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paper at the New York Academy of Sciences much ear-
lier on the isolation from muscle extracts a compound of
adenosine with three phdsphates, one of them linked to
ribose. But the abstract was not printed in the proceed-

An attempt is made to draw a profile of adenosine
triphosphate (ATP) and to project its many actions.
The amazing versatility of its participation in a

number of synthetic reactions lies in the oligophos-

phate structure. Many proteins that use ATP have ings. Lohmann later found that ATP is a derivative of
conserved binding ‘P-loop’ but this gives no clue adenosine-3-phosphate with two more phosphates at-

what makes it so special. The energy transducing tached in phosphodiester linkages (Figure 1) and this
reactions leading to synthesis of the terminal phos-  Was later confirmed by chemical synthesis by Todd*.

phodiester had at least three strategies. Of these, Requirement of energy for cellular processes such as
direct dehydration and transfer of inorganic phos- membrane transport and chemical synthetic reactions is

phate using respiratory energy operate through self-evident. With a commendable foresight, Lipmann’
mechano-coupling in a multisubunit protein. This postulated that some compounds act as intermediate
tripartite, knob-stalk-base structure provides a carriers of energy, designated by the famous swiggle (~)
novel mechanism of rotational cataly sis and the ﬁ“_i' to indicate their ‘energy-rich’ character, and suggested
est molecular motor. All the reactions occur in that hydrolysis of ATP to ADP+P; could be the major

S(i);zceert‘;]viltt]l: l;ﬁ;lg;e;f i::-,i,rf;zzd:h:r lct?llem;f.r:tlz; provider of cellular energy currency, the equivalent of a
: 5 4 metal coin, a paper note or a plastic card.

structure of F;-ATPase, proton translocation needs a OFf th o .
relook. An alternative perspective is emerging on the main phosphate compounds, only those with

energy being received and stored in polypeptide Phosphodiester—acyl phosphate, enol phosphate and N-
structure by breaking hydrogen bonds. Membrane Phosphate bonds —are ‘energy-rich’ or more appropri-
serves the purpose of mobilizing the constituent pro-  ately described as having ‘high group transfer potential’,
teins and also as a potential energy carrier of (Table 1). The expression ‘energy-rich’ implies that on

proteins with little loss of energy. hydrolysis of such bonds sufficient energy is available
for formation of bonds of useful compounds. In general,
ATP provides for much of the energy requirement of a
biosystem, but the pool size of adenosine phosphates is
l[imited. Therefore hydrolysis of ATP must be continu-
ously compensated by its synthesis. The awecsome
magnitude of this demands a turnover of ATP in a day
equal to half the body weight of a lethargic person!

IN nature, energy is transformed from the primary
chemical storage as carbon-hydrogen (C-H) bonds to
chemical, electrical, osmotic, mechanical and thermal
forms to support functions of biosystems. Biological
energy transduction systems are fine examples of design
and engineering perfected over the long evolutionary
period. Basically, there are two underlying processes:
the production of the unique energy currency of the cell,

the magic molecule adenosine triphosphate (ATP), and H M
the energization of the membrane, for performing energy f'\ho
transactions. Here ]'ies the secret of t.hﬂ&'j~ design backed py _C_N
accumulated experience of three billion years of exis- lil, s 5ﬁ ? ‘:\\CH / / /
tence of life on earth. Two key questions are: What HC;’}C“;{I/ O, 0, O,
makes ATP the most suited energy-dollar? What hap- N H\ _o" SL—O—PIZI'iO—-—"-—-O-—ELO'
pens in cellular membranes which are the site of key 11;* :\cﬂchz s § At -
tranduction processes? ,OUC\EQ O, O;; O,
R/
y'O
H

The ATIP molecule and its energy

Figure 1, The structure of ATP. The structure and numbering

Fiske and SubbaRow' and Lohmannz both indcpeml- iy adapted fn?m ref. 10 except for showing [I’It:‘! If_lr-crc phuxphut_es
: ! : . : in linear chamn, Arrows are given on top to indicate the splits

ently discovered ATP in 1929, Narrating the historical that occur before a, 8 and y phosphates in muany reactions ATP

event, Maruyama® reported that SubbaRow presented his  undergoes.
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Table 1. High group transfer potential phosphates. The atoms

attached to phosphate are arranged to bring & common basis of

three ‘energy-rich’ phosphates: —(O=C-0-P), —-(HC=C-0-P) or

~{HN=C-N-P) indicated by (X=Y-Z-P). The values of energy re-

leased on hydrolysis of the phosphate bond AGp are given in

kcal/mole (1 kcal is about 4.2 joules/mole). All the O and H are
not shown. R ts attached to Y

il r nilelinlil — i3 S -

Compound AG kcal/mole R X=Y-Z-P
ATP 7.3 AMP-0O- O=P-0O-P
Pyrophosphate 3.0 - O=P-0O-P
Creatine 10.3 CH3;-N-
phosphate I

HOOC-CH, HN=C-N-P
Acetyl phosphate 10.3 CHs;- O0=C-0O-P
Phosphoenol pyruvate 14.8 ~-COOH H,C=C-0O-P

Structuring three phosphates with two phosphodiester
linkages 1s part of an overall strategy of selection of
ATP as the crucial molecule for bioenergetic functions.
This unfolds as we learn about the multiple hydrolytic
and synthetic reactions that depend on ATP molecule.
Although the single phosphodiester of ADP should make
it equally competent, however, ADP substitutes poorly, if at
all, 1n most ATP-requiring reactions. A rare exception was
found in our laboratory® wherein ADP was equally effective
as ATP for supporting low rates of mevalonate kinase, only
when used at sub-saturation concentration.

Why so many ATPases?

Hydrolysis of ATP by the enzyme, ATPase cleaves the
terminal y-phosphate, releasing 7 kcal of energy which
can be made available to sapport a variety of cellular
activities. A number of ATPases associated with specific
functions are identified by single alphabets (Table 2).
Broadly they form two groups, which are characterized
by formation of enzyme intermediates either of E-P type
with covalently linked phosphate or of E#PP with

£ - P intermediate E2% intermediate
+ + + _
Ng -pump H-K-pump Mitochondrial
Fo Fy — AT Pase _ .
I 0N 4 Myosin Dymnein
'y
H' - pump
rulmryntes { Wwﬂﬂ} i [ o _ 1. _tujgtwitq_g
" prokaryotes T ;- prokaryoles
Cation Bacteriat Myosin
-pump FoFy - ATPase ~like

l Primitive H —pump

Figure 2. Schematic representation of evolution of two branches of
ATPases from a primitive H'-pump. Those with E-P-intermediate
developed into pumps. Those with EADP? intermediate formed the
contractile proteins and ATP synthase indicating mechano-coupling
as the basis of their action (adapted from Energy Transducing
ATPases (ed. Tonomura, Y.), Cambridge Univ. Press, 1986).

noncovalently bound ADP and inorganic phosphate (P).
These two groups have evolved from a primitive H'-
ATPase (Figure 2). One branch developed into va-
nadate-sensitive transport forms; P-type for cations and
M-type for efflux of drugs (also known as ABC trans-
porter or traffic ATPases). Discovery in 1957 by Skou’
of Na*, K'-ATPase, the first among this class, was re-

~warded by half share of the 1997 Nobel Prize in

Chemistry. The second group of ATPases are not sensi-
tive to vanadate as they carry no E-P intermediate, and
are utilized for functions that depend on mechano-
coupling of energy. Among these are the C-type, which
are involved in contractile proteins such as myosin, and
the F-type present in mitochondria, chloroplasts and
bacterial membranes, whose real .function is synthesis of
ATP 1n the reverse. The first of these F,-ATPase in

Table 2. Classification of some ATP-hydrolysing proteins. The list is not complete. Some information on the size
- and subunits is given. The single alphabet code is shown. The P and M type activities are vanadate-inhibited

Alphabet Mol. wt Subunits
code Name (kDa) (kDa)
P Na*, K*-ATPase 500 100 (4a), 40 (458), 11 (1)
M P-Glycoprotein
(multidrug resistant) 130-170 -
C Myosin (contractile) 480 200 (2HC), 15-25 (2L.C)
Dynein (contractile) 1300 330 (A), 122, 90, 76, 24-14 (LC)
' Vacuolar ATPase 172 89(a), 64 (b), 19.5 (c)
F FoFi (mitochondria) 370 54 (3a), 50 (38), 33 (3y)
(other minor ones, variable)
H Heat-shock proteins (hsp) 70,90 -
Grp 78 -
. Gro E 60+10 60 (EL), 10 (ES)
N Rec B, Rec A 140, 40 -
(DNA-dependent ATPase)
E Ectonuclease - -

(outer surface ATPase)
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Table 3. Multiple synthetic reactions dependent on ATP. The molecule ATP is used as source of energy and its components in multiple enzyme
reactions. These involve split at a—, 8-, and y—phosphate positions and transfer of phosphate, pyrophosphate and AMP groups to acceptors

ATP reaction and type of overall reaction

Examples

A. ATP —» ADP+P; |
(source of energy; S—y phosphate bond split)
1. Carboxylation, addition to CO; to CH3-C

- 2. Decarboxylation, removal of CO, from CH,COOH
3. R.NH:-N transfer to carboxyl-C

4. Transfer of whole amino acid:
~ amino—-N to a carboxyl-C

— carboxyl-C to an amino-N
5. N-C cyclization
B. ATP+X - ADP+X-P
(y—P transfer to acceptors, kinases)
. Hydroxyl group - sugar
- primary
- secondary
2. Carboxylate—-OH
3. Phosphate-OH
4. Guanidine—-N
5. Protein-Ser/Thr—OH
6. Protein-Tyr—-OH
7. Pyruvate+P; (= PEP + PP)
C. ATP->AMP+PP
(source of energy, a-3 phosphate bond split)
I. Acyl group activation |
(Adenylate 1intermediate)
2. Cyclization of phosphate to cyclic AMP
D. ATP+X->AMP+X-PP '
(a—f8 phosphate bond split with PP transfer)
1. ATP + R-5-P - AMP + PRPP
E. ATP+X->X-AMP+PP
(a—8 phosphate bond split with AMP transfer)
1. ATP + NMN — NAD" + PP
2. ATP + FMN — FAD + PP
3. ATP + Phosphopantetheine = Dephospho-CoA
4. ATP + Sulphate = 5'—Adenosyl phosphosulphate
5. ATP + (NTP), - RNA + PP,
F. ATP + X — Adenosine-X + PP + P
(Splits all three phosphates)
1. ATP + Methionine — S-Adenosyl-methionine + PP+P;

mitochondrial membranes was discovered by Racker’
who should have shared the 1997 Nobel Prize in Chem-
1stry had he been alive.

Other ATPases with specific functions are also rec-
ognized: vacuole-located V-type sequesters some
metabolites within the cell; the H-type, representing heat
shock proteins (hsp), act as chaperones and protect vital
proteins under stress conditions; the N-type are depend-
ent on DNA and help in their unwinding (e.g. Rec B) or
restriction enzymes (e.g. EcoRl); the E-type eclo-
ATPase, residing on the outside surface of the cell, 1s
related to purinergic receptor system and necds endoge-
nous ATP to be brought out for its activation,

Multiple synthetic reactions dependent on ATP

ATP i1s a versatile molecule, both as a source of cnergy
and as a donor of its own constituents - phosphate,
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Pyruvate carboxylase
Mevalonate—5-PP decarboxylase
Glutamine synthetase

Formyl glycinamide ribonucleotide glutamine aminotransferase

S-Aminomidazole-4-(N-succinylocarboxamide ribonucleotide)
(SACAIR) synthetase

Glycinamide ribonucleotide (GAR) synthetase
5-Aminoimidazole ribonucleotide (AIR) synthetase

Hexokinase

Choline kinase

Pyruvate kinase °
3-phosphoglycerate kinase
Adenylate kinase

Creatine kinase

Protein kinase A (or C)
Protein tyrosine kinase
Pyruvate: P; dikinase

Fattyacyl CoA synthetase
Aminoacyl-tRNA synthetase
Adenyl cyclase

5-Phosphoribosyl-1-pyrophosphate synthetase

NAD" synthetase

FAD synthetase

3-Dephospho-CoA synthetase

5-APS synthetase (sulphate activation)
RNA polymerase

S-Adenosyl-methionine synthetase (methionine activation)

pyrophosphate and AMP. It can be cleaved at the ester
linkages of all the three phosphate groups and transfer
part of the split molecule to the acceptors (Table 3).
Some reactions which are supported by split 1n y-
phosphate of ATP with both ADP and P; released are: car-
boxylation, decarboxylation, transfer to carboxyl-C of
ammonia-N, amimo-N of glutamine and amino-N along with
the rest of asparagine, transfer to amino-N of glycine car-
boxyl, and cyclization of formyl-C and amino-N.

Kinases form the major group of enzymes among the
ATP-utilizing reactions. Other nucleotide triphosphates
do not substitute ATP, or do so only poorly. A large
number of compounds are activated by phosphorylation
using y-phosphate of ATP. There are different phos-
phate acceptor Zroups — primury hydroxyl-Q,
carboxylate-Q, phosphate-0, guanidino-N (creatine and
arginine), and also protein-bound serine, threonine and
tyrosine (protcin Kinases).
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No example exists which shows transfer of ADP from
ATP to an acceptor. There does exist a sole example of a
kinase which uses both y- and B-phosphates of ATP in a
coupled reaction of phosphorylation of two substrates. Ex-
clusive to plants, pyruvate-P; dikinase phosphorylates
pyruvate to phosphoenol pyruvate and inorganic phosphate
to pyrophosphate thereby releasing AMP from ATP.

The significance of ATP having three phosphates is
revealed by a set of reactions that use energy derived by
splitting between a- and SB-phosphates. The two prod-
ucts, AMP and PP, are released, each of which can be
transferred to suitable acceptors and in the process re-
lease the other one, and AMP portion released can go
into polymerization or cyclization reactions.

One unique reaction that cleaves all the three phos-
phates of ATP is in the activation of methionine. The
synthesis of the biological source of methyl groups,
S-adenosylmethionine, occurs by transfer of the adeno-
syl group of ATP to methionine sulphur with
simultaneous release of PP and P;.

Structure of ATP molecule

The oligomeric phosphates make ATP a highly flexible
molecule. The P-O bonds can freely rotate and can keep

Figure 3. Structures of ATP and Mg®* and Na* complexes. a,
Mg.ATP based on the proposal of Szent-Gyorgyi'® with the phos-
phate tail bent over the base to form a quadridentate chelate. b, The
crystal structure of disodium ATP of Kennard et al'® also shows bent
tail over base but coordination of. cation occurs only with Ny of
adenosine and an oxygen of y-phosphate. Only C, N, O and P atoms
are shown along with Mg and Na.
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Figure 4, Structure of protein-bound ATP. a, The molecule of ATP
bound to S-subunit of Fi—ATPase as seen in the crystal structure,
redrawn from the data provided by Abrahams et al.'”. Only the atoms
C, N, O and P are shown. The ‘P-loop’ (AGVGKT) is shown as a
hatched band surrounding the phosphate chain as a sickle and ham-
mer. Only lysine (K)-N comes close to y-phosphate~0. Note the
phosphate chain is linear and away from the base unlike the metal
complexes. b, Common topology of Mg-dependent ATP hydrolysing
enzymes at the binding site in protein (Adapted from refs 17 and 19).

the chain in linear extended form as in the case of tnor-
ganic triphosphate’, or fold it back over the adenine
base'’. The requirement for Mg®* for most ATP reac-
tions led to the recognition that Mg~ATP complex is the
actual substrate, particularly for kinases'!. Increase of
either Mg?* or ATP concentration over 1:1 ratio pro-
duced inhibition of choline kinase'?’. Intramolecular
quadridentate complex of Mg—-ATP was therefore pro-
posed as the active species by Szent-Gyorgyi'. In this
two oxygens of 8- and y-phosphates and two nitrogens
of adenine base (Cs amino and N;) are bridged by Mgz*,
as though the tail is bent over the body (Figure 3). In
view of this shape we refer to this as a ‘scorpton model’.
Inittal evidence for this model was provided by the ap-
pearance of a minor band at 1683 cm™ in infrared
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spectrum representing C-N* when Mg®* was complexed
with ATP or ADP, but not with AMP + PP (ref. 14).

The crystal structure of disodium ATP confirmed that
the phosphate chain is indeed folded back on the ade-
nine base'’. The bent conformation is stabilized by Na*
by bridging y-phosphate-O and adenine N; (Figure 3).
This 1s facilitated by the unusually large torsion angle of
224° about C5'-05' between ribose and a-phosphate, in
contrast to 180° or less in other AMP derivatives. The
complex Mg-ATP has not been crystallized so far and,
consequently, 1t remains to be seen whether two phos-
phates and two nitrogens are involved as indicated in the
‘scorpion model’. In such a folded structure the N-N-
O-0, with approximate 2.8 A distance, appears as a
parallelogram with Mg at the centre. It is a coincidence
that two amino-N and two carboxyl-O of peptide bonds
in adjacent hydrogen bonds in a-helix or §-sheet pro-

vide a similar parallelogram"’.

Structure of protein-bound ATP

It 1s known for some time that a common nucleotide-
binding motif, called ‘P-loop’ also “Walker motif A’, is

present in a number of nucleotide-binding proteins'®.

This has a consensus sequence of G(X)4GKT/S. The
proteins include adenylate kinase, Rec A, efTu, tran-
ducion-a and a- and B-subunits of F|-ATPase'’ (see ref.
16 and 17 for others).

It 1s clear from the above-mentioned reports that the
phosphate chain is linear and away from the base, a
common pattern with ATP and other nucleotides bound
to proteins. This is illustrated by the disposition of ATP
in B-subunits of mitochondrial F,-ATPase redrawn from
the coordinates provided by the crystal structure data'’
(C. Ramakrishnan, unpublished) (Figure 4 a). The phos-
phate chain i1s not in the bent conformation in the
protein-bound state. The phosphate-O are within 5 A
distance from the side chain amino acids of the ‘P-loop’
(AGVGKT) and also of Glu-188, Arg-189, GIn-192 and
Try-311. It 1s the latter polar amino acids which bind
with phosphate through charges or hydrogen bonding.
The conserved ‘P-loop’ identifies the location for fitting
ATP-phosphate chain (a ‘sickle-hammer’ model). Ab-
sence of side chain (glycines positioned here) probably
facilitates movement of phosphates, if required. The
adenine base itself is in company with hydrophobic
amino acids in the f-subunit, leaving no chance for
negatively charged phosphate chain to bend over the
base,

The essential Mg** is bound near the terminal phos-
phate position and obviously plays a role in the release
or addition of y-phosphate. In the absence of Mg** all
three f-subunits, in EF;-ATPase, bind ATP with same
affinity, and it is the presence of Mgh that imposes co-
operativity and high affinity at the catalytic site with
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Kd’s being 0.2, 500, 25000 nM in the three states of the

B-subunit'®.

In both F;-B-subunit and Rec A protein, ATP forms
bidentate complex with Mg** at the binding site'®. This
common topology may exist with proteins catalysing
ATP-triggered reactions (Figure 4 b). More than the
ability of Mg®* to partially neutralize negative charges
of ATP and to stabilize the chelate with bent conforma-
tion, it seems to have a crucial function in quaternary
structure, and also 1n tightening and loosening the pro-
tein structure around ATP and ADP. |

Strategies of synthesis of ATP

A high turnover of ATP characterizes an active metabo-

lism 1n a cell, and poisoning a step thereof is a sure way
of killing it. Cellular synthesis of ATP from ADP and P;
1s vital. | -

In glycolysis, glyceraldehyde-3-phosphate (GAP) is
earmarked for oxidation and part of the energy realesed
1s captured by transferring the resultant acyl group to
inorganic phosphate. The product 1,3-diphospho-
glycerate transfers the ‘energy-rich’ I-acyl-phosphate to
ADP in the next step. The enzyme GAP dehydrogenase,
catalysing this oxidation, is a soluble protein, a tetramer
of 37 kDa subunit. Interestingly, this enzyme uses NAD*
both as a structural component and as an oxidant
(parallel ATP binding to structural and catalytic sites is
found in ATP synthases). At the active site of this en-
zyme 1S a highly oxidant-prone Cys-149 sitting at the
edge of an a-helix®. A key role is played by this
sulphhydryl group in anchoring the GAP-aldehyde
group for oxidation by NAD" followed by phosphoroly-
sis of the thioester bond. Note that oxidation of this
cysteine by H,0,, known to 1nactivate the enzyme, leads
to a large loss of helical content of the protein®',

Intramolecular redistribution of energy through dehy-
dration 1s another method of obtaining ‘encrgy-rich’
phosphate. Enolase, the only such reaction in glycolysis,
removes the elements of water, -H from C; and -OH
from C; of 2-phosphoglycerate (2-PGA), yiclding phos-
phoenolpyruvate (PEP). This enzyme ts a dimer of
48 kDa subunits. It has a distinct barrel topology with
two f-strands followed by two a-helices and then a six-
fold repcat of alternating - and a-units {#.a(Ba).] (ref.
22). Mg?* is essential for activity of this enzyme as it is
necessary for dimerizing the protetn, for coordinating
with the substrate-phosphate at the conformational site,
and for extracting —=OI1 of the substrate —~C; at the active
site cavity, which consists of Glu-168, Asp-321, Lys-
345 and Lys-396, It will be seen later that Mg** has a
similar role 1n FolFi-ATI synthase.

It is instructive to note that soluble proteins catalyse
oxidation and dehydration reactions for energizing inor-
ganic phosphate to give ‘energy-rich’ phosphates. The
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phosphate of 2-PGA 15 originally {from mnorganic pool,
derived in phosphorolysis of glycosidic bond. In both
cases the proteins use NAD' and Mg” as structural units
to tichten their structures which subsequently help in
binding as well as in breaking of C-H bond from C, of
GAP or C, of 2-PGA. Although soluble proteins un-
dergo conversions from C~H to O=C-0" to O=C-0P to
derive ATP, this is not enough to meet requirements of
the various cellular processes. Consequently, either de-
vising extra amounts of enzyme protein (already GAPD
is about 10% of total cellular proteins) or enhancing the
reaction rate could well have been developed. However,
secondary problems arise with increased formation of
the product, pyruvate. Making ethanol, as yeast does, 1s
not only impractical in all cells but also wasteful ener-
getically.

Relative ATP yield 1s 15 times more per carbon on
oxidation of pyruvate in mitochondria than its formation
from glucose in cytosol. NADH 1s produced in the
soluble matrix in three steps of oxidative decarboxyla-
tion of pyruvate, isocitrate and a-ketoglutarate. Further
oxidation of NADH, also by removal of a proton and an
electron from C-H bond, is carried out by membrane-
bound electron transport chain of flavoproteins, Fe-S
proteins, ubiquinone, and cytochromes assembled 1n the
form of distinct complexes. In contrast to soluble en-
zymes, these complexes I-1V (Figure 5) contain a large
number of subunits of about 25, 4, 20 and 13, respec-
tively and are integrated into the membrane by several
transmembrane passes. |

The strategy adopted for energy transduction is by
electron transfer at three sites in complexes [
(NADH — Q), IIT (Q = cyt. ¢) and IV (cyt. ¢ = O,)
with large enough energy drop (AEy =150 mV or
above) which is sufficient to make one ATP. By impli-
cation, their action together as a respiratory chain is an

interactive transfer of electrons directly through pro-
tcins. These redox—protein complexes in the purified
soluble state are able to function in the absence of Mg?*
and Lipid bilayer. Then why membrane localization?
Attempts to identify ‘energy-rich’ intermediate with any
of the components or proteins proved futile.,

Withdrawal of electrons by acceptors (e.g. by O, from
cytchrome oxidase) on the matrix side releases protons
on the cytosolic side of the membrane. Experimentally
this was demonstrated in mitochondria from liver, and
led to formulatton and chemiosmotic hypothesis by
Mitchell™, showing existence of a proton gradient sepa-
rated by membranes as a general mechanism for energy
coupling and ATP synthesis. The energy made available
during electron transfer ejects protons (ApH), generates
transmembrane potential (Ay) and builds proton elec-
trochemical potential (Auy+), commonly referred to as
proton gradient. It can also be built during hydrolysis of
ATP and is discharged by uncouplers of energy trans-
duction.

It i1s generally believed that this process of formation
and discharge of proton gradient in membrane systems
forms the core of energy transduction. A mechanism is
proposed for thermogenesis wherein a 32 kDa protein,
called uncoupler protein, exclusively found in mito-
chondria of brown adipose tissue (BAT) and implicated
in cold adaptation, discharges proton gradient releasing
heat instead of ATP formation®’. Work in this laboratory
found that BAT-generated heat is relatively mnor
whereas major source of heat is through peroxidation of
polyunsaturated fatty acids®. As already discussed
above, ATPases have evolved from a primitive H*-
ATPase to perform energy-dependent functions. Why
not adapt this capacity in the reverse and utilize proton
gradient to generate ATP? This is indeed the third strat-
cgy adopted in nature to synthesize ATP,

o ———— Cytesolic proton pool I——-—- mtadelede 4 Bt “>FFA-H
s {' 18 N R “+r
| | ’ | | -
| ' ' ! 13
|
' | | v I |
" '?"-cﬂ.: s l 1T
NMADH - (M \ ' Cyt. b, 1 Crt.a. oy clcici|cia Uncoupi
protein
1 SDH I IV lL : |
oI |o=(e &
[+ 7 ' ; S |
NADH Succinate : : G, | FFA™
|
] : |
| |
| I
| | |
: . '
i 1 l
e - — L-—-—--—i Matrix proion pool l.'

Figure 5§, Complexes -1V of electron transport chain. These are shown as transferring protons for matrix
pool to cytosolic pool. According to Mitchell’s chemiosmotic hypothesis, protons returning to matrix through
FoFi1 ATP synthase (complex V) synthesize ATP. Those returning through uncoupling protein in brown adi-
pose tissue mitochondria generate heat in which free fatty acid shuttle ts proposed to participate.
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Figure 6. The tripartite structure of FyF(-ATPase. a. A typical diagram obtained from a large number of
studies on electron microscopy and image processing of FyF-ATPase. b. The dimensions vary to a small ex-
tent with different sources. The parts of knob, stalk and base are shown schematically. ¢. The present
understanding of the distribution of subunits. The y-subunit, known to act as a rotor in the two stator units of
knob and base, is shown hatched at the centre of the stalk (Adapted from refs 29 and 34).

The phenomenon of oxidative phosphorylation

The credit for discovery of oxidative phosphorylation 1s
shared by Belitzer and Kalckar who independently
showed in 1937 occurrence of respiration-dependent
ATP synthesis. The ratio of phosphate esterified to oxy-
gen consumed (P/O) for NADH-linked substrates was
calculated by Ochoa to be three which showed an effi-
ciency of nearly 50%. The cellular site of this process
was identified in 1948 by Lehninger as the mitochon-
drion.

Oxidation of NADH and succinate and accompanying
phosphorylation occur in protein complexes in the inner
membrane of mitochondrion which can be separated into
submitochondrial particles. A tripartite structure, con-
sisting of a base embedded in the membrane linked by a
stalk to a knob projecting into the matrix, was observed
in the membrane by electron microscopic studies’®™
(Figure 6). This is identified as the structure for ATP
synthase, part of which also shows ATP hydrolysis. The
soluble form of ATPase consisting of the knob and stalk
portions was first isolated by Racker® in 1960 and des-
ignated as F;-ATPase (F for factor). Work in the last
three decades by many scientists all over the world
brought out significance of F;-ATPase which actually
synthesizes ATP in the native state when associated with
the base portion called Fq. Together FgF-ATPasc acts as
ATP synthase, also known as complex V.

FgFl'ATPaSC

It is known that the tripartite structure of ATP synthase
is ubiquitous in mammalian mitochondria, plant chloro-
plasts and bacterial plasma membranes. These are
identified by prefixing an alphabet to indicate the source
(Mitochondria (M), Chloroplasts (C), L. coli (Ii), Ther-
mophilic bacterium (T)). ATP synthascs are isolated and
studied as I, -ATPase and its components. Interest-
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ingly, presence of Mg** is necessary to hold the two
parts together. F; is soluble and shows ATPase activity
after chelating with Mg** and extracting from the mem-
brane, and the process is reversed by replacing Mg**.

It 1s now recognized that FoF;-ATPase possesses many
subunits, a characteristic of these membrane-associated
complexes®’. Table 4 gives comparative information of
the subunits of M, C and E derived from FyF;-ATPase.
It is also known that the knob 1s formed by three units of
dimer of the two major subunits (af);. This and its
complex with y-subunit, (af8);y show ATPase activity.
Both a- and fB-subunits bind ATP but catalysis occurs
only in B-subunits. The stalk has atleast three subunits.
The y-subunit provides link between Fy and F, and
thereby supports proton transfer. The 0- and &-subunits,
and the oligomycin-sensitivity conferring protein
(OSCP) in M. F;{-ATPase, and in some cases subunit b
seems to link the knob and base. These have a role 1n
suppressing ATP hydrolysis in association with another
protein IF, inhibitor factor-1 (IF;) which i1s shown to be
effective in non-helical form at lower pH (ref. 30). The

MF, consists of large numbcr of subunits compared to
other sources: a, b, ¢, d, e, f, g, Fs, AGL (Table 4). Of

" these, a b ¢, complex is of common occurrence, It will

be of intcrest to know if the additional subunits found in
MF, have a role in intcracting with electron transfer
complexes and this is discussed later. Together ayfyo0e
(OSCP, IF, in MF;) form F;-ATPase, and abeqg_y2 (other
subunits in MF,) form [f,-ATPase. In the native state Fy
and F; form an intcresting architecture as a unit and
constitutc ATP synthase,

The binding change mechanism

A new concept for encrgy coupling and ATP synthesis,
introducced by Boyer'' in 1973, perceives that energy is
utilized for release of tightly-bound prodact, ATP, from
the catalytic site. This hypothesis was based on the
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Table 4. Subunit composition of FuFi~ATPascs. The distribution of subunits in mitochondria, chloroplasts and E. coli is shown. The subunits
of F; are given Greek letters in decreasing order of mol. wt. and that of Fy in lower case alphabet. The mol. wt. are shown in parentheses as kDa

Main

location Mitochondria Chloroplasts E. coli

Knob a (55) a (57) a (55)
B (52) B (54) B (50)

Stalk y (20) ¥ (38) vy (32)
OSCP (21) d(21) d (21)
d(15) £(15) £(15)
£ (6) - -
I, - ~

Base a(2s) a a (30)
b b b (17)
C C ¢ (8)
d,e f. g - -

Fs, AGL, Factor B - -

observation that exchange of '*O between Pi-H,0, an
ADP-dependent reaction, was less sensitive to inhibition
by uncouplers than Pi-ATP or ATP-H,0 reactions. This
led to the proposal that ADP and Pi bind to the catalytic
subunit of &, where spontaneous dehydration occurs to
form ATP (K., =1) with no energy input. ATP thus
formed remains in a tightly bound state in the protein
and 1s released consequent to energy-induced conforma-
tional change (Figure 7). This prompted Boyer’' to
make a fervent plea to ‘overcome a limitation in our
own thinking... that in net oxidative phosphorylation,
as 1n substrate level phosphorylation, use of energy was
limited to event occurring before or during but not after
the formation of each ATP molecule’. A most unusual
proposition.

Decades of study went on to explain how pyrophos-
phate in ATP is ‘energy-rich’ and its formation is now
dismissed as energetically inconsequential®’, though,
from the standpoint of teaching it is not fair to confuse a
student of bioenergetics™. Undoubtedly, energy 1s
needed to loosen tightly bound ATP. As will be seen
later, all the reactions occur in concert — the binding of
ADP + P;, their dehydration to ATP and the release of
the product — with energy used simultaneously by the
protein complex. There is no way to infer that the bind-
ing and dehydration steps needed no energy as the active
sites in these subunits are already prepared for action.

It is known that three S-subunits exist in three differ-
ent conformations. Two have ATP and ADP bound and
one has no nucleotide. All the three forms, viz. 8-ATP,
p-ADP and BE coexist. Negative cooperativity between
the three sites in ATP binding was observed with tight
binding of onc with Kd in the picomolar range and the
second in micromolar range and the third one hardly
binding at all. These are also referred to as tight (T),
joose (L) and open (O) states. Based on these binding
changes of three states, a mechanism had been proposed
with three S-subunits participating in the reaction in se-
quencc”. On input of energy to FgF,-ATP synthase, the
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Function

Structural

Catalytic

Link between knob and base, rotates between B-subunits |
Structural, stator link between knob and base

Assoclates with B8-action

Inhibits ATPase actrvity

Helps H* movement

Not clear (one or two present), part of stator?
Multiple number, H" transfer

Not known

H* conduction (7)

Tyt cite Loose 3ite

OH OH

{ I I |

|HO—P—OH + ADP—OH == HOH + ADP—O-—-—ITI’—OH —hpATP
r

! !
1 -
HO —R ADP H.© ATP

e, ~ - ——
- ———

Figure 7. Conformation coupling hypothesis of ATP synthests and
reiease. The scheme proposed by Boye:r” implies that P;, ADP, H,O
and ATP can freely exchange with those bound in mitochondrial-
ATP synthase. Thus '"*O (shown by bold O) can readily exchange
between P; and H,O provided ADP is present. This does not involve
loosely bound ATP and therefore does not depend on energy and is
not sensitive to uncouplers. As shown, energy is needed for moving
ATP from a tight-site to loose-site in the net synthesis of ATP. Note
the dehydration reaction is spontaneous with no energy input.

evidence favours changes in the conformation at the
three sites, from O to L, L to T and T to O, which will
allow 1n concert binding of ADP + P,, formation of ATP
and release of ATP™. A cyclic conversion of
O—->L->T and then T — O states occurs at each f-
subunit, and three states are always present in the three
[-subunits at any one time as shown in Figure 8.

Thus, there 1s elegance of the binding change mecha-
nism which though drives a flux through a rotating
system, maintains an overall constant structure. The
same process occurs in the reverse direction for ATP
hydrolysis by F;-ATPase. Translocation of atleast three
protons is necessary for net formation of ATP mole-
cule®, and requires energy input which not only releases
ATP from T-state but also modifies the other two states.
Boyer’® himself is aware of this and expressed thus (p.
737): *‘The concomitant change of a second site with
bound ADP and P; to the tight conformation may...
provide part of the driving force of ATP release. The
balance of the energy input from the proton transloca-
tion may be needed to change the conformation of the
third site and to provide for modulation of the covalent
bond-formation step.” The question is how to assess how
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Figure 8. Binding change mechanism for ATP synthase action. The
upper section shows top, side and bottom views of the three pairs of
af3 subunits and the central ‘shaft’ of y-subunit, derived from the
crustal structure of Walker'’. The bottom section shows each of I, 2
and 3 aff subunits undergoing open (0), loose (L) and tight (T) states
in the cycle receiving energy (~) to convert ADP+ P; to ATP
(Adapted from refs 32 and 34).

much energy is used in each part of L5 T—>0 > L
transitions.

Three-dimensional structure of F;-ATPase

Bovine F;-ATPase is the largest asymmetric structure
solved by X-ray crystallography'®. This achievement by
the group in Cambridge (UK) earned Walker a share in
1997 Nobel Prize in Chemistry, The protein (a;33y) was
crystallized from a solution containing Mg“, ADP and a
non-hydrolysable ATP decrivative AMPPNP, Likec
‘segments of an orange’ the major subunits, a@ and 3 are
arranged alternatcly around a central shaft-like extended
a-helical domains of C- and N-terminal portions of the
y-subunit, The three a-subunits had all AMPPNP bound,
an essential structural requirement albeit they do not
participate in catalysis or exchanges. Of the f3-subunits,
one was emptly, another hud ADP, and the thrd
AMPPNP bound in the interior of the middle portion of
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the molecule as already mentioned. This supported the
existence of three states of B-subunits, as proposed from
binding and catalysis studies, and the cyclical binding
change mechanism’.

The y-subunit is unique in more than one sense. Its C-
terminus (64 amino acids 209-272) and N-terminus (45
amino acids, 1-45) form a-helices of about 90 A and
60 A respectively. These are unusually long helices in
proteins and apparently designed for their shaft-like
function. About half of this subunit is not clearly seen in
crystal structure, and appears to fill the central space
within the ring of C-subunits in the base. This along
with a fitting in a sleeve-like circular assembly of mid-
dle portion of (af); makes an ideal setting for its
rotation.

The asymmetry of the entire molecule arises out of
interactions of the y-subunit by its positions in relation
to [-subunit at ‘catch’ interaction of a loop of polar
amino acids of sequence DELSEED at the lower portion
in S-ADP and B-ATP which moves away in a-E
(empty), and this brings another loop between G-helix
and 7-sheet in the middle portion of S-E into ‘catch’
position with C-terminus of y-subunit (Figure 9).

It 1s interesting to see that all the three a-subunits
and the two S-subunits that bind a nucleotide have

A-ATP

Figure 9. Gross diffcrences 1n structure of g-subunit in §-ATP and
B-E (empty) forms. In this stylized diagram adapted from ref. 17, the
lines do not represent polypeptide chains but the boundarics within
which the helices, sheets and coil of the polypeptide are located. The
B-subunit is divided into three sections: (1) the N-terminal 8-barrel
with undetermined function; (i) the domain just above the ATP-
binding arca, having the loop that makes a “cateh’ with y-subunit
shown by *; (111) the C-termunus domain with ATP-binding site in 8-
ATP 1ndicated by a block, and having a sccond ‘cateh’ loop at the
bottom with the conserved sequence of DELSEED. This domain
moves by about 30° from a hinge marked by brokes circle at the
right side between (1) and () e 8- FE compared o g-ATP, with
consequent loss of structwie for binding ATP and separation of
DELSEED loop from y-subunit by 20 A. The broken lines stasting
from the hinge show positions of fust D 1 DFLSLED and C.
terannus i A-ATE and these move away Frome these posttions by
several degrees,

iy
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cssentially simitar superimposable structures. The ex-
ception. however, is the S-subunit that has the catalytic
sitec empty (3-E) in which the ‘P-loop’ and its holding
sheet and helix are displaced and along with this the
whole domain consisting of nucleotide-binding site and
DELSEED-catch loop moves by 20 A away from the y-
subunit, The bottom-half of the protein appears to have
flipped by 30° from a point on the surface, correspond-
ing to B-helix (159-178) that now gains an extra turn of
helix and accompanying hydrogen bonds. This acts more
like a hinge moving this domain upwards on losing the
hydrogen bonding (Figure 9, encircled). Such a signifi-
cant conformational change needs a guide. The
‘noncatalytic’ a-subunits, known to have sequence ho-
mology to heat shock protein (hsp-60) family”, may
assist 1n this process.

A great deal of information i1s awaited to understand
how various parts of the protein work to achieve these
changes. Could it be that breaks in hydrogen-bonds are
propagated from the y-subunits helix though this catch
and helix G to helix B that results in ‘hinge-like’ action?

Rotational catalysis, a new concept in
enzymology

The presence of multiple subunits in ATP synthase
brings out a new meaning in having three identical -
subunits participate cooperatively in catalysis in se-

quence. Asymmetric inieraction between y-subunits with
cach of the three S-subunits alternately at the two catch
sites, one above (DLTD) and onc below (DELSEED)
the nucleotide binding loop, confers a rotational action
(Figure 9). Evidence for such a rotational change of y-
subunit came from many experiments listed in Table 5.
Electron microscopy pictures showed movement of cen-
tral mass relative to the knob structure’®”’, Crosslinking
of B-subunit with y-subunit**™* as well as e-subunit*™
inhibited the activity which could be reversed by remov-
ing the crosslink. However, no inhibiting effect was
observed if the crosslinking was between 0-subunit and
B-subunit® or a-subunit*’.

By using an elegant method of introducing labelled -
subunits*'*’, y-subunit was shown to exchange partner
of B-subunit during catalytic turnover. The first attempt
at actually seeing the rotation of y-subunit was made by
attaching to 1t a fluorescent label and observing its po-
larized absorption-relaxation after photobleaching®®. In
1997 Yoshida’s laboratory® convincingly showed the
actual rotation of y-subunit with attached fluorescent
actin filament on adding ATP. This justified calling
FoF;-ATPase a ‘splendid molecular machine’ by
Boyer36, the smallest known molecular motor, and also a
share for Boyer in 1997 Nobel Prize in Chemistry.

The as8;v-subcomplex had to be attached to the Fj
portion for coupling to energy and proton translocation.
Unlike F;-subcomplex, composition of Fp varies with

Table §. Evidence for rotational catalysis in ATP synthesis

. N —— . . - S ST ki ——

Experimental studies QObservations Ref.
A. Electron microscopy
. EF, labelled with antibodies to a- and e-subunits Central mass moved in response to Mg . ATP 33
2. CFi-simtlar study Movement of central mass 39
B. Cross-linking of subunits
1. MF; -y Reversible inhibition 40
2. MF, 8-y Inhibited, reversed by S-S reduction 41
3.EF, 8-y Reversible inhibition 42
4. EF, By Inhibited, reversal by S-S reduction 43
5. EF, S-¢ Reversible inhibttion . 44
6. EF; -0 No effect, membrane attachment lost 45
7. EFy a-9 No effect (pact of stator) 46
C. Exchange of radivlabelled subunits
1. Introduce radiolabelled B-subunits along with 8-y Position of y-subunit randomized relative to 41

cross-linked subunits reduce, go through catalytic
cycle (MF)
2. MF,F; ATP synthase, similar experiment

labelled 8-subunit

Similar change in 8-subunit blocked by DCCD indicating 47

involvement of Fy-c-subunit

D. Modification of y-subunit

. CF,-subunit Iabelled with eosin-5-malcimide on a Rotation of ¥-subunit relative to immobile 8- and 48
cysteine, polarized absorption relaxation after photo- a-subunits
bleaching ‘

2. TFi-af8yy attached to glass plate through 8-subunits Rotation of actin filament on adding ATP visualized under 49

and a {luorescent actin filament (about 2 pm long)
attached through streptavidin to y-subunit
(2 classical experiment)

062

a microscope
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different sources (see Table 4). The common fixtures
are one unit of a and multiple units (9-12) of ¢. One unit
of b 1s present in several but not all. These subunits are
transmembrane proteins and are embedded in the base.
In the absence of crystal structure, models of
Fo-subcomplex ‘are based on electron microscopic pic-
tures. Width seems to be same as the knob (about
100 A). It is probably spherical, at least partially, with
75 A diameter composed of multiple subunits of ¢ (9—
12) arranged as a wheel that is attached to a single a-
subunit (see Figure 6). |

To fit the rotational catalysis, Vick’’ proposed a
model with conserved, DCCD-sensitive Asp 61 residues
on the outside of the wheel at the centre of the trans-
membrane helix of c¢-subunits, with some of these
hydrogen-bonded to His-245, Glu-219 and Arg-210 of
a-subunit to form a ‘proton wire’>"”%. Such an arrange-
ment places the charged residues in the middle of
hydrophobic lipid bilayer. If these are inverted, these
Asp-61 residues can form spokes inside the wheel, as in
ion channels, which can be used to interact and hold in
their centre the other half of y-subunit, not seen beyond
the stalk portion in the crystal structure. The torque is
generated by ‘energy input’ which gets transmitted via
the stalk to the knob. An electrostatic mechanism for
gating of proton transport through a channel formed in
the interface of subunits a and ¢ had been proposed™.
Reversible protonation of Asp-61 on c-subunits forms
the core of this gating and moving the rotor (cye) rela-
tive to stator (abdasf3;). This model implies a rotor role
for c-wheel put to revolving motion by protons slipping
past the a-subunit. However, evidence 1s awaited to es-
tablish this.

The entire complex network of proteins undergoes a
simple dehydration reaction by using the energy pre-
sumably in the form of discharge of proton gradient.
Conveniently, text-books show arrows for H' entering
from the cytosolic side into the Fy and returning to the
matrix through the stalk as though it 1s a channel, and
then to the F, where it exchanges energy and synthesizes
ATP from ADP + P;. But how are the events linked?
With a mind-set benumbed to accept that proton gradi-
ent is the form of energy, the proposals are intuitive
attempts to fit the available structures with the expected
travel of protons. To an extent, these satisfy the objec-
tive, but are not sufficient to explain the overall process
of energy transfer and chemical bond formation. It is
noticed that all the changes occur within the polypep-
tides of the protein complex, including those based 1
the lipid bilayer. Whither membrancs?

Role of membrane in energy transfer

One of the least appreciated asscts ol membrane s its
ability to mobilize protein complexes and not merely
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anchor them. Membrane lipids have a high content of
unsaturated fatty acids which confers low viscosity,
thereby allowing diffusion of proteins and lipids. The
relative proportion of lipid in mitochondrial inner mem-
brane is strangely small, with a lipid : protcin ratio of
about 1:3. With such an obvious high protein density,
most of it must be extending beyond the lipid bilayer. It
1s known that in some cases removal of bulk lipid by
solvent extraction does not collapse the vesicle struc-
ture. The large protein complexes and the mobile
electron carriers, cytochrome ¢ and ubiquinone, are dis-
tributed randomly in the membranes. Gupte et al’>*
found that these can move freely by lateral diffusion
with frequencies of collision higher than their turnover
numbers.

The electron transfer complexes and ATP synthase do
seem to have a direct ‘cross-talk’. This unique facility
can be employed for transfer of energy without dissipa-
tion throughout intermediate mobile ‘energy carrier
proteins’. These can shuttle between ‘generators’ and
‘utilizers’ in the overall energy transduction. Chargerins,
which are proteolipids (8 and 13 kDa) isolated from
mitochondria, have properties that fit this role®>. Their
binding to anisotropic inhibitor monoazide ethidium is
enhanced 4-fold on oxidation-dependent membrane en-
ergization, and their antibodies inhibit ATP synthesis.
One of these is identified as the A6L protein®® among
the many subunits now found in Fy of mammalian mito-
chondria. Is 1t that some of these, with unassigned
function, act as such energy carriers and shuttle between
redox complexes and ATP synthase, possibly associating
with both? Do they carry back energy to redox carriers 1n
the reverse from ATP? Mobility and interaction betwceen
the components will be far more efficient than if they are
designed to do the same as soluble enzymes. Is this a vi-
gnctte of the wisdom of membrane architecture?

Lest we forget water and hydrogen bond

Water is the smallest and most abundant molccule tn
living cells. Water would not be in hiquid form without
its ordered hydrogen bond nctwork, and with 1ts large
specific heat it is a veritable sink of heat. To vaporize
one molecule of water requires breaking of four hydro-
gen bonds and cnergy cquivalent of 10 Keal. This
process accounts for 20% of solar encrgy captured on
carth., In the reverse the encrgy is lost into space and
water comes down as rain and source of fresh water.
Involved in this magnificent phenomenon s the basic
process of energy exchange through reversible hydrogen
bond formation. An unnoticed statement of Gutttreund™
in 1972 is most appropriate in this context, "All brologt-
cal processes are cither directly or indirectly under the
influcnce of some of the characteristic properties ol
water,” More so the dictum Paulineg™™ made in his cole-
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brated book on The Nature of Chemical Bond, ‘It will be
found that the significance of hydrogen bond for physi-
ology 1s far greater than that of any other single
structural feature.” An emphatic prophecy. Can hydro-
gen bond. a characteristic of water, perform such encrgy
cxchange in the secondary structure of proteins? Based
on these thoughts a proposal 1s developed for linking
hydrogen bond and energy exchange. Folding into a-
helix form is a natural tendency of a polypeptide, espe-
cially in the hydrophobic environment. Having been
placed tn membrane the complexes I-V have a high per-
centage of helical content. Even the (¢ff); domain 1n
ATP synthasc projected into the cytosol has a large
hydrogen-bonding structure with the peptide bonds and
side-chains. The amazing C-terminus of y-subunit is
probably the longest known a-helix. And this subunit is
the key player in energy transfer.

Based on water—steam analogy we proposed in 1974
that a polypeptide has the potential for holding and
transferring of energy (4-8 kcal in hydrophobic mem-
brane) by reversibly breaking a pair of hydrogen bonds
in a-helix™. Thermalization of this energy 1s probably
avoided in hydrophobic environment and membrane
localization will thereby give an advantage. The process
1s visualized as follows: An energy carrier protein in the
membrane acquires oxidation energy from an electron

NADH
Q

QH;
NAD'

- — - S e—

transter complex by breaking a pair of its own hydrogen
bonds, keeps mobile in the membrane until it reaches
Fo-base and exchanges the energy in the same wayﬁﬁ
[llustrated in Figure 10, this provides an alternative ex-
traordinary way of energy transfer that a membrane
could do. One could see the underlying potential of the
accompanying small conformation change. A set of such
changes together become amplified into a large struc-
tural change at the domain level. Walker'® and Kagawa®'
described a disruption in the 8-sheet and formation of an
additional turn in B-helix close to the position of nu-
cleotide-binding ‘P-loop’, when ATP is released. It will
be interesting to see if a correlation of such changes and
energy transfer exists.

Magnesium — the water (O) diviner

Synthesis of ATP superficially is a reversal of hydro-
lysis and thereby a simple dehydration is shown in Fig-
ure 7. The elements of water (H + "OH) have to be
removed from the hydroxyl groups of ADP and P;. It is
known for a long time from '%Q exchange studies® that
ADP retains its oxygen and P; loses its oxygen to water.
It 1s the inorganic phosphate that becomes activated by at-
taching first to ‘handles’ as in GAPD and enolase reactions

m@ c
il . m®

Figure 10. Alternative way of energy transfer using hydrogen bond exchange. A highly speculative prﬂposz}l
of linking energy of oxidation of NADH by complex I and ATP synthesis by complt_ax V through a hypotheti-
cal energy carrier protein (ECP). 4. On oxidation of NADH by ubiquinone energy is used to break hydrogen
bonds in a segment of a-helix in complex . . The mobile ECP in the mﬂmbrape picks up the energy by
breaking its own hydrugcn bonds. The pnsmb:ltty of release and reuptake of H' in these steps is also indi-
cated. ¢. The energy is passed on to subunits in Fy in the same way, which in turn is used to rotate the highly
heltcal y-subunit. d. Coupled to this mechanu.al change, dehydration of ADP + P, and ATP synthesis occurs

(Adapted from refs 59 and 6).
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and then forms an electrophile, P, accepted readily by
ADP-O". The energy requirement is ultimately for proc-
essing the active P* form.

The crucial step in ATP synthesis then 1s labilization
of P-O bond. Mitchell® even proposed that ‘energized’
protons (whatever they may be) can strip an oxygen
from phosphate, an unlikely event. The role of Mg®*
although recognized as absolutely essential had always
remained an undercurrent of its obvious chelation. An
extended basis of action of Mg”* was conjectured that

the energy available on restoring a pair of hydrogen -

bonds in the protein will help Mg** pull away the oxy-
gen from P-O and shed it as "OH in the medium'. An
equally vague scheme except for implication of Mg2+ 1S
oxygen extraction. There are indications that Mg=* helps
in tightening structures of these energy transducing
proteins. We surmised Mg2+ may cause pulling of N-N
into proper position with O-O of the adjacent hydrogen
bonds in a-helix">. In some step, Mg** becomes partially
electron-deficient which it will make up by an electron
shift from P-O bond followed by break to give P and
Mg—OH (Figure 11). Cross™* elaborated on this and on
Mg** coordination with @- and B-phosphate oxygens of
ADP as well as carboxyl oxygens of aspartate or gluta-
mate of the protein. Electron withdrawal by Mg** from
phosphate, possibly held by lysine, facilitates OH™
elimination from P-OH which is then transferred to the
negative-charged ADP-O to make ATP.

An interesting common mechanism for all po-
lymerases involving transier of a-phosphorus ot dANTP
to 3'-OH of ribose was suggested by Tietz™, involving
two divalent metal 1ons coordinated to two aspartate—
carboxyls with a split of a=P-O bond. Actions of Mg**
will include chelation to carry ADP 1in and ATP out of
the protein, change separation on N- and O-groups of
protein and nucleoudes, and as an intermediate in

Figure 11. A role of Mg™* in labilization of phosphate oxygen The
scheme proposes the essential role of M g™ 1 extracting an O from
P-0. a. Coordination complex of Asp-Mg- . b Energy s used
Mg pulling an *O" leaving a P*. ¢. The P* s tansferred to ADP O
to make ATP. d. Mg-OH duscards Ol in medivim to make wale
(Adapied from refs 15 and 34).
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oxygen transfer from P-O to water. These actions of
Mg** (equivalent to a water diviner) to find a P-OH or
C-OH and remove it as water may form the crux in the
dehydration reactions in ATP synthase and enolase as

both use Mg** and aspartate, glutamate and lysine in the
sites of action.

Conclusion

Over the last four decades, energized state of mem-
branes and oxidative phosphorylation have been the
subjects of much speculation and intense investigations.
Some of the questions remain unanswered namely: what
1s membrane for, what is happening therein and what
forms the basis of energy transduction. A recent review
on rotary chemiosmotic machines by Khan® brought out
interesting comparison of flagellar and FoF,-ATP syn-
thase motor proteins. We may find some answers by
visualizing a mechanical basis for bringing molecules
together for bond formation. Should some of the pro-
posals made be proved right, ‘hydrogen bond’ will once
again prove to be the very foundation of life processes.
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