes of the
mitochondrial membrane.

As a super family of metalloenzymes, the terminal o
dases share the basic function of catalyzing, by a four e
tron process, the complete reduction of oxygen to water.
our purposes it is important to emphasize that a proton e
trochemical gradient is established across the membran
the terminal oxidases. This is achieved by taking up the
quired protons to produce water from one side of the me
brane only. These latter oxidases have also been show
pump protons across the membrane. This occurs in a pro
that implies a coupling, against the diffusion gradient, b
tween endergonic proton translocation and an exergo
electron transfer process. The terminal oxidases, there
contribute significantly to the maintenance of a transme
brane proton electrochemical gradient. Crystallograp
structures of cytochrome oxidase enzymes have been e
lished and we show one example below in Fig. 4.

It has been firmly established that there is a near-z
activation energy in oxidation of reduced cytochromec by
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ferricyanide. The uptake of an electron at the iron center
the energy for release may come from the vibrational ene
of the protein. Furthermore, for our purposes in this pape
would seem quite probable that conformational mobility
the protein may assist in the electron-transfer process and
control of the gating process itself. The removal of sites
binding ferricyanide and elimination of surface positiv
charges via modification of lysine residues, does not aff
the activation energy that remains near zero. The treatm
of the protein with 4M guanidine hydrochloride~which re-
laxes the binding of ferrocyanide to the reduced molecu!
does not affect the electron transfer rate. The notion t
conformational changes are important in the electron tran
function of cytochromec is supported by the above ev
dence.

At the center of the enzyme one always finds an all i
portant heme group that plays a cardinal functional role. T
heme group, which is essentially a network of 36 conjuga
bonds arranged in a flat disc, is derived from porphyrin m
ecules. Below we show the basic structure of the heme gr
in Fig. 5~a! as well as a specific example in Fig. 5~b!. Iwata
et al. @15# pointed out that the structure of the cytochrom
bc1 complex, especially the iron-sulphur complex sugge
the existence of a new electron transport mechanism of
enzyme. The importance of electroconformational coupli
i.e., the influence of oscillating electric fields for the e
zymes cellular energy production has been demonstrate
Tsong et al. @16# within a physical framework. The hem
group and related molecules often contain a metal ion at t
center. One can imagine that such systems of conjug
bonds will exhibit physical properties that are somewh
‘‘between’’ those produced by the energy levels of sing
ions and the continuous energy band structure of solid s

FIG. 4. A view from the mitochondria intermembrane spa
down the membrane normal: a stereoview of cytochromec, subunit
8, and the metalcluster binding fold of the ISP at the ‘‘c1’’ state.
The disulphide bonds in subunit 8 are shown and ligands of he
c1 ,His161 of ISP.
5-3
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crystals. The electronic structure generated by the charg
the metal ion when it interacts with its environment will b
considerably modified. Some of the states may lie close
each other not allowing transitions to take place becaus
selection rules arising from conservation of momentum a
spin. It is possible, therefore, that they may store energ
the form of infrared photons being well protected from t
thermal chaos of the cellular world until a very specific tri
ger discharges them. These discharges may release ph
of higher energy than the single electrons that built up

FIG. 5. ~a! Basic molecular structure of porphyrins without th
side chains being specified.~b! H2 phthalocyanine~for H2 porphyrin
omit peripheral benzene rings and repla
a,b,g,d,uNv by uCHv.
rb
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charge. They may also generate sudden electrical condu
ity of the molecule because electrons in higher energy lev
may have energies comparable to the energies of the con
tion bands of the crystal in which they are embedded. T
the porphyrin molecule could serve as a powerful amplifi
tion mechanism even though the absorbed photons have
tively small energies. In the next section we present a v
simplified picture of the lowest states of the divalent ferro
ion in the center of a heme group.

III. A SIMPLIFIED MODEL CALCULATION

We suppose that we have a structure made up ofN carbon
atoms in a plane and arranged in a circle with an Fe21 ion at
its center having an incompleted shell containing six elec-
trons and all other ion states are filled. The presence o
ferrous or ferric ion in the cytochrome molecule is a reas
able presumption since it undergoes a redox reaction by
drogenase whereby

ferricytochromec3~4Fe31!12H2

�ferrocytochromec3~4Fe21!14H1.

We choose to examine the divalent variety and how
environment modifies its orbital states since its ground te
has an orbital angular momentum,L52 ~a high angular mo-
mentum state!, whereas the ferric variety is an S-state io
that is not significantly affected by charges in its enviro
ment. If a is the radius of the first co-ordination circle, th
carbon atoms will be at positions@x5a cos„(2p/N)m…, y
5a sin„(2p/N)m…, z50# where the integer,m, takes the
valuesm51,2, . . . ,N.

We consider one of the 3d electrons for simplicity at the
position x5r sin(u)cos(f) y5r sin(u)sin(f), z5r cos(u). If
2queu is the charge on any one carbon atom, the poten
energy,V, of one 3d electron will be
V5
queu2

Ar 21a222ar sin~u!FcosS 2
p

N
mD cos~w!1sinS 2p

N
mD sin~w!G

, ~3.1!
obtained by writing the squared distance between the ca
atom and a 3d electron as

S x2a cos
2p

N
mD 2

1Xy2a sinX2p

N
mCC2

1z2, ~3.2!

Rewriting Eq.~3.1!, V becomes
on
V5

queu2

Ar 21a222ar sin~u!cosS 2
p

N
m2f D

5
queu2

aA11
r 2

a22
2r

a
sin~u!cos~ ū !

, ~3.3!

where
5-4
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QUANTITATIVE ANALYSIS OF THE FREQUENCY . . . PHYSICAL REVIEW E64 051915
ū5
2p

N
m2f. ~3.4!

By assumingr !a we may expand the square root so th
Eq. ~3.3! becomes

V5
queu2

a (
n50

` S r

aD n

Pn„sin~u!cos~ ū !…, ~3.5!

where thePn are thenth Legendre polynomials. More ex
plicitly, to the n54 term

V5
queu2

a H 11
r

a
sin~u!cos~ ū !1

r 2

a2

1

2

3@3 sin2~u!cos2~ ū !21#1
r 3

a3

1

2

3@5 sin3~u!cos3~ ū !23 sin~u!cos~ ū !#

1
r 4

a4 @35 cos4~ ū !sin4~u!23 cos2~ ū !sin2~u!13#1¯J .

~3.6!

Utilizing trigonometric multiple angle formulas~3.6! @17#,
becomes

V5
queu2

a H 11
r

a
sin~u!cos~ ū !1

r 2

4a2

3@3 sin2~u!@cos~2ū !11#22#1
r 3

8a3

3$5 sin3~u!@cos~3ū !13 cos~ ū !#212 sin~u!cos~ ū !%

1
r 4

64a4 $35 sin4~u!@cos~4ū !14 cos~2ū !13#

2120 sin2~u!@cos~2ū !11#124%1¯J . ~3.7!

Summing over all the carbon atoms, i.e.,m from 1 to N,
the contributions from cos(ū)cos(2ū), cos(3ū), and cos(4ū)
vanish leaving the potential energy ofoneelectron due toN
carbon atoms,V̄, as

V̄5
queu2

a
NH 11

r 2

4a2 @3 sin2~u!22#1
r 4

64a4

3@105 sin4~u!2120 sin2~u!124#1¯J . ~3.8!

When V̄ is summed over all six electrons, retaining on
the first two terms ofV̄, and using operator equivalents w
find

V̄5
queu2

a
NH 61

^r 2&a

4a2 @L~L11!23Lz
2#1¯J , ~3.9!

where the average ofr 2 for 3d6Fe21 is ^r 2&52.026a0
2, a0

being the radius of the first Bohr orbit of hydrogen. T
05191
t

constanta522/21 andL is the total orbital angular momen
tum of Fe21 for its ground term that by Hund’s rules isL
52. We drop the first constant term in Eq.~3.9! as this
merely shifts all levels up or down in energy depending
its sign.

In order to estimate the range of acceptable values foV̄
in Eq. ~3.9! we rewrite this expression as

V̄5
DEqN

x3 ~24800! cm21, ~3.10!

where we have used the facts thate2/a0.105 cm21 and
1 eV.8000 cm21, DE is the energy separation in dimen
sionless units fromL(L11)23Lz

2 when the component o
orbital angular momentum takes the values72 71, and 0.
Thus positive values ofDE can be 9, 12, and 3. The param
eterq represents the valence of the carbon atoms that ca
between 2 and 4 andN is the total number of carbon atoms
the ring that we estimate can range between 30 and 36. H
x represents the multiple ofa0 that makes up the radius o
the circle, i.e.,a5xa0 . We believex can vary approximately
betweenx510 andx520. The largest positive value ofV̄ is,
therefore,

V̄.
1234336

1000
3480058294.4 cm2151.04 eV.

~3.11!

The energy corresponds to a wavelength that is alm
1200 nm and lies approximately in the middle of the ran
shown in Fig. 1 stretching from 600 to 1700 nm. The valu
above 1200 nm correspond to lower energies and are ea
account for due to the possibility of a larger ring siz
smaller valence or smaller values ofDE. We envisage, as we
see later, a proton in close proximity to the ring that will th
become distorted preferentially on one side only. Thus
effective radius,a, of the ring for a percentage of the carbo
atoms on one side of it will become less. As the quantitya
appears asa23 in expression~3.9! or ~3.10!, this distortion
will have the effect of increasing the magnitude ofV̄ in Eq.
~3.10!. This increase will clearly depend on the number
carbon atoms affected and the average fractional decrea
a, i.e., 23da/a. We estimate that foruda/au;5/100 then
the value ofV̄ in Eq. ~3.11! will be increased, for half the
carbon atoms affected, by approximately 6%. This is qu
sufficient to bringV̄ close to 1.10 eV in agreement wit
experiment. In order to explain the peak below 1200 nm o
needs to revisit the structure of the ring. The trivalent nit
gen tends to be closer to the center of the ring and could
easily increase the energy of the transition.

IV. A PROPOSED MECHANISM

The question of electronic@18–31#, protonic@32–35#, and
ionic @36,37# conduction in biological systems, especial
proteins and enzymes, has received considerable attentio
the last two decades. Although dry state activation energ
for biopolymers have been reported in the range 2.2–3.7
@26# this potential barrier can be significantly reduced to t
5-5
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J. A. TUSZYŃSKI AND J. M. DIXON PHYSICAL REVIEW E 64 051915
values observed for semiconductors that are 1.1 eV or
@27# as result of hydration which, of course, is the natu
state in biological systems. A particular mechanism of el
tron and proton mobility involves transfer of electrons fro
donor to acceptor sites via a ferrying process facilitated
protons. We believe that this is indeed the case with a p
tonic passage through channels in mitochondrial walls.

Gilmanshin and Lazarev@23# claim that the transfer o
electrons along a protein is accomplished by a series of re
centres incorporated into the protein structure. This allo
for the directionality of electron transfer over distances
0.3–3.0 nm. The protein-electron carrier system consist
protein, possibly localized within a mitochondrial wa
which has a single redox center. The redox centres are
ally prosthetic groups containing molecules of nonprotein
origin that have conjugated orbital systems and often inc
porate metal ions. The function of the prosthetic group
several fold. It ensures the fixation of charges and dipole
its microsurroundings and catalyzes electron transfer. S
ond, the orientation of the prosthetic group relative to ot
proteins may enhance recognition of the redox center. Th
the prosthetic group may act to influence the electronic s
of associated proteins or vice versa, and result in a degre
isolation from the polar solvent. Finally, it may control ele
tron transport through its oxidation or reaction that alters
carrier concentration. Ichinose and Minato@33# are in gen-
eral agreement with the statement that electron transfe
biological systems occurs via a redox scheme but are cri
of electron tunnelling over distances of 3.0–7.0 nm as so
have reported. Instead, Ichinose and Minato propose
protein is an insulator at physiological temperature and
electron transport is mediated by protons.

In terms of the energies and individual mechanisms
the electronic transitions in the cytochrome oxidase we p
pose that the first step in the process involves the excita
of the ferrous ion. This is most likely caused by a kine
energy transfer from the decelerating proton approachin

FIG. 6. Excitation of Fe12, transfer of an electron to a proton
and subsequent descent in energy from then56 to n53 state of
hydrogen.~A! Energy levels of Fe21 labeled with the component o
angular momentum.~B! Two energy levels of hydrogen labele
with the principal quantum numbersn56 andn53.
05191
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positively charged heme group. It would only require a slo
down of the proton from a velocity seven times greater th
the rms value to the thermal average. Once the ferrous io
sufficiently excited an electron can tunnel through a poten
barrier to become loosely bound to the proton as illustra
in Fig. 6. The virtual weakly bound hydrogenic syste
formed may then relax from ann56 state to ann53 state to
emit IR radiation of 1.13 eV. The iron remaining in the hem
group will be a ferric ion, in anS-state ground state, which
will not couple strongly to its immediate ring of carbon a
oms. The loosely bound hydrogen electron, when the pro
moves past the heme group, would then be transferred
local acceptor site, so that when donor and acceptor re
the iron is restored to its Fe21 valence state with six electron
and the process begins again as the proton moves fu
through the mitochondrial membrane~see Fig. 7!.

V. CONCLUSIONS

In this paper we have discussed a specific model o
physical mechanism intended to explain quantitatively
origins of cell-cell communication by the emission of infr
red radiation. The motivation for this analysis was given
the experimental observation made over the past two dec
by AB who established that neighboring cells perceive e

FIG. 7. The passage of a proton through an opening in
mitochondrial wall ferrying an electron between donor and accep
sites. The proton ‘‘opens the gate’’ by distortion of the heme gro
accepts a loosely bound electron, freely diffuses to the acceptor
where it then donates the electron. Donor and acceptor relax to
initial state and the ‘‘gate closes.’’
5-6
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QUANTITATIVE ANALYSIS OF THE FREQUENCY . . . PHYSICAL REVIEW E64 051915
other’s presence through signals emitted most likely by
mitochondria. The experimental evidence gathered by
strongly suggests that infrared radiation is produced by
proton pump in the mitochondrial wall. We have followed u
on this hint and developed a quantitative model that wo
fully account for and corroborate AB’s suggestions. The p
cess that we envisage is consistent with the biochem
structure and function of the enzyme. In the first step of
process a cytoplasmic proton impinges upon the wall
decelerates, transferring some of its kinetic energy into
gate. This energy is then utilized to excite the heme gro
and also causes a conformational change in the enzym
sulting in the opening of the gate. The excitation in the he
group facilitates the subsequent tunneling of one of its
lence electrons that forms a virtual pair with the proton. T
pair, with no net charge, freely passes through the gate, u
which the electron is reabsorbed into the protein at the in
rior acceptor site. It is subsequently recycled back into
donor site through a process of thermally activated mig
tion. The gate closes and the process repeats itself cyclic
with the arrival of a new proton outside the gate. The el
tromagnetic radiation is emitted when the electron is de
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cited from the conduction band to a valence state and ha
energy, approximately in agreement with experiment, and
the vicinity of 1 eV that corresponds to the near infrar
region in accordance with AB’s work.

Although in this paper we have elucidated how the inf
red signal is produced by the mitochondria there is still
important aspect of cell-cell communication that remains
be explained. This is the complementary aspect of how
signal is absorbed by the centriole, and how it is processe
a cascade of events orchestrating the cells motility. We
tend to develop a physical theory of the centriole’s role
directing the cell’s movements in a future publication.
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